LOCY™

Q

MLETIHQALS N MOLECULAL LBL

Volume 284

o
MC.
<)
D

)
n&.

5



Index

|1. Making Protein Immunoprecipitates |

Elaine A. Elion and Yunmei Wang

|2. Signal Transduction Inhibitors in Cellular Function |

Maofu Fu, Chenguang Wang, Xueping Zhang, and Richard G. Pestell
3. Two-Dimensional Gel Electrophoresis for the Identification of

Signaling Targets

Yukihito Kabuyama, Kirsi K. Polvinen, Katheryn A. Resing, and Natalie
G. Ahn

4. A High-Throughput Mammalian Cell-Based Transient Transfection
Assay

Daniel J. Noonan, Kenneth Henry, and Michelle L. Twaroski

[5. Determining Protein Half-Lives |

Pengbo Zhou

[6. Assaying Protein Kinase Activity |
Jan Brabek and Steven K. Hanks

7. Comparative Phosphorylation Site Mapping From Gel-Derived

Proteins Using a Multidimensional ES/MS-Based Approach

Francesca Zappacosta, Michael J. Huddleston, and Roland S. Annan

[8. Studies of Calmodulin-Dependent Regulation |

Paul C. Brandt and Thomas C. Vanaman

9. Measurement of Protein-DNA Interactions In Vivo by Chromatin
Immunoprecipitation

Hogune Im, Jeffrey A. Grass, Kirby D. Johnson, Meghan E. Boyer, Jing
Wu, and Emery H. Bresnick

10. Characterization of Protein—-DNA Association In Vivo by Chromatin

Immunoprecipitation

Laurent Kuras



11. Nonradioactive Methods for Detecting Activation of Ras-Related

Small G Proteins

Douglas A. Andres

12. Nucleocytoplasmic Glycosylation, O-GIcNAc Identification and Site

Mapping
Natasha Elizabeth Zachara, Win Den Cheung, and Gerald Warren Hart

|13. Techniques in Protein Methylation |
Jaeho Lee, Donghang Cheng, and Mark T. Bedford
|14. Assaying Lipid Phosphate Phosphatase Activities |

Gil-Soo Han and George M. Carman

|15. Assaying Phosphoinositide Phosphatases |

Gregory S. Taylor and Jack E. Dixon

|16. Assaying Phospholipase A2 Activity |
Christina C. Leslie and Michael H. Gelb
|l7. Measurement and Immunofluorescence of Cellular Phosphoinositides|

Hiroko Hama, Javad Torabinejad, Glenn D. Prestwich, and Daryll B.
DeWald
18. Measuring Dynamic Changes in cAMP Using Fluorescence Resonancg

Energy Transfer

Sandrine Evellin, Marco Mongillo, Anna Terrin, Valentina Lissandron,
and Manuela Zaccolo
19. In Vivo Detection of Protein—Protein Interaction in Plant Cells Using
BRET

Chitra Subramanian, Yao Xu, Carl Hirschie Johnson, and Albrecht G.

von Arnim
[20. Revealing Protein Dynamics by Photobleaching Techniques |

Frank van Drogen and Matthias Peter

[21. Assaying Cytochrome ¢ Translocation During Apoptosis |
Nigel J. Waterhouse, Rohan Steel, Ruth Kluck, and Joseph A. Trapani




Making Protein Immunoprecipitates

Elaine A. Elion and Yunmei Wang

Summary

A wide variety of methods used in the study of signal transduction in eukaryotes rely on the
ability to precipitate proteins from whole cell extracts. Immunoprecipitation and related methods
of affinity purification are routinely used to assess binding partner interactions and enzyme ac-
tivity in addition to the size of a protein, rates of protein synthesis and turnover, and protein abun-
dance, thus making it a mainstay of a wide variety of protocols. This chapter will provide start-
ing-point methods for immunoprecipitation of proteins under denaturing and nondenaturing
conditions and the detection of protein-protein interactions by co-precipitation. The Notes sec-
tion gives recommendations on how to troubleshoot potential problems that can arise while doing
these methodologies.

Key Words: Immunoprecipitation; precipitation; co-immunoprecipitation; co-precipitation;
immune complex; affinity purification; affinity matrix; whole-cell extracts; Saccharomyces
cerevisiae.

1. Introduction

Protein precipitation involves the formation of protein aggregates out of so-
lution followed by their recovery by centrifugation. A variety of methods can
be used to make proteins aggregate out of aqueous solution, including nonspe-
cific methods such as salt and trichloroacetic acid, and specific methods directed
against a particular protein, such as antibodies or other affinity matrixes. When
antibodies are used, the method is termed immunoprecipitation; when other
affinity-based methods are used, the method is termed precipitation. This
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methodology is often used to detect or confirm physical interactions between
two proteins. When the method is for detecting physical associations, it is re-
ferred to as co-immunoprecipitation.

There are three major reasons to incorporate immunoprecipitation of proteins
into analysis. First, it is a simple and rapid method of affinity purification. Sec-
ond, it is adaptable and can be done on either small or large scales. Third, it is
amenable for the detection of both strong and weak physical interactions be-
tween proteins that may or may not withstand the rigors of purification meth-
ods involving substantial dilution of the initial cell extract.

Many protocols are available for immunoprecipitation and co-precipitation. All
immunoprecipitation protocols follow a common series of ordered steps: (1)
lysing cells and preparing cell extracts, (2) binding the antibody to protein through
a specific antigen on the protein that is recognized by the antibody, (3) precipi-
tating the antibody-antigen complex, and (4) washing the precipitate to remove
nonspecific proteins. An immunoprecipitation can be done under native condi-
tions that preserve enzyme activity and associations with other proteins or it can
be done under more stringent conditions that are likely to reduce nonspecific in-
teractions with the protein in question, but may abolish enzyme activity and pro-
tein complexes. This chapter will provide a basic methodology that can be ad-
justed to be more or less stringent depending on the experimental considerations.

Once an immunoprecipitate has been isolated, it can be used directly in an
enzyme assay or after the protein has been dissociated from the antibody
through a solution-based method or by gel electrophoresis. After gel elec-
trophoresis, the protein is detected typically either by virtue of its being radio-
labeled prior to cell lysis or by immunoblot analysis with either the same or
different antibody. A candidate associated-protein is typically detected by im-
munoblot analysis in analytical studies. When immunoprecipitation is done on
a large enough scale, it is possible to detect the immunoprecipitated protein and
potential binding partners by silver staining or Coommassie Blue staining of
polyacrylamide gels. The resolution of detection of an average-sized protein is
approx 1-10 ng/band for silver stain detection and approx 0.1-1 pg/band for
Coommassie Blue detection.

Of the many strategies possible, this section will describe: (1) options
available for detecting proteins, (2) basic protocol for making whole-cell ex-
tracts, (3) basic protocol for immunoprecipitation under native conditions, (4)
immunoprecipitation under more stringent conditions, (5) co-immunoprecip-
itation, (6) controls to test specificity of interaction, and (7) notes for trou-
bleshooting. For an in-depth discussion on the generation and use of anti-
bodies, see Harlow and Lane (1,2). For an in-depth review of co-precipitation
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and other approaches to detect protein-protein interactions, see Phizicky and
Fields (3).

1.1. Detecting the Protein(s) in Question

How well an immunoprecipitation will work depends on a variety of factors,
the most important being the affinity of the antibody to the antigenic site on the
protein. Antibody affinity can vary over a wide range, but for an immunoprecip-
tiation to work efficiently the affinity of the antibody to the antigen should be at
least 107 mol~! to 10° mol~! (I). The simplest way to improve the detection of
an antibody-antigen complex is to increase the concentration of the antibody and
the antigen. This will only be effective under conditions in which the antibody is
not saturating, which must be empirically determined by doing a titration of the
amount of antibody for a given amount of antigen in a given reaction volume.
When the quantity of antibody is limited, it is easiest to reduce the reaction
volume. When an epitope-tag is used, it is also possible to improve detection by
inserting multiple copies of the tag onto the protein to allow for multivalent bind-
ing by the antibody. To determine the amount of antibody in your preparation, run
some of it on a sodium dodecyl sulfate (SDS)-polyacrylamide gel and compare
the intensity of the heavy and light chains to standard controls. If the antibody is
pure, then one can determine its concentration by its absorbance at 280 nm using
the relationship 1 OD = approx 0.75 mg/mL purified antibody.

The first step is to generate an antibody to the protein in question. Informa-
tion for generating antibodies can be found in Harlow and Lane (1,2). Alterna-
tively, a protein can be tagged in a variety of ways to allow their detection with
commercially available antibodies against the epitope tag or other affinity
reagents. The tagged proteins are then introduced into the host organism using
expression vectors. All tagged proteins must be assessed for function in vivo. A
frequently-used option is to add a short peptide or eptiope that is recognized by
a commercially available high-affinity monoclonal antibody (MAb). The epi-
tope is added typically at the amino or carboxyl terminus, although internal po-
sitions that do not disrupt function can also be used. Two frequently-utilized
epitopes are derived from the influenza hemagglutinin protein (HA) and human
c-Myc; both are recognized by high-affinity MAbs 12CAS5 and 9E10, respec-
tively (4). However, others such as the leader peptide of gene 10, product of
bacteriophage T7 (FLAG 5,6) are also available (BioSupplyNet Source Book).
The choice of the epitope may be dictated by its amino-acid composition. It is
often useful to insert tandem copies of the epitope in order to increase sen-
sitivity. The number of tandem copies can range widely from one (7) to several
(e.g., 3,8) to many (e.g., 9).
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Proteins can also be fused to small proteins or peptides that have high affinity
to small molecules that can be attached to solid support. This is a particularly
valuable approach when the protein to be precipitated co-migrates with im-
munoglobulin heavy or light chains in a SDS-polyacrylamide gel. Such alter-
native tagging methods include fusion to glutathione-S-transferase (GST) to
allow purification by a glutathione affinity matrix or fusion to maltose binding
protein (MBP) to allow purification by a maltose affinity matrix. An excellent
reference for identifying sources of commercially available antibodies and ap-
proaches to tagging proteins can be found in the BiosupplyNet Source Book. The
American Type Culture Collection and European Collection of Cell Cultures
can also be resources for hybridoma cell lines.

The second step to a successful co-precipitation is generating whole-cell ex-
tracts in which the yield and activity of the proteins you wish to analyze is op-
timal, using lysis buffer conditions that permit recognition of the proteins by the
antibody or affinity matrix. In general, the lysis buffer conditions are not very
different from the immunoprecipitation conditions. The yield of total protein in
a whole cell extract is not always a reliable indicator of the relative yield and
activity of specific proteins, so it is wise to verify both parameters at the onset
of an experiment before proceeding on to the immunoprecipitation. Once the
extracts are prepared, the co-precipitation can be done within 3—4 h and be
ready to load on a gel for immunoblot analysis.

1.2. Basic Protocol for Making Whole-Cell Extracts

Yield and activity can be affected by a number of factors. Small variations in
the relative amounts of salt and detergents in the lysis buffer can have large ef-
fects on yield and activity, as can the speed and efficiency of cell breakage. Both
factors are particularly important for less soluble proteins that associate with
macromolecular structures such as membranes or cytoskeleton. In addition,
global inhibition of proteolysis through the inclusion of multiple classes of pro-
tease inhibitors may be essential. It is recommended that the investigator begin
by comparing a series of small-scale extract preparations that vary the amount of
salt and nonionic detergent. As a starting point, a basic lysis buffer might contain
a buffering agent (such as 25-50 mM Tris-HCI, pH 7.5), a small amount of non-
ionic detergent (such as 0.1% Triton X-100), some salt (such as 100-250 mM
NaCl), a reducing agent (such as 1 mM dithiothreitol [DTT] and 5-10% glycerol
as a stabilizer. The lysis buffer should also contain protease inhibitors. Protease
inhibitor cocktails are also commercially available. A reasonable starting point
would be to include 5 pg/mL each chymostatin, pepstatin A, leupeptin, and anti-
pain as well as 1 mM phenylmethylsulfonylfluoride and 2 mM benzamidine.
Ethylene glycol-bis (beta-aminoethyl-ether)-N,N,N',N'-tetraacetic (EGTA) is
also commonly included (at approx 15 mM) to chelate divalent metal ions that



Immunoprecipitation Methods 5

are essential for metalloproteases. Because EGTA will also inhibit other metal-
dependent enzymes, it may be omitted, or combined with the addition of a
needed metal ion to the lysis buffer and/or substituted with ethylenediamine
tetracetate (EDTA). If the phosphorylation state of the proteins in question is im-
portant, a mixture of phosphatase inhibitors should also be included in the lysis
buffer. A starting mixture could be 0.5 mM vanadate (0.25 mM each meta- and
ortho-vanadate or 0.5 mM sodium vanadate, pH 7.4), 10 mM sodium fluoride
(NaF), 10 mM B-glycerol phosphate. Simple modifications of this initial buffer
include varying the amount of NaCl (from 0 to 500 mM) and the amount of Tri-
ton X-100 (from O to 1%).

Total protein concentration in the whole-cell extract generally is assayed
using the Bio-Rad protein assay and calculating protein concentration. Extracts
should be tested for the amount of each specific protein by immunoblot analy-
sis, analyzing 25-100 pg of total protein. In general, it is best to test for the pres-
ence of a second protein (such as a housekeeping enzyme, cytoskeletal, or ribo-
somal protein or a previously defined component in the pathway being studied)
for a positive control of the immunoblot and normalization. The amount of spe-
cific protein in the whole-cell extract is then compared to the amount that is re-
covered by precipitation with an affinity matrix.

A general small-scale glass-bead breakage protocol for preparing a basic
whole-cell extract is described below as a starting point, with suggested ranges
of salt and nonionic detergent concentrations for initial variations of this proto-
col. It is recommended that the investigator compare several combinations of
salts and nonionic detergent. This method can be scaled up and used with an au-
tomated bead beater. The investigator may choose to compare the glass-bead
breakage method described below to the liquid nitrogen-grinding method,
which keeps the cells colder and may break the cells more efficiently (10).

2. Materials
2.1. Cell-Free Extract Preparation

All solutions used for extract preparation and immunoprecipitation are either
filter sterilized or autoclaved.

Yeast cells.

Ice bath.

Dry ice/ethanol bath or liquid nitrogen bath.
Autoclaved ice-cold water.

Acid-washed glass beads.

Ice-cold lysis buffer.

50-mL conical plastic disposable tubes.
15-mL conical plastic disposable tubes.
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. Vortexer.
10.
11.
12.

Timer.

Microcentrifuge tubes and centrifuge.

Acid washed glass beads: soak 0.25-0.600 microns glass beads (Sigma
G-8772) for 3 h in concentrated nitric acid. Wash beads thoroughly with
large amounts of water, test pH of the wash water, and continue washing
until pH is neutral. If necessary, wash several times with 2 M Tris-HCI,
pH 8.0, or with 50X TE to raise the pH, then wash again several times with
water to remove the buffer. Glass-distilled or deionized water should be
used in the final washes. Bake beads for 4 h in a baking oven until dry.
Acid-washed beads are also available from Sigma.

Lysis buffer pre-chilled in an ice bath (see Note 1): 25 mM Tris-HCI,
pH 7.5, 15 mM EGTA, 1 mM EDTA, 150 mM NaCl (or in the range of
50-250 mM NaCl), 0.1% Triton X-100 (or in the range of 0.1-1.0% Triton
X-100), 10% glycerol, 1 mM NaN,, 1 mM DTT, 1X protease inhibitor mix,
1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM benzamidine, phos-
phatase inhibitors. Add the protease inhibitor mix, benzamidine, PMSF,
DTT, and phosphatase inhibitors from concentrated stock solutions prior to
use. PMSF is labile in aqueous solution and should be added immediately
before use.

Phosphatase inhibitors: The phosphorylation state of the proteins in ques-
tion is frequently important, therefore, a mixture of phosphatase inhibitors
should be included in the lysis buffer. A good starting mixture is 1 mM
sodium vanadate (from equal amounts of meta and ortho forms of vana-
date), 10 mM NaF, 10 mM B-glycerol phosphate. Okadaic acid can also be
added if needed.

1000X Protease inhibitor mix: 5 mg/mL chymostatin, 5 mg/mL pepstatin
A, 5 mg/mL leupeptin, 5 mg/mL antipain. Dissolve protease inhibitors in
dimethyl sulfoxide (DMSO) and store in aliquots at —20°C. Premade mix-
tures of protease inhibitors are also available commercially.

250X PMSF: 0.25 M PMSF in 95% ethanol. Make fresh.

Bio-Rad D. Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA).

2.2. Immunoprecipitation of Proteins

L.

Antibody specific to the protein of interest. Polyclonal antisera, ascites
fluid, and culture supernatant of a hybridoma that secretes a MAb can all
be used for immunoprecipitation. Use approx 1 pg of antibody per im-
munoprecipitation. Increase this amount several-fold for antibodies with
low affinity to antigen. This has to be determined empirically. Antibody
suppliers can be located in the BiosupplyNet Source Book (www.biosup-
plynet.com) published yearly in collaboration with Cold Spring Harbor
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Laboratories. For information on its contents, telephone 516-349-5595, or
fax 516-349-5598, or E-mail: info@biosupplynet.com.

Protein A Sepharose and/or Protein G Sepharose. Recipe can be scaled up or
down. Hydrate 1.5 g of protein A or G Sepharose beads in 30 mL of 50 mM
Tris-HCI, pH 7.5, for 1-2 h on ice. Pellet beads by gravity or very gentle cen-
trifugation (1 min at 1000 g) and then wash four times with immunoprecipi-
tation buffer that lacks (the expensive) protease inhibitor mix and contains
1 mM sodium azide. Resuspend the beads in 15 mL of this same buffer to
yield a final slurry concentration of approx 100 mg/mL (approx 50% of total
volume are the beads). The slurry is stable for months when stored at 4°C.
Lysis buffer (see Subheading 2.1.) with protease and phosphatase in-
hibitors but without glycerol or NaCl.

5 M NaCl.

80% glycerol.

Microfuge tubes.

2X loading buffer for SDS-PAGE: 125 mM Tris-HCI, pH 6.8, 140 mM
SDS, 20% (v/v) glycerol, 2% (v/v) B-mercaptoethanol, 10 pg/mL bromphe-
nol blue.

Refrigerated centrifuge.

Ice bucket.

Chilled buffers and centrifuge tubes.

2.3. Immunoprecipitating Proteins Under Stringent Conditions

1.

Radio immunoprecipitation assay (RIPA) buffer: 150 mM NaCl, 1.0% Triton-
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI, pH 8.0.

3. Methods
3.1. Growth and Harvesting of Cells

1.

Cells should be grown under optimal conditions for the proteins under
study. In the absence of specific information, it is advisable to harvest log-
arithmically-growing cells.

. Grow yeast cells to an A600 of 0.5-1.3 in a volume of medium that will yield

100 A600 Un of cells using appropriate media, temperature, and aeration.

. Pellet cells by 5 min centrifugation at 5000 g in a centrifuge and rotor

chilled to 4°C.

Wash cells once in 30 mL of ice water. Place pellet cells in a 50-mL sterile
plastic conical tube that has been pre-chilled in an ice bucket.

Drain liquid rapidly and thoroughly from the pellet and immediately
immerse the tube into a dry ice/ethanol, or in liquid nitrogen bath.

Store frozen pellets at —80°C or immediately make cell-free extracts.
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3.2. Preparation of Cell-Free Extracts

Speed and maintenance of ice-cold conditions are key components of good
extract preparation. Extract preparation is done using an ice bucket either at
room temperature or in the cold room if the proteins are particularly labile.

1. Label one 15-mL conical tube and four microfuge tubes per sample.
Prechill all tubes in an ice bath.

2. Thaw pellets in an ice bath. Begin extract preparation while pellets are still
partially frozen (see Note 2).

3. Add 1 mL lysis buffer and transfer-cell suspension to 15-mL conical
plastic tube. Add chilled glass beads to just below the meniscus (see
Note 3).

4. Strongly vortex cells for five 30-s pulses, chilling on ice between pulses.
Keep vortexer on the highest setting. When multiple samples are being
processed, use two vortexers.

5. Add 0.25 mL more lysis buffer. Vortex sample for 30 s. Check cells under
microscope for complete or nearly complete lysis (see Note 4). Vortex
again if necessary.

6. Centrifuge sample 5 min at 5000g in a centrifuge chilled to 4°C.

7. Transfer supernatant to a new microfuge tube and do not be concerned if a
few beads are carried along. The supernatant fluid will be turbid if the pro-
tein concentration is high.

8. Centrifuge supernatant in a microfuge chilled to 4°C at the fastest speed for
10 min.

9. Transfer supernatant to a new microfuge tube. Cap tube and invert gently
to mix contents. Distribute sample into three microfuge tubes. Reserve 5 uL.
on ice to quantify the protein concentration.

10. Freeze samples at —80°C either directly or after prefreezing in a dry
ice/ethanol bath or process immediately for immunoprecipitation.

11. Assay total protein of reserved extract using the Bio-Rad protein assay and
calculate protein concentration using bovine serum albumin (BSA) to gen-
erate a standard curve. The total protein yield is generally 5-10 mg.

12. Analyze 25-100 pg of protein by immunoblotting to determine if the pro-
tein in question is present and readily detected.

3.3. Immunoprecipitation
3.3.1. Immunoprecipitating Proteins Under Native Conditions

In this method, the antibody is added to the whole-cell extracts on ice and
then the antibody-antigen complex is precipitated out of solution using protein
A or protein G coupled to Sepharose. Protein A and protein G are bacterial cell-
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wall proteins that bind tightly to a region of the Fc domain in antibodies. The
interaction is sensitive to pH and is reduced under conditions of low pH. Pro-
tein A and protein G bind with different affinities to antibody subtypes from dif-
ferent animals. Check Harlow and Lane (1) for a listing of their relative affini-
ties. If in doubt, use an equal mixture of Protein A and Protein G Sepharose.
Protein A Sepharose and Protein G Sepharose can be purchased separately or as
mixture.

The amount of antibody and whole-cell extracts in the immunoprecipitation
can vary widely, depending on the expression level of the protein and the affin-
ity of the antibody, and needs to be determined empirically. A starting point is
to use 0.25-1 mg whole-cell extract with approx 1-3 pg antibody. In general,
1 pug antibody is approx 0.5—1 pL of a polyclonal antiserum, approx 50 pL of a
hybridoma culture supernatant or approx 0.5 mL of ascites fluid that contains a
single MAb (1).

1. Prepare samples in microfuge tubes on ice: Mix 0.25-1 mg of the whole-
cell extract with 1 pg of antibody in a final volume of 0.5 mL, using the
lysis buffer without NaCl to bring up the final volume to 0.5 mL. Adjust
NaCl concentration to 100 mM NaCl and glycerol concentration to 5%. Ad-
just lysis buffer by adding divalent cation or removing EGTA if necessary
for activity of the protein in question (see Note 5).

2. Invert tube gently several times and incubate on ice for 90 min with occa-
sional tube inversion to allow antibody to bind to antigen.

3. Centrifuge in a chilled microfuge for 10 min to pellet nonspecific aggre-
gates (see Note 6).

4. Transfer supernatant to a new chilled microfuge tube.

5. Add 30 pL of the protein A or G-Sepharose slurry. Be sure to evenly sus-
pend the slurry before distributing it to the samples.

6. Rotate tube gently at 4°C for 60—90 min to allow the antigen-antibody com-
plex to bind to the protein A or G Sepharose beads (see Note 7).

7. Gently pellet protein A/G sepharose by spinning 30 s at 2000 g in a chilled
centrifuge (see Note 8).

8. Wash pellet twice with 1 mL lysis buffer that has the same amount of NaCl
as the immunoprecipitation, then wash twice with lysis buffer that lacks
NaCl. For each wash, gently invert tube three times before pelleting. Care-
fully remove supernatant without disturbing the beads. It is not necessary
to have protease inhibitors present in the lysis buffer during the washes (see
Note 9).

9. After the last wash, aspirate away as much liquid as possible without touch-
ing the beads. Use the beads directly in an enzyme assay or run the sample
on a SDS polyacrylamide gel, or add an equal volume of 2X loading buffer
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(approx 25 uL). Samples can be frozen at —80°C or loaded immediately on
a SDS-PAGE gel as follows: boil samples for 5 min (or incubate samples
for 10 min in a 100°C heating block). Vortex the boiled sample and then
centrifuge it briefly in a microfuge to pellet beads before loading onto the
SDS-PAGE gel (see Note 10).

3.3.2. Immunoprecipitating Proteins Under Stringent Conditions

In instances of a great deal of nonspecific background or in cases when the
antibody does not recognize a nondenatured epitope, it may be necessary to use
more stringent or denaturing conditions. This is accomplished by using RIPA
buffer. Follow the previously-outlined protocols for making extracts and im-
munoprecipitation but use RIPA whenever lysis buffer is needed.

3.3.3. Co-Immunoprecipitating Proteins

Co-immunoprecipitation (Co-IP) is a simple and useful method to detect an
interaction between two or more proteins (I—4). Under gentle enough condi-
tions, it is possible to co-immunoprecipitate one or more proteins with the pro-
tein that is recognized by an antibody. The standard immunoprecipitation con-
ditions presented can be used along with specific antibodies for each of the
proteins in question. Follow the previously-outlined methods and perform the
Co-IP in duplicate; run the samples on an SDS-PAGE gel along with whole-cell
extracts, and probe by immunoblot analysis for the presence of associated pro-
teins with appropriate antibodies.

3.3.3.1. Co-IP CoNTROLS

Controls are essential to verify that the antibody is specific and that a poten-
tial protein-protein interaction is specific. For Co-IP experiments, it is impor-
tant to immunoprecipitate each protein in the absence of the other to determine
whether their presence in an immune complex is owing to specific interactions
with the protein being bound by antibody or to nonspecific binding to the beads.
Additional controls to confirm specificity of the antibody are also needed. These
controls are the simplest to set up when proteins are tagged, because one can
compare extracts from cells that do not express the tagged protein.

If antibodies to native proteins are being used in a genetically tractable or-
ganism, then one can compare extracts made from strains harboring deletions
of the proteins in question (obviously only possible if the deletions do not cause
inviability) to test for the specificity of the antibody and the interaction. If dele-
tion mutations are not possible, a commonly used approach is to show that the
pre-immune serum or an antibody not known to be specific to either of the pro-
teins in question, does not co-precipitate them in a parallel experiment. How-
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ever, the latter control does not rule out the possibility that the antibody is pre-
cipitating the protein in question through an indirect association.

In Co-IP, it is also essential to compare the amount of protein co-precipitated
with the amounts of the proteins in question in the whole-cell extract. This al-
lows one to determine whether apparent differences in the ability of two proteins
to co-precipitate from sample to sample is owing to differences in abundance of
the proteins in the whole-cell extracts. This control is particularly important
when an interaction has been established and the investigator wishes to search
for regulatory changes in association apart from changes in abundance.

3.3.3.2. TROUBLESHOOTING

In the absence of detecting an interaction, it is worthwhile to try less-strin-
gent conditions or fewer washes after the immunoprecipitation. In addition, it
may be necessary to avoid any dilution of the whole-cell extract, by adding the
protein A/G-Sepharose directly after an initial clarification centrifugation and
using smaller wash volumes. When performing a co-precipitation, it is impor-
tant to precipitate from both directions (i.e., individually precipitating Protein 1
and Protein 2, and testing for the presence of Protein 2 and Protein 1, respec-
tively), because it is possible the interaction will only be detected in one direc-
tion. An inability to detect an interaction in one direction could be owing to a
variety of factors, including obstruction of an interaction by the binding of the
antibody, or other affinity agent, or differences in pool size representation of
each protein. For example, Protein 1 may bind to many proteins besides Protein
2, whereas most of Protein 2 binds to Protein 1. In this scenario, detection of
their association may be most efficient when Protein 2 is precipitated.

In addition, it may be necessary to increase the expression levels of the proteins
in question to be able to readily detect them in a co-precipitation. A range of ex-
pression levels is recommended, because too high a level of expression of proteins
can lead to unregulated interactions. Alternatively, one can scale up the Co-IP and
use more than 0.5-1 mg of whole-cell extract. Larger-scale extract preparations
may be necessary to generate more concentrated extracts. In cases of failure owing
to low abundance of the proteins in the host organism, one can overexpress one of
the two proteins in another host (such as Escherichia coli), concentrate this protein
by pre-immobilization on the appropriate affinity matrix, and then incubate the af-
fixed protein with extracts from the host organism (see Note 11).

4. Notes

1. The EGTA is added to chelate divalent cations that are essential for metallo-
proteases. The 15 mM concentration of EGTA has been found to be optimal
for studies involving mitogen-activated protein kinase (MAPK). However,
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because EGTA will also inhibit other metal-dependent enzymes it may be
omitted, used at a lower concentration (e.g., 1 mM), or combined with the
addition of a needed metal ion to the lysis buffer.

. The yield can sometimes improve if the thawed sample is refrozen in lig-

uid nitrogen and then rethawed prior to extract preparation.

Predetermine the amount of glass beads to add for the given volume, mark
that amount on a microfuge tube, and use this tube to scoop equal amounts
of beads into each sample.

This back-extraction step can be skipped for more concentrated extracts.

. Greater variability in pipetting occurs with small volumes. When preparing

multiple samples, predilute the antibody in immunoprecipitation buffer so that
a bigger volume can be added to each sample to ensure equal distribution.
This step can decrease the presence of nonspecific background and is par-
ticularly important in instances when the immunoprecipitate is being used
for an enzyme assay. If background is not a problem, this step can be
skipped.

. Samples can be gently rocked instead of rotated; however, we find this to

be a less efficient way to recover the antigen-antibody complex. The 60-min
incubation step can be lengthened to several hours to increase the amount
of antigen captured. Increasing the length of time can be a tradeoff owing
to the potential for sample degradation.

. Save the supernatant in order to determine the efficiency of immunopre-

cipitation of the protein in question.

This is a variable part of the protocol that depends on the affinity of the
antibody-antigen complex. The stringency of the washes can be increased
by adding more salt or by having a fixed amount of salt present in a greater
number of washes. It is helpful to do a final wash without added NaCl prior
to running samples on a SDS-polyacrylamide gel.

Include aliquots of the initial whole-cell extract and the supernatant from the
immunoprecipitation for comparison to determine what fraction of the total
protein is immunoprecipitated and as a positive control for the immunoblot.
The most important objective is to generate as great a signal to noise ratio
and avoid problems of background. A variety of parameters can be changed
to enhance immunoprecipitation. Optimization of the precipitating anti-
body is one possibility. Protein A-sepharose and Protein G-sepharose
should give results comparable to coupling the antibody to sepharose.
However, direct coupling of the antibody to sepharose may lead to less
background and more quantitative precipitation. In addition, varying the
ratio of antibody to whole-cell extract and the total amount of whole-cell
extract utilized is suggested to determine the optimal amount of antibody
that gives the most precipitation with the least amount of background.
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Affinity purification of the antibody may be necessary if the antibody
immunoprecipitates additional cross-reacting proteins. Additional ap-
proaches can be taken to minimize background. First, the amount of salt
and detergent can be increased in both the co-precipitation and the washes
to reduce nonspecific binding. Second, increasing the number of washes
may also help, although it may reduce the amount of specific protein that
remains associated. Third, the whole-cell extract can be preincubated with
protein A/G sepharose to remove nonspecific proteins that bind to the solid
support. Fourth, both the lysis buffer and the co-precipitation buffer can be
supplemented with 1% BSA to reduce the amount of nonspecific binding to
the affinity matrix. Finally, one can increase the expression levels of the
proteins in question to generate a stronger signal that is above the back-
ground binding.

It may be possible to produce a whole-cell extract that is enriched for
the proteins in question, such as preparing a nuclear extract if the proteins
are known to be in the nucleus. Better clarification of the cell extract can
be done by precentrifugation at 100,000 g and the extracts can be directly
used for co-precipitation without an intervening freezing step, which can
increase the amount of protein precipitation. In instances where one of the
proteins binds nonspecifically to sepharose, the substitution of an agarose-
based affinity matrix may solve the problem. In this instance, it may be
necessary to generate a different set of reagents to precipitate the proteins
in question (i.e., different antibodies and/or protein tags).
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Signal Transduction Inhibitors in Cellular Function

Maofu Fu, Chenguang Wang, Xueping Zhang, and Richard G. Pestell

Summary

Signal transduction pathways mediate cell—cell interactions and integrate signals from the ex-
tracellular environment through specific receptors at the cell membrane. They play a pivotal role
in regulating cellular growth and differentiation and in mediating many physiological and patho-
logical processes, such as apoptosis, inflammation, and tumor development. The mitogen-
activated protein kinases (MAPKSs) constitute a cascade of phosphorylation events that transmit
extracellular growth signals through membrane-bound Ras to the nucleus of the cell. In this chap-
ter, detailed protocols for analyzing the kinase activities of the key components of the MAPKs
pathway—MEKI1, ERK1, JNK, and p38 MAPK—are described. A brief introduction to the chem-
ical inhibitors to the MAPKSs pathway is provided in the method section of each kinase assay. In-
hibitors of other signaling pathways are summarized in Table 1. The reporter assay of cyclin D1,
a key downstream target gene of MAPKSs pathway, is also described in detail.

Key Words: Signal transduction; MAPKSs; chemical inhibitors; in vitro kinase assay.

1. Introduction

In multicellular organisms, gene expression is tightly controlled within the
cell. Extracellular molecules, such as hormones, growth factors, and cytokines,
communicate with the nuclear gene regulatory machinery through the interac-
tion with receptors on the cell membrane and initiate intracellular signaling cas-
cades. Signal transduction can occur between cells and within a single cell. In
cancer cells, the integrity of signal transduction cascades is often disrupted by

From: Methods in Molecular Biology, vol. 284:
Signal Transduction Protocols
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Table 1. Signal Transduction Pathways and Inhibitors

Fu et al.

Signal Transduction Pathways Inhibitors References
Tyrosine Kinase Growth Factor
Receptors
HER2/Neu inhibitor Herceptin (anti-HER2 antibody) (53,54)
EGF receptors IMC-C225 (anti-EGFR antidody) (55,56)
EGFR-Tyrosine kinase ZD1839, pyridopyrimidines (54,57,58)
Ras Signaling
Inhibitors of Ras farnesyltransferase
FPP analogues
CAAX peptide analogues BZA-5B, L-739, Cys-4-ABA-Met (57-59)
FT1-276, SCH44342, SCH66336
Bisubstrate inhibitors BMS-182878, BMS-184467 (57-59)
Inhibitors of the Raf IS1IS5132, BAY43-9006 (57-59)
protein kinases
Mitogen-Activated Protein
Kinase Pathways
Inhibitors of MEK PD184352, PD098059, (17,20,21,
U0126, R009-22110 23-27)
Inhibitors of ERK1 and ERK2 PD098059, E64D, calpeptin (5,28)
Inhibitors of JNKs SB600125 (33,34)
Inhibitors of p38 kinases SB203580, SB202190, SB242235, (36,37,
SB239063, SB220025, SB202474, 39-44,46)
SC68376, FR167653
Inhibitors of PI3-Kinase Wortmannin, LY294002 (60,61)
Signaling Pathways
Protein Phosphatases Inhibitors Microcystines, calyculins, cantharidin (67)
Proteasome Inhibitors
Peptide aldehydes ALLN, MG132, PSI, MG115 (63)
Peptide boronates MG262 (63)
Nonpeptide inhibitors Lactacystin (63)
DCI 3,4-DCI (63,64)
Peptide vinyl sulfones NLVS, YL3YS (63)
Epoxyketones Epoxomicin, eponemycin, (63,65)
Ac-hFLFL-epoxide
Bivalent inhibitors Polyoxyethylene (66,67)
Natural compound inhibitors TMC-95A, gliotoxin, EGCG (63,68)
Histone Deacetylase inhibitors
Short-chain fatty acids Butyrates (70,75)
Hydroxamic acids Trichostatin A, oxamflatin (73)
Cyclic peptides Trapoxin A, FR901228, apicidin
Benzamides MS-27275 (78,80)
SIR2 inhibitors Nicotinamide, splitomicin (78,79)
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gene mutations or altered gene expression. Constitutive activation of signaling
cascades contributes to uncontrolled cellular growth (1,2).

The elucidation of signal-transduction pathways in cancer cells, both at the
proteomic and the genomic level, has provided the basis of rational screening
for chemical inhibitors and targeted drug design. New therapeutics act at spe-
cific steps of the signal transduction cascade. The inhibitor may interfere with
signaling processes by blocking binding of a ligand to a cell-surface receptor,
by inhibiting the receptor tyrosine kinase (RTK) activity of a receptor or by in-
hibiting downstream components of a signaling pathway (3).

Protein kinases are enzymes that covalently attach phosphate to the side
chain of serine, threonine, or tyrosine of specific proteins inside cells. Mitogen-
activated protein kinases (MAPKS) are a family of protein kinases whose func-
tion and regulation have been conserved during evolution from unicellular or-
ganisms to complex organisms, including humans. Multicellular organisms
have three subfamilies of MAPKSs, namely ERK, JNK, and p38 protein Kinases,
which control a vast array of physiological processes (4). The extracellular sig-
nal-regulated kinases (ERKSs) are involved in the control of cell proliferation
and division. The c-Jun amino-terminal kinases (JNKSs) are critical regulators of
apoptosis and gene transcription. The p38 MAPKSs are activated by inflamma-
tory cytokines and environmental stresses (5—7).

Signal transduction inhibitors have been developed to diverse signaling
pathways. Limitations of using such inhibitors have been the temporal and spa-
tial control of drug delivery. More recently approaches have been developed to
target inhibitors to discrete subcellular compartments, or to activate compounds
at a single-cell level using chemical “caging” (8). For example, it has been pos-
sible to screen for compounds that are selectively taken up by mitochondria and
inhibit growth of tumor cell targets, in part owing to the altered mitochondrial
membrane potential of malignant cells (9). Chemical “caging” of small mole-
cules (e.g., ATP, NO, etc.), peptides and proteins, has been useful to define tem-
poral relationships in biochemically mediated processes and to delineate the
role of individual proteins in biological phenomena.

The recent application of caging ligands to regulate gene expression will pro-
vide important new insights into the mechanisms governing signal transduction
in vivo (8). Using light to activate caged molecules at the single-cell level will
allow the dissection of intracrine and paracrine signaling at an organismal level.
Future development in signal transduction research will integrate microarray
technology at a genome-wide level to identify novel signal-transduction in-
hibitors and, therefore, provide better chemotherapeutic approaches in the treat-
ment of human diseases (8,10).

Here we briefly outline the MAPK signaling pathways and inhibitors that
have proven useful for studying such pathways. Stepwise protocols for im-
munoprecipitating MEK1, ERK1, JNK, and p38 MAP Kinase are described,
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along with assays for kinase activity. Because cyclin D1 is a key downstream
target of the MAPK pathways, the utility of cyclin D1 promoter reporter assays
to examine proliferative signaling pathways is also described.

2. Materials
2.1. Measuring MEK1 Kinase Activity (11,12)

1. Cell lysis buffer: 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.5% deoxy-
cholate, 1% Triton X-100, 1% NP-40, 50 mM sodium fluoride (NaF), 1 mM
sodium orthovanadate (Na,VO,), 0.01% aprotinin, 4 pg/ul pepstatin A,
10 pg/uL leupeptin, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM
dithiothreitol DTT. Add proteinase inhibitors immediately before use and
keep solution on ice.

2. Phosphate-Buffered saline (PBS): For preparation of 10 L 1X PBS, dis-
solve 80 g NaCl, 2 g KCl, 14.2 g Na,HPO,, and 2.4 g KH,PO, in double-
distilled H,O. The pH should be between 7.28 and 7.60.

3. Anti-MEKI antibody and Protein A-agarose (Santa Cruz Biotechnology,
Santa Cruz, CA).

4. MAPK 2/Erk2, (inactive) (Upstate Biotechnology, Lake Placid, NY, cat.
no. 14-198.)

5. Nonradioactive adenosine triphosphate (ATP) cocktail: 30 mM B-glycerol
phosphate, 60 mM HEPES, pH 7.3, 4 mM EGTA, 1.5 mM DTT, 0.45 mM
Na,VO,, 30 mM MgCl,, 0.3 mM ATP, and 0.3 mg/mL BSA.

6. Radioactive ATP cocktail: 2 pCi (y-32P)-ATP, 10 pg of myelin basic protein
(MBP), 30 mM glycerophosphate, 60 mM HEPES, pH 7.3, 4 mM EGTA,
1.5 mM DTT, 0.45 mM Na;VO,, 30 mM MgCl,, and 6 pg of BSA.

7. Myelin basic protein (MBP) (Research Diagnostics, Flanders, NJ, cat. no.
RDI-TRK8M?79).

8. Cell lines and cell-culture supplies.

9. Disposable cell lifter (Fisher Scientific, Pittsburg, PA).

10. PD-98059 stock (50 mM) in dimethyl sulfoxide (DMSO), store at —20°C
(Calbiochem-Novabiochem, La Jolla, CA).

11. Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories).

12. Phosphorimager screen and phosphorimaging scanner (Strom, Amersham
Biosciences, Piscataway, NJ).

13. Protein sample loading buffer: 50 mM Tris-HCI, pH 6.8, 10% glycerol, 1%
sodium docecyl sulfate (SDS), 1% 2-mercaptoethanol.

2.2. In Vitro ERK1 Kinase Assay (12,13)

1. Cell lysis buffer: 50 mM HEPES, pH 7.5, 0.5% deoxycholate, 1% Triton
X-100, 1% NP-40, 150 mM NaCl, 50 mM NaF, 1 mM Na,VO,, 0.01% apro-
tinin, 4 pg/ul pepstatin A, 10 pg/uL leupeptin, 1 mM PMSF, 1 mM DTT. Add
proteinase inhibitors immediately before use and keep solution on ice.
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Anti-ERK1 antibody (Santa Cruz Biotechnology, cat. no. SC-94).

Protein A-agarose and Protein G-agarose (Santa Cruz Biotechnology).
Myelin basic protein.

Kinase reaction buffer: 10 uCi (y-32P)-ATP, 50 uM ATP, 20 mM HEPES,
pH 8.0, 10 mM MgCl,, 1 mM DTT, 1 mM benzamidine.

2.3. In Vitro JNK Kinase Assay (14)

1.

D B W N

7.

Cell lysis buffer: 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM
Na,;VO,, 1 mM B-glycerol phosphate, 1 mM PMSF, and 1 pg/mL leupeptin.

. Anti-JNK antibody (Cell Signaling Technology).

. Protein A-agarose and Protein G-agarose (Santa Cruz Biotechnology).

. ATF2 fusion protein (Cell Signaling Technology).

. Kinase buffer: 25 mM Tris-HCl, pH 7.5, 5 mM [-glycerol phosphate, 2 mM

DTT, 0.1 mM Na;VO,, 10 mM MgCl, and 100 uM ATP.

. 6X SDS sample buffer: For 100 mL, add 35 mL 1 M Tris-HCI (pH 6.8),

10.28 g SDS, 36 mL Glycerin, 9.2 g DTT, 12 mg Bromophenol Blue, ad-
just volume with dd H,O to 100 mL. Store in aliquots at —20°C.
Potter Elvehjem tissue grinder.

2.4. In Vitro p38 MAPK Assay (15)

1.
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Cell lysis buffer: 50 mM HEPES, pH 7.6, 150 mM NaCl, 10% glycerol
(v/v), 1% Triton X-100 (v/v), 30 mM Na,P,0,, 10 mM NaF, 1 mM EDTA,
1 mM PMSF, 1 mM benzamidine, 1 mM Na,;VO,, 1 mM DDT, and 100 nM
okadaic acid.

Anti-p38 MAP kinase antibody (Santa Cruz Biotechnology).

Protein A- and Protein G-agarose.

ATF?2 fusion protein (Cell Signaling Technology) or ATF-2 peptide (New
England BioLabs, Beverly, MA).

Kinase buffer: 50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, and 1 mM dithio-
threitol and 100 uM ATP.

Whatman P81 phosphocellulose filter (Whatman, cat. no. 3698-023).

175 mM phosphoric acid.

Potter Elvehjem tissue grinder.

Polyvinylidene flouride (PVDF) membrane.

2.5. Cyclin D1 Reporter Assay

1.

Cell line: Breast cancer cell line MCF-7. Cells are maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% Penicillin-streptomycin at 37°C in the pres-
ence of 5% CO,.
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. Plasmid DNA: Mammalian expression vector pSV2, pSV2Neu-T, and lucifer-

ase reporter constructs 1745D1-LUC, Cyclin A-LUC and c-fos-LLUC (16).
Transfection reagents: SuperFect reagent (Qiagen, cat. no. 301305, 1.2 mL).
Store at 4°C.

MEK inhibitor: PD098059 (2-amino-3-methoxyflavone) (Calbiochem, cat.
no. 513000, 5 mg, M.W. 267.3) Stock Solution: 10 mM in DMSO. (Dis-
solve 5 mg PD098059 in 1.87 mL DMSO, aliquot into 100 uL/tube and
store at —20°C.)

. 0.5 M Glycylglycine (Glygly) buffer: dissolve 33.05 g in 500 mL distilled

water, adjust pH to 7.8 with KOH, store at 4°C.

100 mM Potassium phosphate (K-Phos): Mix 90.8 mL of 1 M K,HPO, with
9.2 mL 1 M KH,PO,, adjust volume to 1 L with distilled water and deter-
mine if pH is 7.8.

1 M DTT in distilled water, stored at —20°C in 1-mL aliquots.

200 mM ATP in distilled water, store at —20°C in 400 pL aliquots.

1 mM Luciferin substrate (Molecular Probes, cat. no. L-2911, 25 mg). Dis-
solve in 78.51 mL distilled water, store at —20°C in 1-mL aliquots. Protect
from light using aluminum foil.

1 M MgSQO,, store at room temperature.

GME buffer: 25 mM Glygly, 15 mM MgSO,, 4 mM EGTA, 5 mL 0.5 M
glygly, 1.5 mL 1 M Mg MgSO,, 0.8 mL 0.5 M EGTA, adjust volume to
100 mL with distilled water, store at 4°C.

Extraction buffer: 1% (w/v) Triton X-100 and 1 mM DTT in GME buffer.
To prepare, add 0.5 mL Triton X-100 to 50 mL GME buffer, mix well, and
then add 50 pL of 1 M DTT. Prepare freshly before use.

ATP assay buffer: For each assay point, mix 300 uL. GME buffer with 60 uLL
100 mM K Phos buffer, 0.4 uL 1 M DTT, and 4 pL. 200 mM ATP. Prepare
freshly before use.

Luciferin solution: Prepare 100 pL per assay. A 5 mL preparation will be
enough for 40 samples (1 mL of 1 mM Luciferin, 4 mLL GME buffer, and
50 pL of 1 M DTT). Make fresh and protect from light by wrapping the
tubes with aluminum foil. Leave on ice before use.

Luciferase assay tubes (Becton Dickinson Labwares, cat. no. 352008).
Luminometer (i.e., Autolumat, Model LB953, Berthold).

3. Methods
3.1. Measuring MEK1 Kinase Activity

Ras interacts with and activates Rafl, which in turn phosphorylates and
activates the dual-specificity kinase MEK1 (MAP kinase kinase) on two dis-
tinct serine residues. Activated MEKI catalyzes the phosphorylation of
p44MAPK (ERK1) and p42MAPK (ERK2) on a tyrosine and a threonine
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residue (Y183 and T185). These MAP kinases can phosphorylate a variety
of substrates, including transcription factors and cell-cycle control genes. The
small-molecule inhibitor of MEK, PD184352, directly inhibits MEK1 with a
50% inhibitory concentration (ICs,) of 17 nM. PD184352 produces a dose-
dependent block in the G1 phase of the cell cycle in colon cancer cells. The
cell-culture and in vivo efficacy studies indicate colon tumors are especially
sensitive to MEK inhibition (7). When human multiple myeloma or leukemia
cell lines are exposed to the MEK/MAPK inhibitor PD184352 and the cell-
cycle checkpoint inhibitor UCN-01 the cells show dramatic mitochondrial
damage and apoptosis (18,19).

PD098059 is a synthetic inhibitor that selectively blocks the activation of
MEK-1 and, to a lesser extent, the activation of MEK-2 (20). The inhibition of
MEK-1 activation prevents activation of the MAPKs ERK-1/2 and subsequent
phosphorylation of MAPK substrates both in vitro and in intact cells. PD098059
reversed the transformed phenotype of Ras-transformed mouse fibroblasts and
rat kidney cells and blocked induction of cyclin D1 and cell-cycle progression
(21-24). PD098059 does not inhibit JNK/SAPK and the p38 pathways at the
concentrations that inhibit ERK activity, demonstrating its specificity for the
ERK pathway (25).

U0126 is a newly discovered potent inhibitor of the dual-specificity kinases
MEKI1 and MEK2 (26). Like PD98059, U0126 is a noncompetitive inhibitor of
MEK1/2. U0126 displays significantly higher affinity for all forms of MEK
than PD098059. U0126 inhibits phosphorylation of MEK1/2 and ERK1/2, in-
hibits the invasion of human A375 melanoma cells, and decreases c-Jun expres-
sion, a major component of the transcription factor AP-1 (27). U0126 inhibits
T-cell proliferation in response to antigenic stimulation and cross-linked anti-
CD3 plus anti-CD28 antibodies. U0126 has an inhibitory concentration (ICy,)
of 50-70 nmol/L, whereas PD098059 has an ICy, of 5 umol/L. Ro 09-2210, an-
other inhibitor of MEK-1 and MEK-2, also inhibits other dual-specificity
kinases such as MKK-4, MKK-6, and MKK-7, albeit at 4 to 10-fold higher ICs,
concentrations compared with its effect on MEK-1(25).

1. After treatment of the cells with proper kinase inhibitors, such as 5 uM
PD098059 for 24 h, aspirate the culture medium from the tissue-culture
plates.

2. Wash the cells twice with 15 mL ice-cold PBS.

3. Put the culture plates on ice, add 300-500 pL cell lysis buffer. Scrape the
cells from the culture plates using a disposable cell lifter. Transfer the cell
lysate to an ice-cold 1.5-mL Eppendorf tube.

4. Freeze-thaw twice using liquid nitrogen or a dry ice-ethanol mix.

. Vortex for 30 s and centrifuge at 14,000 rpm in a microcentrifuge at 4°C

for 10 min.

9
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. Transfer the supernatant to a 1.5-mL Eppendorf tube.

Measure the protein concentration by using the Bio-Rad Protein Assay
Reagent.

. Dilute 300-600 pg cell lysate in 400 pL cell lysis buffer; add 10 puL anti-

MEKI1 antibody. Incubate for 1 h at 4°C, rotating to thoroughly mix the
sample.

Add 20 pL of Protein A-agarose bead slurry, washed according to the man-
ufacture’s instruction, and incubate for 2 h at 4°C with constant rotation to
immunoprecipitate the kinase.

Pellet the agarose by centrifuging for 15 s at 14,000 rpm in a micro-
centrifuge.

Remove the supernatant fraction and wash the protein A agarose beads
twice with 800 uL ice-cold lysis buffer and 800 pL once with ice-cold PBS.
Add 5 pL of inactive ERK?2 (250 pg/mL) and 10 pL of nonradioactive ATP
cocktail and incubate for 10 min at 30°C on a shaking incubator to mix the
sample thoroughly.

Add 20 pL of the (y-32P)-ATP mixture and incubate for an additional 10 min
(see Note 1).

Stop the reaction by adding 40 uLL sample buffer and boil at 95°C for 5 min
in heat block, then cool on ice for 2 min (see Note 2 and 3).

Vortex vigorously for 30 s, and centrifuge at 14,000 rpm at room tempera-
ture for 5 min.

Electrophorese 15 pL of the supernatant fluid on an 15% SDS-polyacry-
lamide gel (PAGE) gel.

Transfer proteins from the SDS-PAGE onto a nitrocellulose membrane and
determine the amount of radiolabeled ERK2 by phosphor imager analysis.

3.2. In Vitro ERK1 Kinase Assay (12,13)

ERK1 and ERK2 are widely expressed and are involved in the regulation of

meiosis, mitosis, and postmitotic functions in differentiated cells (5). ERKs 1
and 2 are both components of a three-kinase phosphorylation module that in-
cludes the MKKK c-Rafl, B-Raf, or A-Raf, which can be activated by the
proto-oncogene Ras. Oncogenic Ras persistently activates the ERK1 and ERK?2
pathways, which contributes to the increased proliferative rate of tumor cells
(5). PD098059 specifically inhibits the ERK pathway (25). Interestingly, inhi-
bition of cysteine proteinases by either E64D or calpeptin leads to a dramatic
inhibition of ERK activity (28).

1.
2.
3.

Aspirate the culture medium from the tissue culture plates.

Wash the cells twice with 15 mL ice-cold PBS.

Put the cell-culture plates on ice and add 0.5 mL ice-cold cell lysis buffer.
Scrape the cells from the culture plates using a disposable cell lifter.
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Transfer the cell lysate to a 1.5-mL Eppendorf tube and incubate on ice for
30 min (see Notes 4 and 5)
Freeze-thaw twice using liquid nitrogen or a dry ice ethanol mix.

. Vortex 30 s and centrifuge at 14,000 rpm in a microcentrifuge at 4°C for

10 min.
Transfer the supernatant to a new 1.5-mL Eppendorf microcentrifuge tube.
Measure the protein concentration Bio-Rad Protein Assay Reagent.

. Dilute 500 pg of cell lysate in 500 pL cell lysis buffer, and incubate with

2 ng ERKI1 anti-antibody for 2 h at 4°C, rotating to thoroughly mix the
sample.

. Add 30 pL of washed Protein A Plus-agarose bead slurry and incubate for

another 2 h at 4°C to immunoprecipitate the kinase, rotating thoroughly to
mix the sample.

Pellet the agarose beads by centrifugation in a microcentrifuge at 14,000 rpm
for 15 s.

Remove the supernatant and wash the pellet twice with 800 pL ice-cold
lysis buffer and twice with 100 mM NaCl in 50 mM HEPES butffer, pH 8.0.
Incubate the immunoprecipitated complexes with 0.3 mg/mL MBP at 37°C
for 15 min in kinase reaction buffer. Use a shaking incubator to thoroughly
mix the sample.

Stop the reaction by adding 40 uL sample buffer, boil at 95°C for 5 min,
then cool on ice for 2 min (see Note 3).

Vortex vigorously for 30 s, and centrifuge at 14,000 rpm at room tempera-
ture for 5 min to pellet the beads.

Electrophorese 15 pL. of the supernatant fraction on to an 15% SDS-
PAGE gel.

Transfer proteins from the SDS-PAGE onto a nitrocellulose membrane
and determine the amount of radiolabeled MBP by phosphorimager
analysis.

3.3. In Vitro JNK Kinase Assay (14)

The JNKSs are stress-activated protein kinases (29,30). The JNKs bind and

phosphorylate c-Jun, a component of the AP-1 transcription complex, and in-
crease its transcriptional activity (7,31,32). AP-1 is involved in regulation of
many cytokine genes and is activated in response to environmental stress, radi-
ation, and growth factors, all stimuli that activate JNKs. The inhibition of INKs
enhances chemotherapy-induced inhibition of tumor cell growth, suggesting
that JNKs may provide a molecular target for the treatment of cancer. JNK in-
hibitors have shown promise inhibiting tumor cell growth and in the treatment
of rheumatoid arthritis (5).
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SP600125 is a INK inhibitor that completely blocks IL-1-induced expression
of c-Jun and collagenase mRNAs. The inhibitor suppressed IL-1-induced accu-
mulation of phosphorylated-c-Jun in synoviocytes (33,34).

Bioactive cell-permeable peptide inhibitors of INK were engineered by link-
ing the minimal 20-amino acid inhibitory domains of the IB proteins (the islet-
brain [IB] 1 and 2 proteins, which inhibit JNK signaling) to the 10-amino acid
HIV-TAT sequence that rapidly translocates peptides into cells. Addition of the
peptides to the insulin-secreting betaTC-3 cell line resulted in a marked inhibi-
tion of interleukin-1 (IL-1)-induced c-jun and c-fos expression, indicating inhi-
bition of JNK signaling (35).

1. Wash the treated cells twice with 10 mL of ice-cold PBS. Aspirate PBS
completely after the second wash (see Note 4).

2. Add 0.5 mL of lysis buffer to the cells and incubate on ice for 20 min with
occasional swirling.

3. Scrape cell lysate gently off the plate with a cell lifter and transfer the lysate
to a sterile ice-cold 1.5-mL microcentrifuge tube. Disrupt cell lysate in a
2-mL Potter Elvehjem tissue grinder submerged in ice by using twenty up
and down strokes (see Note 5).

4. Vortex 30 s and centrifuge in a microcentrifuge at 14,000 rpm at 4°C for
10 min.

5. Transfer the supernatant to a new ice-cold 1.5-mL Eppendorf tube and de-
termine the protein concentration.

6. Adjust 300-600 pg of cell lysate in 500 pL of total lysis buffer.

7. Add 2 pg anti-JNK antibody and incubate at 4°C for 1 h on a rotating
navigator.

8. Add 25 pL Protein-A agarose slurry and continue incubation at 4°C for 2 h
or overnight on a navigator.

9. Pellet agarose beads for 10 min at 4°C by centrifugation in a microfuge at
1500g.

10. Remove supernatant and wash twice with 0.8 mL of ice-cold lysis buffer
and twice with 0.5 mL cold kinase buffer.

11. Pellet agarose beads by centrifugation at 4°C for 10 min at 1500g in a
microcentrifuge.

12. Remove the supernatant and suspend the pellets in 30 pL kinase buffer con-
taining 200 uM ATP and 2 pg of ATF2 fusion protein.

13. Incubate for 30 min at 30°C on a shaking incubator.

14. Repeat step 10.

15. Wash the pellet three times with 0.8 mL of ice-cold cell lysis buffer.

16. Add 30 pL cell lysis buffer, 6 pL 6X protein loading buffer, boil at 95°C
for 5 min, then cool on ice for 2 min (see Note 3).
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17. Centrifuge at 14,000 rpm for 5 min in a microcentrifuge to collect the beads.

18. Electrophorese the supernatant fraction on to a 7% SDS-PAGE gel.

19. Transfer proteins from the gel onto nitrocellulose membrane. Detect the
phospho-ATF2 signal by Western blotting using the phospho-ATF2 anti-
bodies (see Notes 6-10).

3.4. In Vitro p38 MAPK Assay (15)

The p38 MAPKSs are activated by inflammatory cytokines as well as by many
other stimuli, including hormones, ligands for G protein-coupled receptors,
stresses, and during activation of the immune response. Because the p38
MAPKSs are key regulators of inflammatory cytokine expression, they appear to
be involved in human diseases such as asthma and autoimmunity (5). Many in-
hibitors targeting p38 kinase have been developed, including SB203580,
SB202190, SB242235, SB239063, SB220025, SB202474, SC68376, and
FR167653 (36-44).

SB203580, a pyridinylimidazole compound, is a selective inhibitor of p38
MAP kinase that acts by competitive binding in the ATP-binding pocket. The
p38 MAP kinase inhibitors are efficacious in several disease models, including
inflammation, arthritis, septic shock, and myocardial injury (45). p38 MAPK is
activated significantly in nitric oxide (NO)- or peroxynitrite-induced cell death
in a time-dependent manner. Cell death and caspase-3 activation are markedly
inhibited by SB203580 (46).

1. Same as in Subheading 3.3.
2. Add 0.3 mL of ice-cold cell lysis buffer to the 10 cm cell-culture dish (add
0.6 mL for 15 cm dishes) and incubate for 20 min on ice with occasional
swirling.
Same as in Subheading 3.3.
Same as in Subheading 3.3.
Same as in Subheading 3.3.
Same as in Subheading 3.3.
Add anti-p38 MAP kinase antibody (2 pg/reaction) precoupled to a 20 uLL
mixture of Protein A- and Protein G-agarose beads and incubate at 4°C for
2-3 h with constant rotation. Antibody-coupled beads are washed twice
with ice-cold PBS and once with ice-cold lysis buffer before use.
8. Pellet agarose beads for 10 min at 4°C at 1500 g in a microcentrifuge.
9. Remove supernatant and wash beads four times with 1 mL of wash buffer
and twice with 1 mL of kinase buffer.
10. Pellet agarose beads for 10 min at 4°C at 1500 g in a microcentrifuge.
11. Remove the supernatant and suspend the pellets in 30 pL of reaction mix-
ture (kinase buffer containing 5 uM ATP, 2 uCi of (6-32P)-ATP).

NN kAW
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Incubate the reaction with 2 pg of ATF-2 fusion protein for 30 min at 30°C
with constant agitation.

Pellet agarose beads for 10 min at 4°C at 1500 g in a microcentrifuge.
Transfer 30 pL of the supernatant onto a 2.1-cm diameter Whatman P81
cellulose phosphate filter circles.

Wash circles four times for 10 min with 3 mL of 175 mM phosphoric acid
and once with 3 mL distilled water for 5 min.

Air-dry filters and then measure radioactivity in a liquid scintillation
counter (see Note 11-15).

3.5. Cyclin D1 Reporter Assay (16)

The cyclin D1 gene encodes a labile growth factor and oncogene-inducible
regulatory subunit of the holoenzyme that phosphorylates and inactivates the
pRb protein. The abundance of cyclin D1 is rate-limiting in the induction of
DNA synthesis by diverse mitogenic stimulus (47). The cyclin D1 gene is tran-
scriptionally induced by mitogenic stimuli, including Ras, Src, ErbB2, and ac-
tivated ERK, suggesting that the cyclin D1 promoter is a useful reporter of
mitogenic intracellular signaling activity (16-50).

3.5.1. Preparation of Cells for Transient Transfection

1.

Plan the transfection experiment. For example, in this experiment, we will
examine the effect of Her2/Neu signaling on the cyclin D1 transcription in
MCEF-7 breast cancer cells. We also want to know if Her2/Neu regulates cy-
clin D1 through a MAPK pathway and will examine this possibility by
using the MEK inhibitor, PD098059 (see Note 16). In this protocol, we will
use a reporter assay to address these questions. Cells will be transiently
transfected with the mammalian expression vector of NeuT with cyclin D1
reporter construct, -1745 cyclin D,-LUC. c-fos-LUC will be used as a pos-
itive reporter control because it is known that Her2/Neu signaling upregu-
lates c-fos expression (51). Cyclin A-LUC will be used as a negative con-
trol. All transfections will be done in triplicate. The transfection plan is
shown Fig. 1 (see Notes 17-19).

Subculture MCF-7 cells for transfection. A day before transfection, seed
0.4 X 105 MCEF-7 cells per well in 400 uL. DMEM supplemented with 10%
FBS into 24-well plates. By the time of transfection, the cells should reach
50-70% confluence (see Note 20).

3.5.2. Transient Transfection

1.

For each well, dilute 1.2 pg reporter plasmid DNA along with either pSV2
control vector (75 ng) or expression vector pSV2-NeuT (100 ng) in 50 pL.
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MCF-7 cells
O Q O -1745D1-LUC + pSV2
DMSO
QOO -1745DI-LUC +pSV2NeuT —
O O Q -1745D1-LUC + pSV2
PDI8059
O Q O -1745D1-LUC + pSV2NeuT —
O Q Q c-fos-LUC  + pSV2 ]
DMSO
O Q O c-fos-1LUC +pSV2NeuT —
O Q O cfos-LUC + pSV2 .
PD98059

Q Q O c-fos-LUC +pSV2NeuT —|

Q O O Cyclin A-LUC + pSV2 ]
DMSO

O O O Cyclin A-LUC +pSV2NeuT —

O O O Cyclin A-LUC + pSV2 ]

O Q Q Cyclin A-LUC +pSV2NeuT —

Fig. 1. Example of the transfection plan.

PD98059

DMEM (serum and antibiotic free medium). Mix well and sit at room tem-
perature for 2 min.

2. Dilute 3-5 pL SuperFect reagent for each well in 50 pL. DMEM (serum- and
antibiotic-free medium). Mix well and sit at room temperature for 2 min.

3. Combine the diluted DNA with diluted SuperFect, mix by pipeting up and
down three to five times, and incubate at room temperature for 10 min to
allow formation of the DNA-SuperFect complex.

4. Add 100 pL of the transfection complexes directly into each well contain-
ing cell-growth medium. For SuperFect reagent, it is not necessary to
change the cell-growth medium to serum- and antibiotic-free medium at
this point. However, consult the manufacturer’s manual for transfection
conditions with different reagents. Mix well by shaking the cell culture
plate gently. Incubate the cells in a CO, incubator for 24 h.
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3.5.3. Treatment of the Cells With PD98059

Twenty-four hours after transfection, replace the medium with 500 pL fresh
culture medium containing either DMSO (negative control) or 10 uM PD98059.
Incubate the cells for another 24 h (see Note 21-23).

3.5.4. Luciferase Assay

1. Lyse cells by aspirating the medium from the culture plate and adding
100 pL of cell-extraction buffer. Rotate or shake the cells on a shaking plat-
form at room temperature for 5—-10 min.

2. For each sample, add 300 pL of ATP assay buffer into luciferase assay
tubes. Prepare six extra tubes as blank controls.

3. Transfer 100 pL of cell lysate into the tube containing the ATP assay buffer
and mix.

4. Load the samples onto the luminometer and put the substrate injector into
the luciferin container (protected from light with aluminum foil). Make
sure that the injector is submerged into the luciferin solution.

5. Measure the integrated light output for 10-60 s. At the end, wash the tub-
ing of the luminometer with distilled water. (If renillar luciferin is used as
an internal control, wash the tubing with 70% ethanol six times with six
wash tubes and then repeat wash again with distilled water [52]).

6. Analyze the data statistically and graph as shown in Fig. 2.

4. Notes

1. Safety warnings and precautions: Because the experiments described here
involve the use of radioactive (y-32P)-ATP, be sure to follow your institu-
tional regulations relating to the handling, usage, storage and disposal of
such materials. Always use protective barriers.

2. Alternatively, stop the reaction by adding 20 puL of 100 mM EDTA, pH 7.5,
centrifuge briefly, and spot 40 uL of each supernatant onto phosphocellu-
lar paper. The papers are then washed six times (5—10 min each) in 10%
phosphoric acid, soaked briefly in 100% ethanol, and air-dried before
analysis in a liquid scintillation counter (11).

3. When heating samples on the heating block, make sure that the microcen-
trifuge tubes are closed tightly. Place another heating block on top of the
tubes will prevent the tops from popping open.

4. When harvesting the cell lysate, be sure to aspirate the PBS buffer com-
pletely from the plates. Residual PBS will dilute the concentration of the
protein inhibitors in the cell lysis buffer.

5. Keep reconstituted lysis buffer on ice at all times.
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Fig. 2. Regulation of Cyclin D1 by NeuT. 0.4 X 105 MCF-7 cells are seeded into
24-well cell-culture plates and the cells are allowed to grow for 24 h to reach 70% con-
fluence. 1.2 pg of -1745D1-LUC and 100 ng of expression vector of NeuT and 75 ng of
control vector are transfected as indicated using the proper transfection reagent. The cells
are treated with 5 uM PD98059 for 24 h and the luciferase activity is then measured.

6. Alternatively, incubate 300-600 pg cell lysates with immobilized c-Jun
(Cell Signaling Technology, cat. no. 9811) overnight at 4°C.
7. Pellet the agarose beads. Wash the immunoprecipitated products twice with
the cell lysis buffer and twice with kinase buffer (Subheading 2.3.).
8. Resuspend the pellets in the kinase buffer containing 100 pM ATP.
9. Incubate the reaction for 30 min at 30°C in a shaking incubator.
10. Perform Western blot to detect the phospho-c-Jun signal.
11. Alternatively, stop the reaction by adding 30 pL of 2X Laemmli sample
buffer and heat for 5 min at 95°C (see Note 3).
12. Centrifuge at 12,000 rpm for 5 min.
13. Take 40 pL of the supernatant and resolve on 13% SDS-PAGE gel.
14. Transferred onto polyvinylidene fluoride (PVDF) membranes.
15. Expose the PVDF membrane to a phosphorimager cassette and quantify the
amount of radiolabeled phosphate substrate by using a molecular dynam-
ics phosphorimager system.
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Table 1 summarizes the various inhibitors for different signaling pathways.
Consult the literature for a more extensive list of inhibitors available for a
particular pathway (5,28,33,34,36,37,39-44,46,53-79).

Different cell types may have a different genetic background. This is par-
ticularly true for the cancer cell lines. Careful selection of the cell type for
studying a particular signal pathway is very important. For example, to
study the effect of a signal pathway on the regulation of p53 expression,
consider whether the p53 gene is expressed in the cell type you have cho-
sen and whether or not the p53 gene is mutated. Also, consider whether the
status of the particular pathway you are studying is altered (defective or
constitutively active) in your chosen cells.

Transfection efficiency varies with cell types and different transfection
reagents. Several internal control plasmids have been described, but these
controls may independently affect activity of the promoter being assessed
(52). We suggest using a green flourescent protein (GFP)-expressing vec-
tor as a monitor of transfection efficiency.

If different cell types are used, a reporter control such as renillar luciferase
(or B-galactosidase) should be included in order to adjust the data and make
comparisons between different cell types.

Because the size of different cell types varies, the number of the cells to be
seeded for transfection also varies. In general, the cells should reach
50-80% confluence by the time of transfection. Check the manufacture’s
manual for special requirements.

PD98059 is dissolved in DMSO or methanol. We use DMSO to make a
10 mM stock solution and store in small aliquot at —20°C. PD98059 should
be protected from light. Always include the vehicle used to dissolve the in-
hibitor as a control.

For experiments where the ligand of hormone receptors, such as dihy-
drotestosterone (DHT) or estradiol are used, phenol-free medium and
charcoal-stripped serum should be used when the cells are treated with
hormones.

Treatment usually occurs after 24 h of transfection. The duration of the
treatment varies depending on the reagents used and the targeted proteins
or signaling pathways. Time-course and dose curves might be necessary.
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Two-Dimensional Gel Electrophoresis
for the Identification of Signaling Targets

Yukihito Kabuyama, Kirsi K. Polvinen, Katheryn A. Resing,
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Summary

Two-dimensional electrophoresis (2-DE) is a powerful technique to differentially display pat-
terns of protein expression and posttranslational modifications, providing a good strategy to mon-
itor molecular responses induced by the activation or inactivation of specific signaling pathways.
In this chapter, optimized protocols for 2-DE using extracts from tissue culture are provided. Pro-
tocols for in-gel digestion of gel-resolved proteins, which allow protein identification by mass
spectrometry are also discussed.

Key Words: Two-dimensional electrophoresis; signal transduction.

1. Introduction

Two-dimensional electrophoresis (2-DE) is a powerful technique for re-
solving complex protein mixtures. This method provides the ability to separate
and quantify up to 9000 protein forms from unfractionated cell lysates (1).
Many parameters and experimental conditions affect the quality of protein res-
olution on 2-DE, such as temperature, voltage, quality of reagents, and instru-
mentation, causing variability in quantitative analysis of gel-resolved proteins.
However, introduction of immobilized pH gradients for isoelectric focusing
(IEF) has led to significant improvements in resolution and reproducibility of
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protein separation, allowing researchers greater accessibility to 2-DE for pro-
tein expression profiling. Furthermore, improvements in methods for in-gel di-
gestion, combined with database search algorithms that enable peptide mass
fingerprinting and sequencing, allow rapid identification of gel resolved pro-
teins by mass spectrometry (MS).

The ability of 2-DE to differentially display patterns of protein expression
and posttranslational modifications provides a good strategy to monitor molec-
ular responses induced by the activation or inhibition of specific signaling
pathways. Applications of this method include the analysis of cellular targets
downstream of mitogen activated protein kinase (MAPK) (2), transforming
growth factor (TGF-B) (3), endothelin 1 (4), Fas (5), and PhoP/Q two compo-
nent (6) signaling pathways. Each of these examples successfully identified
novel signaling targets and revealed new functions of each pathways, clearly
demonstrating the utility of 2-DE for protein profiling. However, careful meth-
ods are required to obtain resolution on 2-DE in order to yield satisfactory pro-
tein profiling.

This chapter will describe optimized protocols for 2-DE in ranges of pl
from 4 to 7 and 6 to 11, which have been modified from the methods of
Gorg et al. (7) and Hoving et al. (8). The WM35 human melanoma cell line
is used as an example. Protocols for in-gel digestion of gel-resolved proteins
are also described.

2. Materials
2.1. Equipment

1. Horizontal electrophoresis apparatus with electrode tray (Multiphor II,
Amersham-Pharmacia, Piscataway, NJ).

Immobiline drystrip tray (Amersham-Pharmacia).

Immobiline drystrip reswelling tray (Amersham-Pharmacia).
Thermostatic circulator (e.g., VWR Heated/Refrigerated Circulators).
Vertical electrophoresis units (e.g., Protean II xi cell, Bio-Rad).

Power supply (EPS3500XL, Amersham-Pharmacia).

Slab gel electrophoresis unit (e.g., Bio-Rad Protean II xi).

Gradient maker (e.g., Hoeffer SG30 and peristaltic pump (e.g., Rainin
Dynamax Model RP-1).

2.2, Reagents

1. Cell lysis buffer A: 7 M urea, 2 M thiourea, 4% (3-[3-cholamidopropyl)
dimethylammonio]-1-propane-sulfonate) (CHAPS), 1% IPG buffer (pH
4.0-7.0, Amersham-Pharmacia), 1 mM benzamidine, 25 pg/mL leupeptin,
20 pg/mL pepstatin-A, 20 pg/mL aprotinin, 1 mM sodium vanadate, 1 uM

e Al
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10.
11.

12.

13.
14.
15.
16.
17.

18.

microcystin-LR, 20 mM dithiothreitol (DTT). This buffer can be stored at
—80°C up to 3 mo. DTT should be added to a final concentration of 20 mM
just before use.

. Cell lysis buffer B: 7 M urea, 2 M thiourea, 4 % CHAPS, 2 % IPG buffer

(pH 6.0-11.0, Amersham-Pharmacia), 1 mM benzamidine, 25 pg/mL leu-
peptin, 20 pg/mL pepstatin-A, 20 pg/mL aprotinin, 1 mM sodium vanadate,
1 uM microcystin-LR, 20 mM DTT. This buffer can be stored at —80°C up
to 3 mo. DTT should be added to 20 mM just before use.

. Rehydration buffer A: 7 M urea, 2 M thiourea, 4 % CHAPS, 3 % IPG buffer

(pH 4.0-7.0, Amersham-Pharmacia), 20 mM DTT, 10 pug/mL of bromo-
phenol blue. This buffer can be stored at —80°C up to 3 mo. DTT should
be added to 20 mM before use.

. Rehydration buffer B: 7 M urea, 2 M thiourea, 4% CHAPS, 2% IPG buffer

pH 6.0-11.0, Amersham-Pharmacia, 160 mM DTT, 10% isopropanol, 5%
glycerol, 10 pg/mL bromophenol blue. This buffer can be stored at —80°C
up to 3 mo.

. Rehydration buffer C: Rehydration buffer B with 230 mM DTT (instead of

160 mM DTT). This buffer can be stored at —80°C up to 3 mo.

. Equilibration solution A (reduction): 6 M urea, 30% glycerol, 2% sodium

dodecyl sulfate (SDS), 0.05 M Tris-HCI buffer, pH 6.8, 60 mM DTT.

. Equilibration solution B (alkylation): 6 M urea, 30% glycerol, 2% SDS,

0.05 M Tris-HCI buffer, pH 6.8, 2% iodoacetamide.

. Immobiline drystrip pH 4.0-7.0, 18 cm (Amersham-Pharmacia). This

should be stored at —20°C and thawed immediately before use.

. Immobiline drystrip pH 6.0-11.0, 18 cm (Amersham-Pharmacia). This

should be stored at —80°C and thawed immediately before use.

Light mineral oil (Fisher, Piscataway, NJ, cat. no. 0121-1).

Light acrylamide solution: 8% acrylamide, 0.21% bisacrylamide, 0.38 M
Tris-HCL, pH 8.8, 0.03% ammonium persulfate, 0.3% N,N,N',N'-tetram-
ethyl-ethylenediamine (TEMED) (added just before use).

Heavy acrylamide solution: 18% acrylamide, 0.48% bisacrylamide, 0.38 M
Tris-HCL, pH 8.8, 0.03% ammonium persulfate, 0.3% TEMED (added just
before use).

Gel running buffer: 0.1% SDS, 25 mM Tris base, 190 mM glycine, pH 8.3.
Gel fixation solution: 40% ethanol, 12% acetic acid, 0.02% formaldehyde.
Sensitivity enhancing solution: 0.02% sodium thiosulfate.

Silver-stain solution: 0.2% silver nitrate, 0.03% formaldehyde.
Development solution: 6% sodium carbonate, 0.02% formaldehyde,
0.0004% sodium thiosulfate.

Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCI, 1.15 g Na,HPO,-7H,0,
0.2 g KH,PO, per liter, pH approx 7.3.
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3. Method
3.1. Sample Preparation

1. Plate 100 cells in 10-cm? cell-culture dishes with RPMI-1640 medium con-
taining 10% fetal bovine serum, (FBS) and incubate at 37°C for 48 h.

2. Perturb specific signaling pathways by various methods (e.g., by expressing
constitutively active mutants of signaling effector molecules, or by treating
cells with reagents that specifically activate or inactivate signaling molecules).

3. Wash cells twice with ice cold PBS, and remove residual PBS. To each dish
add 0.7 mL of lysis buffer A (for pI 4-7 separations) or lysis buffer B (for
pl 6-11. separations).

4. Harvest each cell lysate by scraping, transfer to a 1.5-mL microcentrifuge
tube, and incubate at room temperature for 1 h, with occasional vortex mix-
ing. Centrifuge (200,000 g) at 21°C for 1 h to remove insoluble material.

5. Determine protein concentration by Bradford assay (PIERCE, Rockford,
IL). Before assay, the lysate should be diluted with five volumes of deion-
ized water to prevent interfering effects of lysis buffer components.

3.2. Immobilized pH Gradient First Dimension
3.2.1. Isoelectric Focusing for pl 4-7 Range (see Note 1)

1. In a 1.5-mL microcentrifuge tube, mix the protein sample (150 pg) with
lysis buffer A to a final volume of 175 pL.

2. Add 175 pL of rehydration buffer A and incubate at room temperature for

20 min.

Pipet the sample mixture into one channel of the drystrip reswelling tray.

4. Remove an Immobiline drystrip pH 4.0-7.0 gel from the freezer and peel
off the plastic backing.

5. Gently lay the drystrip gel (gel side facing down) on the sample mixture in
each slot.

6. Using forceps, gently lift and lower the pointed end (anodic or low pl end) of

the gel strip and slide it back and forth along the surface of the sample mix-

ture, in order to remove bubbles and evenly spread the sample under the strip.

Repeat step 6, lifting the flat end (cathodic end) of the gel strip.

Repeat step 6, lifting the pointed end.

Overlay each strip with 2 mL light mineral oil.

Repeat steps 3-9 for each sample.

Place the reswelling tray in a chamber at 25°C (e.g., onto the Multiphor

flatbed apparatus) and allow the gel strips to hydrate for 16 h.

12. Prepare the Multiphor II apparatus by preequilibratring to 10°C with a cir-

culating water bath. Have ready the electrode tray, the electrodes, the plas-
tic strip aligner, two sheets (15 X 30 cm) of Whatman 3MM paper, two IEF

e
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13.

14.

15.

16.

17.
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19.

20.

21.
22,

23.

electrode strips each cut to a length of 100 mm (Amersham-Pharmacia),
and light mineral oil.

After gel rehydration, remove the gel strips from the reswelling tray, gen-
tly rinse with deionized water, and place them onto a 15 X 30 cm sheet of
Whatman 3MM paper (plastic side down). Wet another 3MM sheet with
deionized water, blot briefly to remove excess water, and place gently onto
the surface of the hydrated gel strips to remove excess buffer.
Immediately transfer gel strips into the grooves of the plastic strip aligner
(Amersham-Pharmacia).

Soak the two IEF electrode strips with 500 pL deionized water and remove
excessive water by blotting on 3MM paper.

Place each IEF electrode strip perpendicular to the aligned gel strips at both
cathodic and anodic ends, leaving about 1 mm of gel uncovered at each end.
Pipet 20 mL of light mineral oil into the electrode tray.

Place the gel strips, electrode strips, and plastic strip aligner (set up in
step 13) into the electrode tray.

Position the electrodes onto the tray and press them down to contact the
electrode strips. Precise electrode alignment and contact at this step is im-
portant for good IEF resolution.

Pipet 20 mL of light mineral oil onto the cooling plate of the Multiphor
flatbed apparatus.

Place the assembled electrode tray onto the cooling plate.

Pipet mineral oil (approx 60 mL) into the electrode tray to completely cover
the gel strips.

Begin IEF according to the protocol in Table 1.

Table 1. First Dimension (IEF) Electrophoresis Conditions for Immobilized pH
Gradient Drystrips

pl 4-7 pl 6-11
Temperature 20°C 25°C
Maximum current 0.25 mA / strip 0.5 mA / strip
Maximum power 1 W / strip 0.5 W/ strip
Electrophoresis Vart Vend Time V art Vend Time
ov 300V 0.01/h ov 300V 0.01/h
300V 300V 1/h 300V 300V 3/h
300V 3500V 9/h 300V 1400V 6/h
3500V 3500V 18/h 1400V 1400V 10/h

1400V 3500V 3/h
3500V 3500V 2/h
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24. At the end of IEF, remove the gel strips from the tray, wrap them between
folded sheets of Saran Wrap, and store in a paper envelope at —80°C until
equilibration for the second-dimension step.

3.2.2. Isoelectric Focusing for pl 6-11 Range (see Note 2)

1. Pipet 350 pL of rehydration buffer B into each channel of the Immobiline

drystrip reswelling tray.

2. Remove an Immobiline drystrip pH 6.0-11.0 gel from the freezer and peel

off the plastic backing.

3. Gently lay the drystrip gel (gel facing down) onto the rehydration buffer in

each slot.

4. Using forceps, gently lift and lower the pointed end of the strip and slide it

back and forth along the surface of the sample mixture to remove bubbles.

Repeat step 4, lifting the flat end of the strip.

Repeat step 4, lifting the pointed end.

Overlay each strip with 2 mL light mineral oil.

Repeat steps 1-7 for each sample.

Place the drystrip reswelling tray at 30°C (e.g., onto the Multiphor flatbed

apparatus) and allow the gel strips to hydrate for 16 h.

10. Prepare the Multiphor II apparatus by preequilibrating to 10°C with a cir-
culating water bath. Have ready the samples, the electrode tray, the plastic
strip aligner, two sheets (15 X 30 cm) of Whatman 3MM paper; IEF elec-
trode strips cut to lengths of 25, 50, and 100 mm (Amersham-Pharmacia),
and light mineral oil.

11. After gel rehydration, remove the gel strips from the reswelling tray, gen-
tly rinse with deionized water, and place them on a 3MM sheet. Wet another
sheet with deionized water, blot briefly to remove excessive water, and
place gently onto the surface of the hydrated gel strips to remove excessive
buffer.

12. Immediately transfer the gel strips into the grooves of the plastic strip
aligner.

13. Cut two IEF electrode strips into 25 mm and 50 mm long pieces, and trim
them at one end to form an arrowhead (Fig. 1). Soak the 50 mm piece with
250 pL of rehydration buffer C, and place them onto an aligned gel strips
at the (square) cathodic ends (basic side). Repeat for each sample.

14. Mix the protein sample (100 pg) with lysis buffer B to a final volume of
100 pL.

15. Soak the 25 mm pieces with each protein sample mixture and place them
on the (pointed) anodic ends (acidic side) of each aligned gel strip (Fig. 1).
Repeat for each sample.

O XA w
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Fig. 1. Configuration of sample application for IEF with pI 6-11 strips Paper IEF
electrode strips (25 and 50 mm long) are trimmed at one end to form arrowheads. For
Sample application, soak the 25 mm piece with diluted protein sample and place onto
the anodic end of the gel strip (pointed low pl end). The 50 mm strips are soaked with
rehydration buffer and placed at the cathodic end (square high pl end) of the gel strip.

16. Soak the 100 mm electrode strips with 500 puL deionized water and remove
excess water by blotting with 3MM paper. Place the electrode strips per-
pendicular to and on top of the short electrode strip pieces placed on the
ends of aligned gels (Fig. 1).

17. Pipet 20 mL of light mineral oil into the electrode tray.

18. Place the set-up (strip aligner, gel strips, strip pieces, and electrode strips
assembled at step 16) into the electrode tray.

19. Position the electrodes onto the tray and press them down to contact the
electrode strips. Precise electrode alignment and contact at this step is im-
portant for good IEF resolution.

20. Pipet 20 mL of light mineral oil onto the cooling plate of the Multiphor
flatbed apparatus.

21. Place the assembled electrode tray onto the cooling plate.
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Overlay each strip with approx 60 mL light mineral oil to completely cover
the gel strips.

Begin IEF according to the protocol given in Table 1.

At the end of IEF, remove the gel strips from the tray, wrap them between
folded sheets of Saran wrap, and store in a paper envelope at —80°C until
equilibration for the second-dimension step.

3.3. Equilibration of IEF Gel Strips

1.

Add 20 mL of equilibration solution A to glass screw cap tubes (PYREX),
cat. no. 9825). Remove strips from —80°C storage, place each into a sepa-
rate tube, and rock for 20 min.

. Add 20 mL of equilibration solution B to separate glass screw-cap tubes.

Transfer strips from solution A to solution B and rock the tubes for 20 min.
After the second equilibration, remove excess solution by placing the strips
onto 3MM paper, bending the strips slightly to allow them to stand on their
side edges.

3.4. SDS-PAGE Second Dimension

1.

Assemble glass plates for SDS-polyacrylamide gel electrophoresis (PAGE)
in gel casting stands (e.g., 20 X 20 X 0.1 cm plates and spacers for the Bio-
Rad Protean II xi system, Bio-Rad, Hercules, CA).

Assemble and appropriate gradient maker (e.g., Hoeffer SG30, for a 30 mL
gradient) in line with a peristaltic pump (e.g., Rainin Dynamax Model
RP-1, 1-mm diameter tubing) set to a flow rate of 2.5 mL/min. Attach the
flow from the pump to the gel plates using a 18!»2-gauge needle inserted
into the peristaltic tubing.

. Mix light- and heavy-acrylamide solutions, and add to the gradient maker

chambers. The volume of each solution is half the amount needed to fill
each gel sandwich (e.g., 17.5 mL of each solution for 20 X 20 X 0.1 cm
gels). Add the heavy solution to the mixing chamber with a magnetic stir
bar and the light solution to the reservoir chamber. Place the gradient maker
onto a magnetic stirrer.

. Start the mixer, turn on the peristaltic pump, open the gradient maker flow

valves, and allow the gel solution to fill the gel sandwich from the top of
the gel.

. After the gel solution has been poured, overlay with water-saturated isobu-

tanol to exclude air bubbles and ensure a level surface at the top of the gel.
Allow gel polymerization for 1 h at room temperature, then replace the
isobutanol with deionized water. Store the polymerized gels at 4°C until use.

. Assemble the slab gel electrophoresis unit, precooling the unit and the run-

ning buffer to 10°C using a circulating water bath.
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0.

10.

11.

Replace the deionized water overlay with SDS-PAGE running buffer, and
equilibrate for 10 min.

Remove the running buffer from the top of the gels, and blot the excess
buffer with 3MM paper.

Immediately transfer the IPG gel strip equilibrated in equilibration buffer
B onto the top of the gel. Use a flat plastic edge (e.g., a thin plastic ruler)
to remove air bubbles from underneath the gel strip. Overlay the strip with
2-3 mL of melted 0.5% agarose solution (dissolved in running buffer) tak-
ing care to avoid bubbles.

Assemble the gels into the electrophoresis chamber and begin electrophore-
sis, running at constant current of 7mA/gel, and constant temperature of
10°C. The total running time for 20 cm X 20 cm gels is approx 18 h.

3.5. Silver Staining (see Note 3)

All steps are carried out at room temperature with gentle agitation on a rotat-

ing platform.

1.

PN R WL

10.
I1.

12.

After the second-dimension electrophoresis, remove each gel from the
glass plates and incubate overnight in 150 mL of gel fixation solution.
Rinse gels with 150 mL of 50% ethanol in water for 2 X 10 min.

Rinse gels with 150 mL of 30% ethanol in water for 10 min.

Soak gels in 100 mL of sensitivity enhancing solution for 1 min.

Rinse gels with 200 mL of deionized water for 1 min. Repeat the rinse.
Impregnate gels in 150 mL of silver-stain solution for 20 min.

Rinse gels with water for 10 s. Rinse again for 10 s.

Develop stained proteins with 100 mL of development solution. It takes
approx 2—4 min until spot intensities reach maximal levels.

Stop development by adding 40% ethanol, 12% acetic acid and incubating
for 10 min.

Rinse gels with at least four changes of deionized water over 2 h.

Scan gel images and analyze spot changes using appropriate computer soft-
ware. Vendors include GeneBio (Melanie, GeneBio, Geneva, Switzerland),
Compugen (Z3, Jamesburg, NJ), Bio-Rad (PDQuest, Hercules, CA), Proge-
nesis (Phoretix, Durham, NC). We have found software programs that allow
analysis by image flickering (8,9) (e.g., Melanie) to be particularily useful.
Stained gels can be stored in water at 4°C until excision and in gel diges-
tion of protein spots.

3.6. Preparation of Samples for Mass Spectrometry

3.6.1. Proteolytic Digestion of Gel-Resolved Proteins

All steps are carried out in a clean hood using gloves to minimize con-

tamination from hands and dust. High-performance liquid chromatography
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(HPLC)-grade reagents should be used to make all solutions and bags of plas-
tic tubes and pipet tips should be handled to minimize dust contamination.

1. Precisely excise protein spots from gels and transfer to 1.5-mL microcen-
trifuge tubes (see Note 4).

2. Add 500 pL of 50 mM sodium thiosulfate, 15 mM potassium ferricyanide

to gel slices. Incubate for 2 min at room temperature by vortex mixing.

Continue until the brown protein staining disappears.

Rinse with 1.5 mL water for 5 min. Repeat twice.

4. Add 500 pL of 100 mM ammonium bicarbonate and incubate at room tem-
perature for 30 min by vortex mixing.

5. Remove the buffer and add 500 uL of 50% acetonitrile, and 50 mM am-
monium bicarbonate. Incubate at room temperature for 30 min by vortex
mixing.

6. Transfer gel pieces into a clean 0.65-mL microcentrifuge tube and remove
as much buffer as possible using a micropipettor.

7. Add 50 pL of 100% acetonitrile and incubate at room temperature for
10 min to shrink gel pieces.

8. Remove the acetonitrile solution from the gel pieces by drying to comple-
tion in a clean speedvac concentrator (e.g., for 20 min).

9. Dilute concentrated trypsin solution (e.g., Promega Modified Porcine
Trypsin; Princeton Separations Endopeptidase Modified Porcine Trypsin)
with 25 mM ammonium bicarbonate to a final concentration of 20 pg/mL.

10. Reswell dehydrated gel pieces with 20 pg/mL Trypsin by adding solution
directly onto gel pieces in 3—5 pL aliquots, waiting 10 min between each
addition. Continue until gel pieces are fully hydrated (typically approx
10 pL).

11. After gel pieces are hydrated, add 25 mM ammonium bicarbonate to cover
the gel pieces (approx 20 uL). Incubate at room temperature for 20 min.

12. When fully swelled, add 25 mM ammonium bicarbonate until gel pieces are
covered at the top by approx 1 mm of buffer.

13. Incubate gel pieces at 37°C for 24 h with gentle agitation.

14. After digestion, add 1 uL of 88% formic acid to quench trypsinization and
sonicate in a bath sonicator for 20 min.

15. Transfer the supernatant to new 0.65 puL. microcentrifuge tube and reduce
the volume to 5-10 pLL with a speedvac concentrator. Do not Speed-Vac the
sample to dryness.

(O]

3.6.2. Peptide Concentration and Purification

Concentrate the peptide digest and remove salts and contaminants using a re-
versed phase resin (e.g., Millipore Zip Tip pu-C18 columns). This step is critical
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for successful matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS).

L.

Eall

Using a micropipetor, wet the ZipTip resin with 4 X 10 pL passes of 100%
methanol. (One pass is equivalent to drawing the solvent up into the Zip
Tip, then expelling it completely.)

. Rinse the resin with 4 X 10 uL passes of 1% (v/v) trifluoroacetic acid

(TFA).

Adsorb peptides to the resin with 15-20 passes of the peptide digest solution.
Wash the resin with 4 X 10 pL passes of 1% formic acid.

Aliquot 2 pL. of 60% acetonitrile, 1% formic acid to a second 0.65-mL
microcentrifuge tube. Elute the peptides from the resin with 20 passes of
the acetonitrile solution into the second tube. This eluate is ready for
MALDI-TOF MS analysis. For liquid chromatography based MS, the pu-
rified sample must be dried by Speed-Vac centrifugation and resuspended
in 0.1% formic acid.

4. Notes

1.

The protocol described here represents a modification of the in-gel rehy-
dration method described by Gorg et al. (6). Modifications include the tem-
perature regulation during gel rehydration and the electrophoresis condi-
tions for protein focusing. In our experience, resolution and reproducibility
of protein separation were significantly improved by rehydrating at a con-
stant temperature of 25°C, and by extending the focusing time to approx
80,000v/h.

The protocol described here represents a modification of the paper-bridge
application method described by Hoving et al. (7). The main modification is
the regulation of temperature at gel-rehydration step, where in our experi-
ence, the penetration of proteins into the gel strip is improved by rehydrating
the strips at a constant temperature of 30°C prior to sample application.

. This protocol was originally reported by Blum et al. (11), where we have

incorporated several modifications. This method provides high sensitivity
of detection, allowing approx 5000 protein spots to be visualized upon
combining pl 4-7 with pI 6-11 2-DE gels (Fig. 2). However, the method
leads to high fixation of proteins which precludes efficient peptide recov-
ery. Therefore, we often visualize protein changes using the high-fixation
method, but recover proteins from replicate gels stained with lower fixation
silver-staining protocol described by Shevchenko et al. (12).

Protein spots can be cut manually using P1000 pipet tips cut with a razor blade
to the appropriate diameter, then beveled using an X-acto knife to create a
sharp edge at the tip. Insert the sharpened pipet tip onto a plastic transfer pipet
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Fig. 2. Silver-stained 2-DE gels of cultured human melanoma cells (WM35) using
immobilized pH gradient gel strips. Second dimension SDS-PAGE was carried out
using 8—18 % acrylamide gradient gels. (A) 150 pug of WM35 cell lysate was resolved
on a pl 4-7 gel strip (18 cm) by in-gel rehydration (Subheading 3.2.1.2.). (B) 100 ng
of WM35 cell lysate was resolved on a pI 611 gel strip (18 cm) by the paper bridge
application method (Subheading 3.2.2.2.). Approximately 5000 protein spots can be
visualized on these gels after silver staining by the method in Subheading 3.5.

(Sarstedt no. 86-1171), and use the resulting instrument to excise the pro-
teins from gels immersed in water. The gel piece can be easily drawn into the
pipet tip and transferred to a storage tube. In some cases, multiple gels
should be harvested to ensure peptide detection. The number of protein
spots required for the identification of unknowns vary from 2—4 for high-
abundance proteins (>>10 ng) to 20-30 for low-abundance proteins (1-2 ng
per spot). Typically, 500 fmol is adequate for protein identification.
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A High-Throughput Mammalian Cell-Based Transient
Transfection Assay

Daniel J. Noonan, Kenneth Henry, and Michelle L. Twaroski

Summary

In eukaryotic organisms gene expression is regulated through a variety of upstream transact-
ing factors (transcription factors) whose primary function appears to be the targeting of coregu-
latory protein complexes, which interact with basal transcription machinery to define the relative
rate of transcription for a specific gene. Understanding the regulatory forces mediating transcrip-
tion factor activity has been the focus of both academic and industrial research efforts over the
past 15 yr, and in this time frame a variety of methodologies have been developed for reconsti-
tuting and assaying transcription factor activities in mammalian cell environments. Presented here
is a high-throughput version of one of these methodologies that can be readily adapted to the
screening of a variety of transcription factors. This technology utilizes co-transfection of mam-
malian expression and luciferase reporter plasmids to reconstitute transcription events in a mam-
malian host cell. Included is a detailed protocol for the use of a 96-well plate format, along with
a variety of cost-effective measures that can be implemented to facilitate the use of the technol-
ogy in the average low budget academic laboratory.

Key Words: Nuclear receptor; luciferase reporter; CaPO, precipitation; 96-well plate; plate-
reading luminometer.

1. Introduction

In eukaryotic cells, a class of transcription regulatory proteins known as
upstream-transcription factors function to regulate gene expression through
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binding-specific DNA sequences in the regulatory regions (promoters) of the
genes whose activity they are to modulate (I). The primary purpose of this
event appears to be targeting specific coregulatory complexes to the promoter
region, which in turn facilitates or inhibits the transcriptional activities me-
diated by the RNA polymerase complex (I). The activity of many of these
upstream-transcription factors is directly or indirectly linked to a signaling
pathway initiated by some ligand-receptor interaction, and many of the lig-
and receptor interactions have been linked to vital metabolic functions and
disease processes. The simplest example of this would be the steroid/nuclear
receptor family of proteins, wherein the intracellular receptors for such
lipophilic compounds as estrogens, androgens, corticosteroids and prosta-
glandins are receptor proteins converted into upstream transcription factors
upon binding their ligand (2-5). These compounds and their receptors regu-
late metabolic activities and eukaryotic development in response to a vari-
ety of internal and external signals. Furthermore, misregulation of their func-
tion has been associated with a variety of diseases and cancer (6). For this
reason many of these receptors have been the targets for large drug-discovery
efforts in a variety of pharmaceutical companies. In this regard, methods for
reconstituting transcription factor activity in mammalian cell culture systems
have been developed and perfected over the past two decades (7,8). This
technology has proven to be a valuable tool for defining structure and func-
tion relationships between transcription factors, the signaling pathways that
activate them, and their mechanism for modulating gene expression. Com-
mercially, these assays have also proven to be valuable tools for screening
for small-molecule agonists and antagonists of transcription-factor activity
(7,8). Over the past decade a variety of high throughput screens have been
developed that function through the reconstitution of the transcription factor
activity in some foreign host cell. Two basic screening approaches have been
developed. One attempts to identify modulators of ligand receptor-mediated
events (7), and the other attempts to identify modulators of transcription fac-
tor—coregulatory complex interactions (9). In this methods article, we will
present a modified approach to high-throughput screening first developed back
in the early 1990s for the screening of small molecule agonists and antago-
nists of steroid receptor-mediated transcription events. This technology uti-
lizes mammalian expression and luciferase reporter plasmids to reconstitute
steroid and nuclear receptor-mediated transcription events in a host cell. Fur-
thermore, it converts a cumbersome 10-cm plate assay into an assay that is
performed in 96-well plates. Although this technology was originally devel-
oped for high throughput screening in a pharmaceutical company environ-
ment, we have found it to be both cost effective and highly utile in our ac-
ademic pursuits.
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2. Materials

In this section we have listed the reagents and reagent preparations necessary
to implement the co-transfection assay we utilize in our laboratory, and the one
detailed in the Methods section. Generic laboratory chemicals (e.g., NaCl, MgCl,,
KH,PO,, K,H,PO,, NaHPO,, NaH,PO,, Tris-HCl, EGTA, glycerol, BSA, etc.)
are standardly purchased at their highest reagent grade from a reputable distribu-
tor such as Sigma or Fisher. Many variations and sources can also apply to sev-
eral of the specialty reagents used in this protocol, but we will list our sources of
these specialty reagents, and where applicable, we will also attempt to amplify on
possible alternatives. Transient transfection assays are not cheap to run, but there
are places that one can economize the assay substantially. Using the “home brew”
approach outlined here, it can be estimated that, for disposable materials alone,
the assay ranges from $5 to $7 per 96-well plate. Depending on the kit used, this
could prove to be a substantial savings over the available “kit science” ap-
proaches, which can range anywhere from $30 to $80/plate. Beyond the reagents
and luminometer listed here, two other fairly nonstandard laboratory purchases
that are basic necessities in the high throughput technology are a good multi-
channel pipettor and disposable reagent reservoirs. These items can be purchased
from any of the major distributors of scientific equipment and supplies.

Unless otherwise indicated, all reagents should be prepared with the highest
quality double-distilled water (ddH,O) available. We have been more detailed
in describing the preparation of some of these reagents, owing both to their im-
portance and in hopes that this will facilitate the process for the reader.

1. 0.2 M Phenylmethanesulfonyl fluoride (PMSF) solution: Dissolve 0.348 g
PMSF in 10 mL isopropyl alcohol. Caution: PMSF is toxic. Use gloves and
a mask when weighing.

2. Ligand base: Into 80 mL of ddH,O add 0.851 g Trizma phosphate, 1.0 g
bovine serum albumin (BSA), 0.152 g EGTA, 2.0 g CHAPS (Amresco,
cat. no. 0465; see Note 1), 1.0 g L-Lecithin (Sigma, St. Louis, MO, cat. no.
P-9671), 15 mL glycerol. Adjust pH 7.8 +/—.02, QS to 100 mL filter-ster-
ilize and store at 4°C.

3. 2X HBS Buffer: Into 950 mL ddH,O add 10 g HEPES and 16 g NaCl. Ad-
just the pH to 7.10 +/— 05 (see Note 2), QS to 1 L, filter-sterilize, and store
at room temperature.

4. 100X Phosphate: Into 95 mL of ddH,O dissolve 0.994 g Na,HPO, and
0.966 g NaH,PO,-H,0. QS to 100 mL, filter-sterilize, and store at room
temperature.

5. 2 M CaCl,: Into 95 mL of ddH,O dissolve 36.61 g CaCl,-4H,0 (EM Sci-
ences, Fort Washington, PA, cat. no. 2384-2). QS to 100 mL, filter-sterilize,
and store at room temperature.
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6. Phosphate-buffered ATP Solution (KHPO,-ATP): Into 80 mL of ddH,O
dissolve 0.116 g KH,PO, and 1.59 g K,HPO,. Adjust pH to 7.80 +/— .05.
Add 0.221 g ATP (disodium salt, Sigma cat. no. A5394). Adjust pH to 7.80
+/— .05, QS to 100 mL, filter-sterilize, divide into 25-mL aliquots and
store at —20°C. Good for 6 mo.

7. 0.1 M Potassium phosphate buffer: Into 900 mL of ddH,O dissolve 1.16 g
KH,PO, and 15.9 g K,HPO,. Adjust pH to 7.8 +/—.05, QS to 1 L, fil-
ter—sterilize, and store at room temperature.

8. 10X Luciferin stock solution: Dissolve 100 mg of p-Luciferin (Promega,
Madison, WI, cat. no. PBI 1300B; see Note 3) in 33.1 mL 0.1 M potassium
phosphate buffer, pH 7.8 (see step 7). Divide into 5-mL aliquots, cover in-
dividual aliquots with aluminum foil and store at —20°C. Dilute to 1X in
0.1 M potassium phosphate buffer, pH 7.8, just prior to use. Keep shielded
from light at all times.

9. 1M MgCl,-50 mM Tris-HCI: Into 80 mL of ddH,0, dissolve 20.33 g MgCl,,
053 g Tris-HCI, and 0.20 g Tris base. Adjust pH to 7.8 +/—.1, filter steril-
ize, and store at room temperature.

10. O-Nitrophenyl p-Galactopyranoside (ONPG) solution (see Note 4): Into
80 mL of ddH,0, dissolve 0.2 g ONPG (Sigma cat. no. N-1127), 0.117 g
NaH,PO,-H,O and 1.30 g Na,HPO,. Adjust pH to 7.8 +/— .05, QS to
100 mL, filter-sterilize, divide into 50 mL aliquots and store at —20°C.
Good for 6 mo.

11. Dithiothreitol (DTT) 0.10 M: Into 10 mL of ddH,O, dissolve 0.155 g of
DTT. Divide into 0.5-mL aliquots and freeze at —20°C. Good for 1 yr.

3. Methods
3.1. Choosing an Expression Vector

One of the first and often overlooked considerations when instituting the tran-
sient transfection assay is choice of vector system to be used. Almost every man-
ufacturer of molecular biology reagents has its own mammalian expression sys-
tem and most have multiple permutations of their system. There are far too many
to mention, which is not the object of this review, so we will simply overview
some of the considerations one needs to reflect on when choosing a vector.

Perhaps the most important consideration is the promoter system driving
your gene or transcription factor of interest. As with latex gloves, these gener-
ally come in small, medium, and large. This of course refers to the level of ex-
pression generated by the specific promoter elements. Most often researchers
want high levels of transcription-factor expression. This generally is to in-
crease sensitivity and to overcome shortfalls in transfection efficiency. One
needs to be cautious about choosing an extremely high level of expression
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vector, especially when attempting to investigate some question of physiolog-
ical relevance with respect to the transcription factor being studied. On the
other hand, if one is screening chemical compounds for transcription-factor ac-
tivation, sensitivity may be of great importance. Perhaps the most popular and
most active of these expression vectors are the cytomegalovirus (CMV)-driven
expression systems. Less active but sometimes more uniform in their expres-
sion profiles are the Rous sarcoma virus (RSV) and simian virus (SV-40)-
driven promoters.

A second concern that we, and others, have encountered serendipitously
with the various mammalian expression vectors used in these studies is the
presence of cryptic enhancers and transcription factor-binding sites (10-12).
This appears to be especially true for many of the CMV-driven vectors and
some reporter vectors. It is therefore judicious to run a vector-only control with
every assay, and, if examining the effects of some other expression construct
on the activity of your transcription factor, make sure it is not the vector pro-
ducing the effects.

3.2. Choosing a Reporter Vector

Here again there are a variety of systems to choose from. Firefly luciferase
has been our reporter of choice simply because of its sensitivity and the avail-
ability of its substrate. A variety of other luminescent enzymes have been cloned
more recently along with their available substrates (13-15). In addition there
are a variety of fluorescing proteins that have been, or can be, adapted to func-
tion as reporters (15-17). Use of these in high-throughput assays will require a
plate-reading fluorimeter, but might be worth the investment if one wishes to
develop scenarios that incorporate some form of fluorescence energy transfer
(FRET) into their readout (9,17). Finally, there are reporters that use either
chromophores (e.g., B-galactosidase) or radioactive isotopes (e.g., chloram-
phenicol acetyltransferase [CAT]). These reporters are generally thought to be
either too cumbersome or not sensitive enough for high-throughput screening
protocols.

3.3. Choosing a Host

The primary concerns when selecting a host cell line for transient transfections
are its transfectability, its endogenous level of transcription factors, and its bio-
logical relevance to your transcription factor. As discussed next, there are several
approaches available for transfecting DNA into mammalian cells. Several cell
lines appear to be highly receptive to this process, whereas most primary cells are
very refractive to it. Cell lines we have had reasonable success with using the least
expensive technology available (CaPO, precipitation) include the human embry-
onic kidney (HEK) 293 cell line, the human hepatocellular carcinoma cell line
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Hep G2, and the African Green Monkey kidney cell line COS-7. Our research uti-
lizes this assay to reconstitute and evaluate steroid receptor-mediated transcrip-
tion events (18,19). One complication we have encountered with cell lines is
background noise from endogenous receptors. For this reason, reporter-only con-
trols are necessary for all transfections. Identifying a host cell system that fits your
needs is a combination of literature research and trial and error.

3.4. Choosing a Transfection System

Three basic approaches—CaPO, precipitation, liposome technologies and
electroporation—have usually been employed to transfect DNA into mammalian
cells. Academic scientists with low budgets find it important to identify cost-
effective measures to implement research of this nature. The transfection system
we will describe in this article is the most economical we could find: the CaPO,
precipitation methodology (18,20). We might also point out that, like all of the
technologies available, it has its strengths and weaknesses. The CaPO, precipi-
tation technology is the cheapest and is fairly reproducible once the system is de-
fined, but of the three it is the lengthiest and the most limited in host cell choices.
The liposome technology is easy, quick, and useful with a large number of host
cells, but from a reagent perspective it the most expensive and struggles at times
with reproducibility issues. Electroporation is moderately cheap once one has
made the purchase of the machinery, requires very little time, and can be used
with a variety of cell types, but can suffer from reproducibility and cell viability
issues, which can be detracting in high-throughput studies.

3.5. Choosing a Plate-Reading Luminometer

Choosing the right plate-reading luminometer can also be a serious consid-
eration. To begin with, they are not inexpensive. Plate-reading luminometers
range in price from $10,000 to $90,000, but we would caution anyone serious
about doing these types of studies to try to get the best machine they can find
for the type of studies they hope to implement. This doesn’t mean buying the
$90,000 machine, but rather purchasing the highest-quality machine for the type
of assay they wish to perform. Contact vendors, set up demos, and talk to other
investigators performing these types of assays. The complexities of these lumi-
nometers vary considerably and the software packages that come with them can
either decrease or increase your workload substantially. One consideration that
affects both the type and the price of the luminometer chosen is the choice of
reporter and reporter system one hopes to use. If reading luciferin-flash kinet-
ics or doing dual luciferase assays, we have found that luminometers that have
dual-injector systems seem to give more reproducible results. If simply reading
glow kinetics as generated by Renilla luciferase, then plate readers without in-
jectors work fine. In our laboratory, we are currently running a Molecular De-
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vices Lmax plate reading luminometer with dual injectors. This luminometer al-
lows us to do either single luciferase or dual luciferase assays and the software
package and service support are very good. This is not to say there are not com-
parable or better systems out there, so shop around before you buy.

3.6. Robotics or Manual

If you are serious about implementing a high-throughput assay to screen a
large number of chemical compounds and have the money available, you may
wish to consider including robotic workstations into your assay to reduce
human error and streamline your operation. At first this may seem impractical
for something like the CaPO, precipitation protocol, but when we were design-
ing this 96-well plate assay back in the early 1990s, we had programmable Bio-
Mek workstations set up in laminar flow hoods that created all of the ligand di-
lutions, distributed the transfected cells into 96-well plates, prepared the
luminometer plates, prepared the B-galactosidase plates, distributed the lysates,
and read the -galactosidase. This relegated the scientists to doing the transfec-
tion and operating the computers.

3.7. Kit Science or Home Brew

We believe our preference here (Home Brew) should be clear to the reader,
but I feel it important to point out that there are many commercial luciferase as-
say systems available now (see http://www.biocompare.com/molbio.asp?catid=
1620 for a comparison of the various systems available), some of which have
published track records to support their credibility. The upside of these systems is
that you simply follow the manufacturer’s protocol; the downsides are the price
and some of the innate limitations on troubleshooting the systems.

3.8. Preparing Plasmids

The use of clean plasmid preps can be critical to obtaining reproducible results
with transfection technologies. Two pieces of advice relating to the preparation of
plasmids for transfection are: check the integrity of the plasmid preparation prior
to using it in the assay and, if storing a plasmid for over 1 mo, freeze it at —20°C.
We normally use double cesium-banded plasmid preparations. Others have used
commercial kits (e.g., Qiagen, Valencia, CA) for plasmid preparation with some
success, but it is important that these plasmid preparations be examined on an
agarose gel for contamination with genomic DNA and RNA, which will occur oc-
casionally if the capacity of the technology is pushed to its upper limits. One final
note of interest that we have observed while using the CaPO, technology is that
the salts used in the final precipitation of the plasmid preparation can impact the
CaPO, precipitate formation. When potassium salts (e.g., reprecipitating with
1/10th volume of solution 3 of the alkaline lysis procedure) (21) are used in the
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final precipitation of plasmid DNA, the CaPO, precipitate formed in the transfec-
tion protocol generally is more robust and flocculent, whereas if NH, acetate or
sodium salts are used, the precipitate is finer. This can be good or bad depending
on the cell type one is transfecting into. For example, transfection efficiency into
Hep G2 cells appears to be improved substantially by the flocculent precipitate,
whereas the finer precipitate appears to work better in the COS 7 cells. Again, this
is a trial and error type of technology so our advice is to test the water and do pilot
studies before jumping into the deep end of the pond.

3.9. Preparing Cells

Transfection of mammalian cells is still somewhat of a mystery science with
regard to defining the correct conditions for transfection. Depending on the
technology used, a variety of factors appear to impact the efficiency of trans-
fection. These include pH, salts, cell cycle, and integrity of one’s DNA prepa-
ration. We have also found that using a logarithmic growing population of cells
generally gives us our highest transfection efficiency. For this purpose, we rou-
tinely passage cells on consecutive days, plating at approx 70% confluency each
day. In addition, newly thawed cells need to be passaged for a week or so be-
fore they begin to transfect with any efficiency. Finally, efficiency also seems
to decline as cells reach higher passage numbers (e.g., 40-50 passages for the
cells used here).

3.10. Our Home Brew Protocol

This is the protocol used on a daily basis in our laboratory to analyze ligand
activation of steroid receptor systems reconstituted in mammalian cells. Our
mammalian expression plasmid of choice is a pRSV vector (22) and our DNA
binding elements specific for our receptor plasmid are cloned into a pBL
luciferase vector (22) that utilizes a thymidine kinase minimal promoter for fa-
cilitation of transcription initiation. Using this protocol without any robotic as-
sistance and analyzing a single set of plasmids, a trained technician can easily
analyze 10-96 well plates in 1 wk.

3.10.1. Day 1

Choose one plate of cells (e.g., COS-7 cells) that is >90% confluent.
Wash cells with phosphate-buffered saline (PBS).

Trypsinize cells with 1 mL Trypsin.

Incubate 37°C, 5% CO,, 5-15 min (see Note 5).

Resuspend cells with DMEM 10% fetal bovine serum (FBS) in a total vol-
ume of 5 mL per plate.

6. Split the above plate 1:5 to create a sufficient log growth—phase stock of
cells (see Note 6).

A A
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3.10.2. Day 2

Ll S

A

8.

Wash cells with PBS.

Trypsinize cells with 1 mL Trypsin.

Incubate 37°C, 5% CO,, 5-15 min.

Resuspend cells with Dulbecco’s Modified Eagle’s Medium (DMEM) 10%
FBS in a total volume of 5 mL per plate.

Combine the cells from all the 10-cm plates into a 50-mL centrifuge tube.
Vortex the tube for 10-20 s. Remove 50 pL for counting.

Add the 50 pL of cells to 450 uL 0.4% Trypan Blue and count cells using
a hemocytometer (see Note 7).

Plate cells at 8.5 X 105 cells/plate in a total volume of 8§ mL/plate.

3.10.3. Day 3

1.

2.

Determine the number of plates to be transfected and the amount of each
plasmid needed.
We commonly use the following four plasmids as a plasmid set:

a. Luciferase reporter.

b. B-Galactosidase expression plasmid for normalizing data.

c. Transcription factor plasmid in a mammalian expression vector.
d. pUC19 carrier plasmid.

. We use 5 g of reporter, 5 g normalizing plasmid, 1 pg of receptor, and

9 g of carrier for each plate, holding the concentration at 20 pg per plate
(see Note 8). Determine the amount of the following reagents needed:

a. 2X HBS: 500 uL/plate.

b. 100X Phosphate: 10 uL/plate.
c. ddH,0: 420 pL/plate.

d. 2 M CaCl,: 60 pL/plate.

Perform the following in a laminar flow hood. The order of addition is
important.

a. Begin by labeling two tubes per transfection:

i. Tube Al-An (sterile Eppendorf tube).

ii. Tube B1-Bn (sterile 15 mL Falcon polypropylene tube).
b. Add the 2X HBS (500 pL) and 100X phosphate (10 pL) per plate to each
Tube B.
Add the sterile ddH,O (420 pL) to each Tube A.
Add each plasmid to their respective Tube A.
Add the 60 pL of 2 M CaCl, to tube Al and mix gently by pipetting.
While gently vortexing (e.g., setting 4), add dropwise the contents in
Tube Al to Tube B1.

o oo
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g. Start the timer and continue with Tube A2 and so forth.

Incubate for 30 min at room temperature.

After 30 min, add the solution from B1 dropwise to cells. Observe precip-
itate (see Note 9). Continue with B2-Bn.

Incubate for 6-7 h, 37°C, 5% CO,.

. One h prior to the end of the incubation period, begin preparing ligand di-

lutions (20 pL/well) using DMEM + 10% FBS (see Note 10). Add ligands
to appropriate wells of a 96-well plate.

Remove plates from incubator and wash each plate twice with PBS.
Trypsinize to release cells.

Resuspend each plate in a total volume of 10 mL with DMEM + 10% FBS
(see Note 10).

Transfer cell suspensions into centrifuge tubes. If more than one plate of
the same plasmid set was made, combine cell suspensions.

Vortex centrifuge tube. Remove 50 pL. and count cells using Trypan Blue
(see Note 7).

Determine dilutions needed based on 180 pL per well at a concentration of
15,000 cells/well.

Dilute cells and add 180 pl into appropriate wells of your 96-well plate con-
taining ligand(s).

Return each plate to the incubator when finished.

3.10.4. Day 4

Continue incubation of transfected cells (see Note 11).

3.10.5. Day 5

1.

Determine the volume of reagents needed (see Note 12).

a. Lysis buffer: Per 96-well plate mix 5.645 mL ligand base, 0.046 mL 1 M
MgCl,-50 mM Tris-HCI, 0.058 mL 100 mM dithiothreitol (DTT), and
0.012 mL 0.2 M PMSEF. Keep at room temperature.

b. Potassium-Phosphate KHPO,-ATP + MgCl, solution: Per 96-well plate

mix 11.52 mL KHPO,-ATP solution with 0.247 mL 1M MgCl,-50 mM
Tris-HCI. Store covered and on ice until use.

c. B-Galactosidase buffer: Per 96-well plate mix 23.04 mL ONPG solution
with 0.075 mL 14.2M B-mercaptoethanol. Store at room temperature.
Good for 1 d.

d. Luciferin solution: Per 96-well plate, mix 9.504 mL of 0.1 M potassium
phosphate buffer with 1.056 mL 10X luciferin. Store covered and at
room temperature until use. Good for 1 d.
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2. Remove plates from incubator and examine for viability (see Note 13).
Aspirate off media.

3. Add 50 pL of lysis buffer to each well. Incubate the plate 30 min at room
temperature.

4. Aliquot 100 pL/well KHPO,-ATP + MgCl, into luminometer plates.

5. At the end of 30 min, add 20 pL of the cell lysate to appropriate lumi-
nometer plate wells containing 100 pL. KHPO,-ATP + MgCl,.

6. Submit luminometer plate to the luminometer for luciferase activity read-
ings (see Note 14).

7. To remaining 30 pL of lysate, add 200 uL. of ONPG+ ME to each well.
Begin timer when completing plate.

8. Place plates at 37°C and check for yellow color formation every 5—10 min
for a maximum total time of 150 min (see Note 15).

9. Remove large bubbles from the surface of the plate by rapidly passing the
flame of a Bunsen burner over the surface of the 96-well plate. Record the
time elapsed. Determine absorbance at 415 nm on an Eliza plate reader. An
optimum sample has an absorbance value of 0.30-1.00 at 415 nm.

10. Determined normalized results: Luciferase value/(B-gal at A415 nm/time).

3.11. Tabulating the Data

Most luminometers and plate readers available today come with software
packages that allow either direct manipulation of the data generated in a lu-
ciferase assay, or the ability to download that data into another file or program.
For our assays, we have found it convenient to download both the luciferase and
[B-galactosidase data into a Microsoft Excel program. With a little preparatory
work, one is able to set up Macros in Excel wherein the -galactosidase data can
be merged with the luciferase data in a single spreadsheet. From there it is fairly
straightforward to create Macros that: (1) incorporate the time it took the -galac-
tosidase to develop and calculate a 3-galactosidase rate, (2) divide the luciferase
databy the -galactosidase rate to establish a normalized luciferase value, and (3)
average the repeats for each treatment to establish an average for the normalized
data (see Note 16). In addition, Excel allows you to graphically display these
data, so simple Macros can also be developed to facilitate this process.

4. Notes

1. These are detergents that we have tested for efficient and gentle cell lysis
of mammalian cells and work optimal in our system. They are slightly more
expensive then using Triton X-100 or NP-40, but we feel they are worth it.
We have only tested this detergent combination for its impact on luciferase
and B-galactosidase activity, so if the use of another reporter (e.g., GFP or
RFP) should be desired it would be advisable to re-evaluate.
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. The pH of the HBS solution can have significant effects on the efficiency

of transfections, and although we list pH 7.1 here, it is possible that the op-
timum pH for your cells may be different. If problems occur with transfec-
tion efficiency that are not traceable to plasmid preparations, you may want
to try playing with the pH of your HBS solution (e.g., performing test trans-
fections while varying the pH by 0.5 pH units between pH 6.8 and 7.2).
If using “kit science” the purchase of luciferin and most of the remainder
of these reagents is not required. For economical reasons, we buy our
Luciferin in 1-g quantities (10 X 100 mg vials) that we store at —70°C in
powder form. One-hundred milligrams is enough luciferin to theoretically
evaluate more than thirty-four 96-well plates, but in practice, this number
is closer to 30 plates. This totals approx $4/plate for Luciferin.

We generally use flash kinetics for our luciferase assays and normalize for
transfection efficiency and nonspecific variations in reporter expression
using a -galactosidase expression plasmid (18). The use of dual luciferase
approaches and normalizing with firefly luciferase, Renilla luciferase, or
green fluorescent protein (GFP) plasmids are also popular systems (23).
Using alternative normalizing plasmids to the one described here will re-
quire some modification to the reagent list given, but may be worth track-
ing down a bulk supplier of those reagents and developing them yourself.

. Always monitor detachment of cells using a microscope. Different cell

lines have different sensitivities to the trypsinization process and commer-
cial trypsin can vary from lot to lot as well as with age. Occasionally tap-
ping the edge of the plate against the palm of your free hand can facilitate
the detachment process.

Each plate split 1:5 on Monday should be sufficient to make at least three
to five plates for transfection. If more than 25 plates are needed for trans-
fection, combine two to three parent plates and vortex them thoroughly
before aliquoting to insure the population of cells is homogeneous. Fur-
thermore, in the final platting for transfection, if your cell line is loosely
adherent (e.g., HEK cells) you may want to coat your 10-cm plates with
poly-L-lysine. Incubate a 10 cm plate with 1-2 mL (just enough to cover
the bottom) of a 50 pg/mL solution of poly-L-lysine (made up in sterile
ddH,0), at 37°C for 30 min just prior to plating. Aspirate off the poly-L-
lysine solution and add media and cells. The same applies to the 96-well
plates used with these cells.

. We generally count the living cells (those not filled with blue color) in all

four outer corners of the hemocytometer grid (each corner contains 16
smaller squares). Multiplying this number by 25,000 gives the number of
cells per mL in your sample. If your cell viability (live cells/dead cells) is
not greater than 95%, then you may either be trypsinizing the cells too long
or handling the cells too roughly.
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8.

10.

11.

12.

13.

14.

15.

The amount and ratio of your transcription factor plasmid to your reporter
plasmid can significantly impact the level of expression of your reporter. If
you are having trouble getting good expression, it might be worth the in-
vestment of time to test different amounts of transcription factor plasmid
(e.g., 0.1 pg—5.0 pg) in the assay. Remember to standardize your total DNA
to 20 pg by altering the amount of pUC plasmid used.

. A precipitate should be formed almost immediately. If your luciferase and

B-galactosidase values are low and your precipitate fails to rapidly form
upon addition to your cells, then this may be the source of problems. The
two most likely culprits would be either one of the solutions or your plas-
mid DNA preparation. Check the pH on your HBS solution to make certain
it has not changed and try reprecipitating plasmid preps.

If screening with ligands that might be a constituent in FBS (e.g., growth
factors, steroids, and other lipophilic ligands), it might be necessary to
change to serum-free media, charcoal-stripped media (HyClone), or delip-
idated (Sigma) media, all of which are commercially available. Also, note
that each ligand will be diluted 1:10 in the well when cells are added and
the volume is brought up to 200 uL, therefore, if you want a 10—4 M final
concentration, add 20 pL of al0—3 M ligand to each well.

Incubation of cells can be for anywhere from 18—72 h. If using a strong pro-
moter (see Subheading 3.1.) on your mammalian expression plasmids, it
might be better to process your transfections 24-36 h after transfecting
DNA into cells, especially if you feel there might be some toxicity issue
with one of your plasmids.

The calculation of these volumes as presented includes an extra 20% to
accommodate for pipeting errors and luminometer priming should it be
necessary.

If cells look sick, are detaching from the surface, and/or there are a lot of
floating cells in the wells, something is either wrong with one of your so-
lutions (the most probable is the ligand, many of which are toxic at high
concentrations), your plasmids (e.g., transfection of apoptosis or growth-
suppressing proteins) or your media (check pH if using phenol red free-
media or serum-free media).

To reduce background phosphorescence, allow the luminometer plate to in-
cubate a minute or so in the darkness of the luminometer prior to starting
the reading.

This is a factor of the transfection efficiency, the length of time transfected
cells were incubated, and the promoter driving the B-galactosidase gene. If
incubating moderately poor transfecting cells for relatively short periods of
time (18-36 h), use a pCMV-f-gal plasmid. If incubating good transfect-
ing cells for longer periods of time (36—72 h), use a pRSV-f-gal plasmid.
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Generally, moderately good transfecting cell lines with the pRSV-fB-gal
plasmid take approx 30 min to develop.

16. One final note for consideration is potential complications with normaliz-
ing plasmids. We have observed that when analyzing specific modulators
of transcription factor activity (e.g., coregulatory molecules) that these pro-
teins can also modulate the levels of our B-galactosidase expression, mak-
ing it difficult to normalize the luciferase data. In those cases, it is first nec-
essary to define this modulation as a proliferation, protein degradation, or
transcription effect. If it turns out to be a transcription effect, it may be nec-
essary to normalize to some other parameter (e.g., cell number, DNA, or
total protein). Alternatively, there are other assays available wherein the
readout is based on protein: protein interactions (9).
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Determining Protein Half-Lives

Pengbo Zhou

Summary

Controlling the stability of cellular proteins is a fundamental way by which cells regulate
growth, differentiation, survival, and development. Measuring the turnover rate of a protein is
often the first step in assessing whether or not the function of a protein is regulated by proteoly-
sis under specific physiological conditions. Over the years, procedures to determine the half-life
of proteins in cultured eukaryotic cells have been well-established. This chapter describes in de-
tail the two most frequently used methods, pulse-chase analysis and cycloheximide blocking, to
determine a protein’s half-life in yeast and cultured mammalian cells.

Key Words: Protein degradation; proteasome; pulse-chase; turnover.

1. Introduction

Proteolysis has recently emerged as an essential regulatory mechanism un-
derlying virtually any cellular processes, including the cell cycle, signal trans-
duction, apoptosis, and embryonic development. Owing to the irreversible
nature and the profound efficiency of various cellular protein-degradation path-
ways, regulated proteolysis has evolved as the most efficient means cells ex-
ploit to rapidly reprogram cellular processes in response to alterations of growth
conditions or environmental cues. In most cases, regulated proteolysis is carried
out via the ubiquitin-proteasome pathway, which constitutes the bulk of cyto-
plasmic proteolysis (reviewed in ref. I). Other cellular protein destruction ap-
paratus, such as calpain and lysosome, also play significant roles in posttrans-
lational processing and degradation of specific cellular proteins (reviewed in
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refs. 2,3). Determining the stability of a given cellular protein is one of the first
steps towards understanding whether its cellular abundance and activity are
subjected to proteolytic control. The availability of specific inhibitors for dif-
ferent proteolytic enzymes further allows for rapid identification of specific pro-
tein degradation pathway(s) that are involved.

Among the approaches developed to measure protein half-lives, pulse-chase
analysis is the most frequently used method because it imposes minimal dis-
ruption or interference with normal cell growth and metabolism. Typically, the
protein of interest is first metabolically labeled in rapidly growing cells for a
short period of time with a radioactive precursor (e.g; 35S-labeled methionine
and/or cysteine). During the subsequent chase period, an excess of nonradioac-
tive precursor molecules are added to the culture to prevent further incorpora-
tion of the radiolabel into proteins. At different times during the chase period,
samples of the cells are lysed and immunoprecipitated with antibody against the
target protein. Radiolabeled protein is subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and quantified by phospho-
rimage analysis or similar procedure. The half-life of a protein is defined as the
time it takes for the concentration of the radiolabeled target protein to be re-
duced by 50% relative to the level at the beginning of the chase.

Another method to determine the turnover rate of a given protein is referred
to as cycloheximide blocking. Protein synthesis is inhibited by cycloheximide
and the decay of a target protein over time is determined by SDS-PAGE and im-
munoblot analysis. One caveat for the cycloheximide block approach is that the
protein half-life is measured when overall protein synthesis is abrogated and,
thus, may not reflect the actual turnover rate under normal growth conditions.
The stability and abundance of the proteolytic enzymes themselves might also
be affected, which further complicates the accurate measurement of protein
turnover rate. However, cycloheximide blockage is a useful alternative ap-
proach in the event that the target protein is refractory to metabolic labeling. In
yeast cells, target genes expressed under the control of inducible promoters,
such as the galactose-inducible GALI promoter, can be turned off rapidly
(within minutes) after switching cells to glucose-containing medium (reviewed
in ref. 4). Therefore, the turnover rate of a protein can be determined by fol-
lowing its decay after the silencing of the inducible GALI promoter. This chap-
ter will describe commonly used methods to determine the half-lives of proteins
in mammalian and yeast cells.

2. Materials
2.1. Pulse-Chase Analysis in Mammalian Cells

1. Dulbecco’s Modified Eagle’s Medium (DMEM) containing 1 g/L glucose
and 4 mM glutamine, supplemented with 10% fetal calf serum (FCS).
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2.

3.

10.
11.

12.

DMEM free of L-methionine and L-cysteine (Invitrogen, Carlsbad, CA, cat.
no. 21013024, or Mediatech, Herndon, VA, cat. no. 17-204-CI).
Phosphate-buffered saline (PBS): 1 L is made from 10 g NaCl, 0.25 g KCl,
1.5 g Na,HPO,, 0.25 g KH,PO,, pH 7.2. The solution is autoclaved and
stored at room temperature or 4°C.

Trypsin-EDTA solution (Invitrogen, cat. no. 25200056).

. Express-35S protein labeling mix containing both 35S-methionine and

35S-cysteine (Applied Biosystems, Foster City, CA, cat. no. NEF-772).

. 200 mM rL-methionine in sterile water (Sigma, St. Louis, MO., cat. no.

M2893).
200 mM L-cysteine in sterile water (Sigma, cat. no. C7880).

. RIPA lysis buffers: 50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1% Nonidet

P-40 (NP-40), 0.5% deoxycholate (DOC), and 0.1% SDS.

. Protease inhibitor cocktail: 2.5 pg/mL chymostatin, 2.5 pg/mL pepstatin

A, 2.5 pg/mL leupeptin, and 2.5 pg/mL antipain. Phenylmethylsulfonyl flu-
oride (PMSF) is made fresh in 95% ethanol and added to lysis buffer at a
final concentration of 1 mM just prior to use.

Bradford protein assay kit (Bio-Rad, Richmond, CA, cat. no. 77432A).
Protein-A or Protein-G sepharose slurry: wash the Protein-A or Protein-G
sepharose suspensions (Amersham Biosciences, Piscataway, NJ, cat. no.
17-0974-01 or 17-0618-01) three times in RIPA buffer. Resuspend in RIPA
buffer to the original suspension volume and store at 4°C.

Sterile microfuge tubes (1.5 and 2 mL).

2.2. Pulse-Chase and Promoter Turn-Off Analysis in Yeast Cells

1.

YPD medium: 1% yeast extract, 2% peptone, and 2% dextrose (glucose).

2. Synthetic complete (SC) medium (1 L): 1.3 g complete supplement mix-

NN AW

ture (CSM) dropout powder (Qbiogene, Carlsbad, CA), 1.7 g yeast nitro-
gen base without amino acids and ammonium sulfate, 5 g (NH,),SO,, and
20 g dextrose or raffinose.

20% Dextrose (glucose).

20% Galactose.

CSM medium without L-methionine (Qbiogene, cat. no. 4510-712).
Acid-washed glass beads (425-600 um) (Sigma, cat. no. G8772 ).

ECL plus™ Western blotting reagents pack (Amersham Bioscience, cat.
no. RPN2124), or a regular ECL kit (Western Lightning™ Chemilumines-
cence Reagent Plus, Applied Biosystems, cat. no. NEL105).

2X Laemmli buffer (10 mL): 0.15 g Tris-HCl base (final concentration is
0.125 M), pH adjusted to 6.8 with HCI, 4 mL 10% SDS (final concentra-
tion is 4%), 1 mL glycerol (final concentration is 10%), 20 mg bromophe-
nol blue (final concentration is 0.02%), 0.4 mL B-mercaptoethanol (final
concentration is 4%).
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Sterile 50 mL Falcon tubes.
Sterile microfuge tubes.

2.3. Equipment

1.

WO

Vibra Cell™ sonicator (VC 130PB) with microtip (Sonics and Materials,
Newtown, CT).

End-over-end mixer (VWR, West Chester, PA).

Microcentrifuge and refrigerated table top centrifuge.

Spectrophotometer.

Vertical gel electrophoresis system.

Western-blotting apparatus.

Gel dryer.

Phosphorimager and storage phosphor screens.

Orbital shaker.

3. Methods

3.1. Measuring Half-Lives of Proteins in Mammalian Cells
by Pulse-Chase Analysis

This section describes a standard procedure for measuring half-lives of pro-
teins in adherent tissue culture cells. The same principle applies to nonadherent
cells, although the initial metabolic labeling procedure will be slightly different
(see Note 1).

3.1.1. Cell-Culture Preparation

1.

For measuring the half-lives of proteins exogenously expressed via tran-
sient transfection, plate 2 X 10¢ HeLa cells on one to two 10 cm dishes,
and incubate in CO, incubator overnight.

. Transfect with a plasmid expressing the gene of interest by calcium phos-

phate or other transfection procedures and incubate cells for 12-16 h.

. Wash with cells PBS and incubate them in fresh DMEM medium with 10%

FCS for 6-8 h.

. Remove medium, trypsinize, and seed equal aliquots of cell suspensions in

five 100-mm dishes. Incubate overnight in a CO, incubator at 37°C.

For measuring half-lives of endogenous proteins, plate equal number of
cells in five 100 mm dishes and culture for 1 d. Enough cells should be
plated on each dish so they reach 60—80% confluency on the second day,
which is optimal for pulse labeling (see Note 2).

3.1.2. Pulse-Chase

1.
2.

Aspirate medium and wash the cells three times with 5 mL prewarmed PBS.
Remove PBS completely. Starve cells by adding 1 mL methionine- and
cysteine-free DMEM medium containing 10% dialyzed FCS. Incubate at
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10.

11.

12.

37°C for 1 h. Shake occasionally so that the cells are fully covered by the
medium.

. Add 100 pCi of Express-35S protein-labeling mix to each 100-mm plate (see

Note 3). Incubate the cells for 30 min at 37°C with shaking every 5—10 min.

Remove radioactive medium. Wash cells once with 5 mL of prewarmed
PBS.

. For the “Time 0” plate, proceed to cell lysis and extract preparation in

step 8.

. For all other time points, add 3 mL chase medium containing prewarmed

DMEM, 10% FCS, 3 mM L-methionine, and 1 mM L-cysteine to each plate.
Immediately return plates to the CO, incubator. Note that cell permeable
protease inhibitors can be included in chase medium in a parallel experi-
ment to assess whether or not a specific proteolytic mechanism is involved
in degrading the protein of interest (see Note 4).

. Remove medium from plates at desired time points (0.5, 1.0, 2.5, and 5.0 h

are good starting points). Wash once with 3 mL PBS and then remove PBS
completely.

. Add 300 pL of ice-cold RIPA lysis buffer containing protease inhibitors to

plate. Scrape cells using a disposable cell scraper and transfer them to a
fresh microfuge tube. Cells can also be frozen in liquid nitrogen at this step
and processed when all time points are collected (see Note 5). Denaturing
lysis buffer can be used if high background is observed following im-
munoprecipitation and SDS-PAGE analysis (see Note 6).

. Sonicate cells with three to five bursts using the microtip of a Vibra-Cell™

VC500 sonicator.

Rotate the microfuge tube containing cell extracts on an end-over-end
mixer for 30 min at 4°C.

Centrifuge at 14,000 rpm for 10 min at 4°C. Transfer the supernatant fluid
to a fresh microfuge tube.

Determine the protein concentration with the Bradford assay kit. Samples
are diluted 200-500 times in Bradford assay buffer to minimize interfer-
ence to the colorimetric reactions by detergents in RIPA buffer. Alterna-
tively, use the Bio-Rad DC protein assay kit, which is compatible with both
ionic and nonionic detergents.

3.1.3. Immunoprecipitation, SDS-PAGE, and Autoradiography

1.

2.

3.

Transfer 500 pug to 1 mg each of cell lysate to fresh microfuge tubes. Make
up the total volume (300-500 pL) with RIPA buffer.

Preclear the lysates by adding 20 uL of pre-washed Protein-A or Protein-G
sepharose beads. Rotate at 4°C for 1 h on an end-over-end mixer.
Centrifuge samples at 14,000 rpm in a microcentrifuge for 10 s at 4°C.
Transfer supernatant fluids to fresh microfuge tubes.
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. Add the appropriate amount of antibody to each sample (see Note 7 and the

chapter in this volume on immunoprecipitation). Rotate on an end-over-end
mixer at 4°C for 1 h.

. Centrifuge tubes briefly. Add 50 pL of 50% slurry of prewashed Protein-A

or Protein-G sepharose beads. Rotate on an end-over-end mixer for 1 h to
overnight at 4°C.

Centrifuge samples at top speed for 10 s at 4°C.

Remove supernatant fluid. Add 1 mL of RIPA buffer to the pellet and shake
up and down to wash. Centrifuge samples at 4°C for 10 s to pellet the
sepharose beads containing the bound protein of interest. Aspirate super-
natant fluid.

Repeat washing two more times.

Aspirate all liquid from the sepharose beads. Resuspend in 50 pL of 2X
Laemmli buffer (5). Heat at 95°C for 5 min.

Centrifuge briefly in microcentrifuge. Resolve the eluted proteins by SDS-
PAGE.

Fix gel in 50% methanol and 10% acetic acid for 30 min to 1 h after elec-
trophoresis, dry under vacuum, and expose to a phosphor screen.
Quantitate the intensity of individual bands of the protein of interest using
the phosphoimager and plot the percentage of proteins on a logarithmic
scale over time. The half-life is the time point at which 50% of the protein
remains relative to that at the beginning (Time 0) of the chase.

3.2. Measuring the Half-Life of Yeast Proteins

This section describes two commonly used methods to determine the half-

lives of proteins in yeast: pulse-chase analysis and promoter turn-off. Pulse-
chase analysis is generally used for determining the turnover rate of endoge-
nous proteins or proteins expressed from constitutive promoters on plasmids.
Promoter turnoff is a simple procedure used to measure the stability of pro-
teins exogenously expressed from inducible promoters on plasmids.

3.2.1. Pulse-Chase Analysis

3.2.1.1. PRePARATION OF YEAST CULTURE

1. Grow yeast cells overnight to stationary phase in either YPD for endoge-

2

nous proteins or synthetic complete medium lacking the amino acid corre-
sponding to the selectable marker on the transformed plasmid.

. Dilute yeast cells to an ODy ;- of 0.1 in 30 mL medium. Grow to log phase

(0D, Of 0.4-0.6) (see Note 8).
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3.2.1.2. PuLse-CHASE

1.

Collect yeast cells by centrifugation in a tabletop centrifuge at 2000 rpm
for 5 min at room temperature. Remove supernatant fluid completely.

Resuspend cells in 30 mL of synthetic complete medium without L-methio-
nine. Transfer to a sterile flask and shake at 30°C for 1 h in an orbital shaker.

. Transfer culture to a 50 mL Falcon tube. Centrifuge at 2000 rpm for 5 min

to pellet cells and resuspend in 6 mL synthetic complete medium without
L-methionine.

. Add 100-500 uCi of Express-35S protein labeling mix per mL of cell cul-

ture and shake at 30°C for 10 min. See Note 10 for measuring half-life in
temperature sensitive mutant yeast cells.

Pellet cells and remove radioactive medium carefully.

Resuspend cells in 6 mL prewarmed synthetic complete medium contain-
ing 1 mg/mL L-methionine and 1 mg/mL L-cysteine (add fresh).

. Immediately aliquot 1.4 mL yeast culture to a 2 mL screw-cap microfuge

tube as the “Time 0” cells. Centrifuge at 14,000 rpm for 15-20 s in the
microfuge tube. Remove supernatant fluid and freeze the cell pellet in lig-
uid nitrogen. Keep at —80°C until all the time points are collected.

. At the desired time points, aliquot 1.4 mL yeast culture, collect cell pellet

by centrifugation and freeze in liquid nitrogen as in step 7. Typical time
points are 0, 10, 20, 40, 60, and 120 min, but shorter or longer time points
may be needed in specific cases.

3.2.1.3. PREPARATION OF YEAST EXTRACT

1.

Resuspend cell pellets in 300 pL ice-cold RIPA buffer containing protease
inhibitors.
Add 300 pL acid-washed and ice-chilled glass beads (500 wm) to each tube.

. Vortex vigorously for 30 s in the cold room. Chill on ice for at least 30 s.

Repeat vortexing and chilling cycle six more times (see Note 9).

. Centrifuge at 14,000 rpm for 10 min at 4°C. Transfer supernatant fluid to a

fresh microfuge tube. Centrifuge for another 10 min. Transfer supernatant
fluid to a fresh microfuge tube.

. Determine the protein concentrations by the Bradford assay or the DC pro-

tein assay (Bio-Rad) (see step 11 of Subheading 3.1.2.).
Proceed to step 7 or freeze samples in liquid nitrogen for later analysis.

. Perform immunoprecipitation, SDS-PAGE, and autoradiography to deter-

mine the half-life of target protein as described in Subheading 3.1.3.
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3.2.2. Promoter Turn-Off

To determine the turnover rate of a target protein exogenously expressed
from inducible promoters, such as GAL/, a promoter turn-off procedure is often
the method of choice.

3.2.2.1. TRANSIENT INDUCTION AND PROMOTER TURN-OFF

1. Yeast cells transformed with plasmid expressing target gene are grown to early
log phase (ODy, of 0.4-0.6) in 30 mL synthetic complete dropout medium
containing 2% raffinose. The carbon source must be one that does not repress
expression of the GALI promoter, which is strongly repressed by glucose.

2. Add sterile galactose to cell culture at a final concentration of 2% to induce
target gene expression for 30 min.

3. Transfer cells to a 50 mL sterile Falcon tube. Centrifuge at 2000 rpm for
5 min. Remove supernatant fluid.

4. Wash cells by resuspending in 30 mL of sterile PBS. Centrifuge as above
to pellet cells. Remove supernatant fluid.

5. Resuspend cells in 6 mL synthetic complete dropout medium containing
2% raffinose and 2% glucose (see Note 11).

6. Immediately transfer 1 mL of cells to a fresh microfuge tube as the “Time
0” sample. Centrifuge in a microcentrifuge at 14,000 rpm for 15 s. Remove
supernatant fluid and freeze the cell pellet in liquid nitrogen.

7. At appropriate time points (see step 8 of Subheading 3.2.1.2.), remove
1 mL of cells, centrifuge and freeze cell pellet in liquid nitrogen.

3.2.2.2. YEAST EXTRACT PREPARATION

Prepare yeast cell extracts as described in Subheading 3.2.1.3.

3.2.2.3. SDS-PAGE AND IMMUNOBLOTTING

1. 100-200 pg each of total protein extract is subjected to SDS-PAGE and
immunoblotting using standard procedures (5).

2. Visualize the protein bands of interest using the ECL plus reagent. Expose
the blot to a phosphorimager screen to determine the intensity of bands over
time using a phosphorimager. If regular ECL reagents are used, multiple ex-
posures to X-ray films are necessary to determine the range in which the
response of the film is linear. Densitometers can be used to scan the expo-
sure within the linear range to measure the band intensity.

4. Notes

1. For metabolic labeling of suspension cultures, collect cells by centrifuga-
tion at 400 g for 5 min. Wash once with prewarmed PBS and centrifuge as
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before. Resuspend cells at approx107 cells/mL in prewarmed medium con-
taining 10% dialyzed FCS, lacking L-methionine and L-cysteine. Incubate
for 1 h at 37°C. Add Express-35S protein labeling mix at 10 mCi/mL and
incubate for 30 min to 1 h at 37°C. Mix occasionally. Collect cells by cen-
trifugation and suspend in cold chase medium containing excess L-methio-
nine (3 mM) and L-cysteine (1 mM). Collect cells at appropriate time points
as in Subheading 3.1.2.

2. Confluency of cells required for efficient 35S labeling will depend on the
growth rate of individual cells. HeLa cells are fast growing and efficient
labeling can be achieved at approx 60% confluency. For slower growing
cells, a higher density of 75-85% confluency is required.

3. Proteins with only a few amino acid residues of the radioactive precursor, or
those with a slow turnover rate might not be labeled efficiently. Using
Express-35S protein labeling mix, which contains both radioactive methion-
ine and cysteine, often results in increased labeling of the target protein com-
pared to that of 35S-methionine alone. If both methionine and cysteine are
rare in the target protein, other radioactive precursors, such as 35S-leucine,
can be used as an alternative. Proteins that have slow metabolic turnover
rate should be labeled for a longer period of time prior to chase. If the afore-
mentioned methods fail, cycloheximide blocking procedure can be consid-
ered as an alternate approach for half-life measurement (6).

4. Proteasome, calpain, or lysosomal inhibitors can be included in the chase
medium in parallel experiments to assess whether degradation of the pro-
tein of interest is mediated by a specific proteolytic mechanism. Frequently
used proteasome inhibitors include lactacystine (12.5 pM), MG132 (50 uM),
and LLnL (50 pM). Lactacystin specifically inhibits the 26S proteasome
activity, whereas the more economical MG132 and LLnL abrogate the
functions of both calpain and the proteasome. Other inhibitors used in the
literature include calpeptin (30-60 uM) or calpain inhibitor II (5 uM) for
calpain, and E64 (50 uM) for cysteine proteases found in organelles in-
cluding lysosome (6). Note that many protease inhibitors often block the
function of several proteases. The result from half-life studies using pro-
tease inhibitors should only serve as a starting point to estimate cellular
degradation pathways that may or may not be involved in the turnover of
the protein of interest.

5. Cells can be scraped into 0.5 mL ice-cold PBS. Transfer to microfuge tube
and centrifuge at 14,000 rpm for 1 min at 4°C. Remove the supernatant fluid
and freeze the cell pellet in liquid nitrogen. Store at —80°C until all time
points are collected and then proceed to cell lysis and extract preparation.

6. If high background is encountered, cells can be lysed under denaturing
conditions for immunoprecipitation: Scrape cells from a 100-mm dish are
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scraped in 350 pL of preboiled 1% SDS lysis buffer (50 mM Tris-HCI, pH
7.5, 0.5 mM EDTA, 1% SDS, 1 mM dithiothreitol[DTT]). If the lysate is
too viscous owing to high-molecular-weight DNA, sonicate to break the
DNA. Boil for 10 min, then dilute 1:10 in 0.5% NP-40 lysis buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 0.5 % NP-40, 50 mM NaF, | mM DTT, | mM
NaVO,, and protease inhibitors) and perform the immunoprecipitation as
in Subheading 3.1.3.

The amount of antibody and cell extracts used should be determined on a
case-by-case basis (5). For 500 ng of total protein extracts, 2-3 uL of crude
antiserum or 2.5-5 pg of affinity-purified antibody are good starting points,
but it is best to titrate the sample with increasing amounts of antibody to
find the amount needed to immunoprecipitate the protein of interest.

. Yeast cells can be synchronized with a-factor (3 pg/mL) at G1 phase, hy-

droxyurea (10 mg/mL) in S phase, or 15 ug/mL nocodazole in M phase of
the cell cycle. The half-life of the target protein at different cell cycle stages
can then be measured (3,9).

. To determine whether degradation of a given yeast protein is dependent on

a specific protease, yeast strains carrying temperature-sensitive mutations
of the corresponding enzyme can be used to measure the half-lives at non-
permissive temperature. These measurements can then be compared to the
half-lives determined at permissive temperature (9). Grow temperature-
sensitive mutant yeast to early log phase (ODy, of 0.4-0.6) at permissive
temperature and shifted to nonpermissive temperature for 1-2 h. Pulse-
chase or promoter turnoff experiments are then performed at the nonper-
missive temperature using procedures described in Subheadings 3.2.1.2.
and 3.2.2.2.

To determine if yeast cells are completely lysed by mechanical force, a few
microliters of lysis material can be spotted on a glass slide and observed
under the light microscope. Additional vortexing is necessary if a large
number of yeast cells are still intact.

For proteins translated from short-lived mRNAs (e.g., Cln3, t,,, approx 3.5
min), glucose addition is sufficient to block the biosynthesis of the target
protein (9). For those synthesized from stable mRNAs, 1 mg/mL of cyclo-
heximide can be included in chase medium containing glucose to block
both transcription and translation (7-9).
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Assaying Protein Kinase Activity

Jan Brabek and Steven K. Hanks

Summary

Protein kinases, encoded by approx 2% of eukaryotic genes, represent one of the major classes
of cell-regulatory molecules. Assessment of the catalytic activity of a specific protein kinase can
be an important step in elucidating signal-transduction pathways that affect cell behavior. As an
example of approaches taken to measure protein kinase activity, this chapter presents methods
useful for determination of the activity of the oncogenic protein-tyrosine kinase v-Src. Included
are protocols for heterologous expression of the kinase in yeast Saccharomyces cerevisiae, im-
munoaffinity purification from yeast cell lysates, kinase reactions using incorporation of 32P into
peptide substrates, and quantifying protein kinase activity. The Notes section discusses alterna-
tive approaches for assaying the activity of Src recovered from vertebrate cells and it gives rec-
ommendations for assaying the activity of the other protein kinases with respect to the substrate
specifity and the composition of kinase reaction buffer.

Key Words: Src; protein-tyrosine kinase; kinase assay; peptide substrate; heterologous pro-
tein expression; Saccharomyces cerevisiae.

1. Introduction

Phosphorylation by protein kinases is a major signal-transduction mecha-
nism used by eukaryotic cells to regulate proliferation, gene expression, me-
tabolism, motility, membrane transport, and virtually every other activity that
defines their phenotypic behavior. Given their diverse cellular roles, it is not sur-
prising that protein kinases are encoded by a substantial portion of eukaryotic
genes. The genome of the budding yeast S. cerevisiae contains 130 distinct
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genes encoding protein kinases, representing approx 2% of all genes (). The
human genome carries 518 protein kinase genes (approx 1.7% of all genes) (2).
A large majority (approx 90%) of these protein kinases belong to the eukaryotic
protein kinase (EPK) superfamily defined on the basis of a homologous kinase
catalytic domain (3,4). The EPK domain interacts with both ATP and protein
(peptide) substrates and functions to transfer the y-phosphate of ATP onto the
hydroxyl group of a serine, threonine, or tyrosine amino-acid residue within the
peptide substrate.

Based on catalytic domain relatedness, the EPK superfamily has been
broadly subdivided into seven major groups: (1) AGC kinases, (2) CAMK-
related kinases, (3) CMGC kinases, (4) STE kinases, (5) type I casein kinases,
(6) tyrosine kinases, and (7) “tyrosine kinase-like” kinases (4,5). The latter two
groups are absent from yeast, reflective of their functions in signaling pathways
associated with metazoan complexity. Each major group is composed of many
distinct families whose individual members have highly-similar EPK domains
and exhibit additional homology outside the EPK domain core. Other EPK fam-
ilies fall outside the seven major groups. Table 1 shows the number of human
EPKSs within each family (and group) that are known or likely to have protein
kinase activity. Notably, this classification scheme groups together protein ki-
nases that have common specificities in peptide recognition and phosphoryla-
tion. The obvious example is the tyrosine kinase group composed of EPKs that
specifically phosphorylate tyrosine residues. However, protein kinases that fall
within the other major groups also tend to have similar serine/threonine speci-
ficity determinants (6-8). Thus, kinases of the AGC group (which includes the
PKA, PKG, and PKC families) and the closely-related CAMK group (which in-
cludes families of calmodulin-regulated kinases) tend to be basophilic; that is,
they frequently phosphorylate serine/threonine residues residing near basic
residues. Similarly, members of the casein kinase I group are acidophilic. The
tyrosine kinases also tend to be acidophilic. Many CMGC group members
(including the namesake CDK, MAPK, GSK, and CLK families) are highly se-
lective for serine/threonine residues lying immediately N-terminal to a proline
residue.

To successfully assay protein kinase phosphotransfer activity, the investiga-
tor must first obtain a pure preparation of the protein kinase of interest. Im-
munoprecipitation of the endogenous protein kinase from nondenaturing cell
lysates (described in another chapter of this book), is commonly used to achieve
this goal. However, this approach should be taken with caution (and the use of
proper controls), because it is possible the immunoprecipitate will not only con-
tain the kinase of interest, but other protein kinases that either coprecipitate,
cross-react with the antibody, or nonspecifically bind to the affinity matrix. In
many cases, it is useful to carry out the assays using the most highly purified
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Table 1. Human EPK Groups and Families

Group Families (# members)

Tyrosine kinases (84 total) Ack (2), Abl (2), Csk (2), FAK (2), Fer (2), JAK
(4), Src (11), Syk (2), Tec (5), Alk (2), Axl (3),
DDR (2), EGFR (3), Eph (12), FGFR (4), InsR
(3), Lmr (3), Met (2), Musk (1), PDGFR/VEGFR
(8), Ret (1), Ror (2), Sev (1), Tie (2), Trk (3),

AGC Kkinases (61 total) PKA (5), PKG (2), PKC (9), AKT (3), DMPK (7),
GRK (7), MAST (5), NDR (4), PKB (1), PKN
(3), RSK (9), SGK (3), YANK (3).

CAMK-related (65 total) CAMKI1 (5), CAMK?2 (4), CAMKL (20), DAPK
(5), DCAMKL (3), MAPKAPK (5), MLCK (3),
PHK (2), PIM (3), PKD (3), PSK (1), RADS53 (1),
Trio (4), TSSK (5), CAMK-Unique (1).

CMGC Kkinases (61 total) CDK (20), MAPK (14), GSK (2), CLK (4),
CDKL (5), DYRK (10), RCK (3), SRPK (3)
STE Kkinases (45 total) STE7 (7), STE20 (28), STE11 (8), STE-Unique (2).

Tyrosine kinase-like (37 total) RAK (2), LISK (4), LRRK (2), MLK (9), RAF
(3), RIPK (5), STKR (12).

Type I casein kinases (11 total) CKl1 (7), TTBK (2), VRK (2).

“Other” kinases (63 total) Aur (3), BUB (1), Bud32 (1), CAMKK (2),
CDC7 (1), CK2 (2), IKK (4), IRE (2), MOS (1),
NAK (4), NEK (11), NKF1 (3), NKF2 (1),
NKF4(2), PEK (4), PLK (4), TLK (2), TOPK (1),
TTK (1), ULK (4), VPSI15 (1), WEE (3), Wnk
(4), Other-Unique (2).

a Only EPK family members with known or likely kinase activity are included. About 50 addi-
tional EPKSs that lack one or more key residues important for phosphotransfer activity are not rep-
resented. Family names are those used in the KinBase searchable database found in ref. 27.

protein kinase preparation that can be obtained through heterologous expression
in bacteria, yeast, or insect cells. It is also necessary to obtain an appropriate
protein or peptide substrate that can be efficiently phosphorylated by the pro-
tein kinase of interest. The Protein Kinase Factsbook (6) provides much infor-
mation regarding physiological substrates and specificity determinants for
many protein kinases. The PhosphoBase database (8) provides phosphorylation
site data for >50 well-characterized protein kinases and is another useful re-
source for identifying suitable substrates for utilization in kinase reactions. For
poorly characterized protein kinases of unknown specificity, identifying an
appropriate substrate presents a challenge. However, it is anticipated that
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proteomic approaches to define protein kinase peptide specificity determinants
(9,10) will soon provide information on suitable protein or peptide substrates
for all protein kinases.

This chapter illustrates commonly used approaches to assay protein kinase
activity using the oncogenic Src tyrosine kinase as an example. First, we
present a protocol for obtaining purified v-Src expressed in the yeast Sac-
charomyces cerevisiae, which has proven to be a useful heterologous ex-
pression system because nonspecific copurification of endogenous tyrosine
kinases is minimized (10-13). The system enables rapid production of a large
amount of the kinase with specific activity comparable to that obtained with
kinases expressed in vertebrate cells (14,15). To assay the activity of a pu-
rified serine/threonine kinase, the only major change that would need to be
made to these basic protocols is the substitution of a suitable peptide sub-
strate for the kinase reaction.

2. Materials

1. Basic molecular biology reagents and equipment including equipment for
agarose gel electrophoresis, thermocycler and thermostable polymerase for
polymerase chain reaction (PCR), restriction endonucleases, T4 DNA lig-
ase, Escherichia. coli strains and growth media, ampicillin, and so on.

2. Equipment for SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) and Western blotting.

3. v-src Gene (Prague C variant) in plasmid pAT V-8 (American Type Culture
Collection).

4. Oligonucleotide primers for PCR amplification of the v-src gene:

upstream: 5’-gtcggatccatgggtagtagcaagagcaage-3’
downstream: 5'-gccgaattcttactcagegacctccaacac-3'.

5. Plasmid pYES2 (Invitrogen, Carlsbad, CA).

6. S. cerevisiae strain EGY48 (Invitrogen).

7. YPAD media for standard yeast culture: 20 g/L. peptone (Difco, Detroit,
MI), 10 g/L yeast extract (Difco), 100 png/L adenine hemisulfate (Sigma, St.
Louis, MO), 2% glucose.

8. SD-U media for yeast selection: 6.7 g/L yeast nitrogen base without amino
acids (Difco), 0.6 g/L -His/-Leu/-Trp/-Ura DO (dropout) supplement (Clon-
tech; Palo Alto, CA) 20 mg/L L-histidine HCI monohydrate, 100 mg/L
L-leucine, 20 mg/L L-tryptophan. For solid media, include 18 g/L agar.

9. Additional reagents for yeast selection, induction, transformation and, lysis
(all can be obtained from Sigma): raffinose, galactose (glucose-free),
lithium acetate, polyethylene glycol 3350 average MW, salmon sperm
DNA, 0.5 mm glass beads for cell lysis.
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10. Lysis buffer LB1: 50 mM HEPES, pH 7.4, 0.5% Nonidet P40, 5% glycerol,
100 mM sodium chloride, 0.5 mg/mL Pefabloc (Roche, Indianapolis, IN),
5 pg/mL leupeptin (Sigma), 5 pg/mL aprotinin (Sigma), 0.5 mM sodium or-
thovanadate, 1 mM sodium fluoride.

11. Anti-v-Src monoclonal antibody MAb 327 (Calbiochem, San Diego, CA).

12. Antimouse IgG agarose (Sigma).

13. Stock solutions for protein kinase assay buffer (see Notes 1 and 2): 500 mM
HEPES, pH 7.4, 800 mM MgCl,, 200 mM MnCl,, 2 mM ATP, 10 mM
sodium orthovanadate, 500 pg/mL leupeptin, and 500 pg/mL aprotinin.

14. [y-32P]ATP (3000 Ci/mmol; Amersham Biosciences, Piscataway, NJ).

15. Tyrosine kinase substrate peptide RRLIEDAEYAARG (Sigma).

16. 21-mm Diameter circles of P81 cellulose phosphate paper (Whatman,
Clifton, NJ).

17. Trichloroacetic acid (TCA).

18. Vacuum manifold for washing filters.

19. Random amino acid copolymer poly (Glu, Tyr) (4:1) (Sigma).

20. Liquid-scintillation counter.

21. Device for scanning densitometry.

3. Methods

The methods described below outline: (1) expression of v-Src kinase in yeast
S. cerevisiae, (2) immunoaffinity purification of the expressed kinase, (3) assay
of Src tyrosine kinase activity, and (4) quantification of kinase activity.

3.1. Expression of Src in S. cerevisiae

This section presents a brief overview of the steps involved in subcloning the
v-Src ¢cDNA into a yeast expression plasmid, introducing the expression plas-
mid into S. cerevisiae, and inducing expression of v-Src in the yeast cells. The
investigator should be familiar with basic molecular biology methods, which
are not described in detail.

The v-src gene is amplified from the pATV-8 plasmid by standard PCR using
the oligonucleotide primers, digested with BamHI and EcoRI restriction en-
zymes, cloned into the BamHI and EcoRI sites of the galactose-inducible vec-
tor pYES2, and verified by sequencing. The resulting pYES2-Src plasmid is
then transformed into S. cerevisiae strain EGY48 by standard Li-acetate method
(16) and selected on SD-U agar plates. The transformed yeast cells are grown
overnight (see Note 3) (to saturation density) in 30 mL SD-U medium supple-
mented with 2% raffinose, pelleted by centrifugation (2500 g, 3 min, 20°C), and
then grown for an additional 4 h in 50 mL fresh SD-U medium containing 2%
raffinose and 2% galactose to induce v-Src expression.
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3.2. Purification of Expressed v-Src Protein

This section gives detailed protocols for preparing yeast cell extracts and re-
covering the induced v-Src protein by immunoprecipitation.

3.2.1. Preparing Yeast Cell Extracts

1. After cooling the 50 mL induced yeast culture on ice, pellet the cells by
centrifugation (2500g, 3 min, 4°C).

2. Resuspend the cell pellet in 2 mL ice-cold lysis buffer LB1 (see Note 4).
Transfer the suspension equally into three precooled 10-mL glass cen-
trifuge tubes.

3. Pellet the cells again by centrifugation (2000 g, 3 min, 0°C), carefully as-
pirate the supernatant, then add 1.5 mL of washed, dried, and precooled
0.5 mm glass beads to each tube. Wrap the tubes with parafilm and lyse the
cells by vortexing vigorously for 5 min at 4°C (in cold room).

4. Add 1 mL of lysis buffer LB1 to each of the three tubes and mix with the
lysed cell/bead slurry by pipetting with a 1-mL volume tip. Collect the crude
extract solutions (without the beads) into two 1.5-mL microfuge tubes.

5. Centrifuge (15,000g, 15 min, 0°C) to remove any insoluble cellular mate-
rial, nonlysed cells, or contaminating beads. Pool the supernatants. Aliqouts
can be stored at —80°C or used for the next step.

3.2.2. Immunoaffinity Purification of Src From Yeast Extracts

1. Aligout 400 pL of the yeast cell extract to a 1.5-mL microtube then add
1 pg/mL (400 ng) of anti-v-Src monoclonal antibody 327. Vortex to mix,
then incubate for 3 h at 4°C to allow the antigen/antibody complex to form
(see Note 5).

2. During the aforementioned incubation step, prepare a 50% slurry of anti-
mouse IgG1 agarose beads by washing three times with at least five vol-
umes of 50 mM HEPES, pH 7.4. After the last wash, add 1 bead-volume of
the same buffer.

3. After the 3 h incubation of step 1, add 40 uL of the 50% washed slurry to
the tube. Gently rock the tube on a rotator for 1 h at 4°C, allowing the anti-
gen-antibody complexes to become bound to the beads.

4. Wash the beads (immunoprecipitates) three times with at least 50 vol of
LB1 buffer, then once with 50 mM HEPES, pH 7.4. The immunoprecipi-
tates should be kept on ice during these steps. For each wash, the beads are
resuspended by gentle vortexing and spun down by centrifugation (3000g,
3 min, 0°C). At the final wash step, divide the beads equally into two
0.5 mL tubes. The final bead volume will be approx 10 uL per tube. One
tube is used to assess the recovery of v-Src in the immunoprecipitates
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(step 5). The other tube is used for the kinase assays described in Sub-
heading 3.3., and should be kept on ice in the final 50 mM HEPES wash
buffer until ready for use.

5. Add 20 uL 2X SDS-PAGE sample buffer to one tube, mix with the bead by
vortexing, heat for 5 min at 100°C. Then separate the sample by SDS-
PAGE and analyze by Western blot to ascertain that the Src protein was
properly expressed and affinity-purified. The anti-v-Src 327 MAD can also
be used for the Western analysis.

3.3. Assaying Src Protein-Tyrosine Kinase Activity

Two different protocols are presented below to assay the activity of purified
Src kinase using incorporation of 32P into different peptide substrates (see
Note 6).

3.3.1. Assaying Tyrosine Kinase Activity Using
Substrate-Based Oligopeptide

The first protocol makes use of a small synthetic peptide substrate. Such pep-
tides can be designed as optimized substrates for any protein kinase of interest,
thus enabling precise determination of kinetic parameters (17). The oligopep-
tide includes basic residues allowing its separation from nucleotides and free
phosphate present in the kinase reaction mixture through its ability to bind
tightly to phosphocellulose paper (18).

1. For each reaction, prepare 10 uL of 3X concentrated protein kinase assay
buffer (3XPKB): 50 mM HEPES, pH 7.4, 24 mM MgCl,, 6 mM MnCl,,
300 pM Na;VO,, 60 uM ATP, 15 pg/mL leupeptin, 15 pg/mL aprotinin, and
5 pCi [y-32P]ATP (see Notes 1 and 2). Use the kinase assay buffer stock
solutions and mix thoroughly by pipeting after adding each compound. Be
sure to account for radioactive decay when adding the [y-32P]ATP. The
[v-32P]ATP should be added last; from this step you must exercise radioac-
tive safety precautions.

2. Add 10 pL 3XPKB to the immunoprecipitates (see Note 7).

3. Start the kinase reaction by adding 10 pL of the RRLIEDAEYAARG pep-
tide substrate from a 3.6 mM solution prepared in 50 mM HEPES (1.2 mM
final concentration) (see Note 8).

4. Incubate the kinase reaction tube for 20 min at 30°C with gentle shaking
(i.e., rotate in a hybridization oven). For kinetic analysis, the reaction time
and/or enzyme concentration should be varied to achieve kinetics in the lin-
ear range. If time course experiments are carried out, a large reaction can
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be prepared. At the desired time points, aliquots are withdrawn and
processed as described later.

5. Terminate the reaction by adding 45 pL of ice cold 5% TCA, then incubate
5 min on ice.

6. Centrifuge the sample (12,000g, 1 min, 4°C). Spot 20 puL of the supernatant
(in triplicate) on 21 mm diameter P81 cellulose phosphate filter circles.

7. Wash the P81 filter circles three times with 100 mL 0.5% phosphoric acid
using a filter-washing device such as a vacuum manifold (approx 1 min per
wash). Unincorporated ATP will be washed off the paper. Progress of the
washing steps can be followed by including a P81 filter circle for a blank re-
action (lacking the peptide substrate) and monitoring with a Geiger counter.

8. Transfer papers into 5-mL polypropylene scintillation vials with 2.5 mL of
deionized H,0. Measure the incorporation of [y-32P]ATP into substrate
bound to filters in a liquid-scintillation counter using the Cerenkov method.
For quantification of the results, see Subheading 3.4.

3.3.2. Protein-Tyrosine Kinase Assay Using Synthetic
Aminoacid Polymers

This alternative protocol utilizes a random polymer-containing glutamate
and tyrosine in a four to one ratio. This inexpensive aminoacid polymer is a suit-
able substrate for most, if not all, protein-tyrosine kinases (19,20) (see Note 9).
The phosphorylated polymers can be separated from the reaction mixture by
either TCA precipitation or gel electrophoresis.

1. Prepare the Src immunoprecipitates and 3X concentrated protein kinase
assay buffer (3XPKB) as seen earlier, except substitute 10 pL of synthetic
poly (Glu, Tyr) aminoacid polymer (from a 1 mg/mL stock solution pre-
pared in 50 mM HEPES) for the RRLIEDAEYAARG peptide.

2 Incubate the kinase reaction tube for 20 min at 30°C with gentle shaking
(i.e., rotate in a hybridization oven).

3. Terminate the reaction by adding 30 pL of 2X SDS-PAGE sample buffer.
Mix by vortexing and heat for 5 min at 100°C.

4. Mix 10 pL of the sample together with 2 pl. of SDS-PAGE marker
(prestained broad range) and load onto a 12% polyacrylamide SDS-PAGE
minigel for electrophoretic separation. Stop the electrophoresis just as the
dye runs off the gel (the unincorporated ATP will also have run out of the
gel by this time).

5. Cut the gel lane containing the loaded sample using a razor blade (see
Note 10). The prestained marker proteins enable precise cutting of indi-
vidual lanes. Transfer each gel slice (using tweezers) into a separate scin-
tillation vial containing 2 mL of deionized H,O.
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6. Measure the incorporation of [y-32P]ATP into the synthetic poly (Glu, Tyr)
substrate in a liquid-scintillation counter using the Cerenkov method.

3.4. Quantification of Results

In the protocols presented earlier, Src kinase activity is measured as incor-
poration of 32P into either a substrate-based oligopeptide (see Subheading 3.3.1.)
or synthetic random amino-acid polymer (see Subheading 3.3.2.). The levels of
phosphorylated substrate are quantified by determining the 32P-radioactivity in
washed phosphocellulose filters (see Subheading 3.3.1.) or excised gel slices
(see Subheading 3.3.2.). This section discusses approaches that can accurately
quantify the results and determine kinetic parameters.

First, it is necessary to obtain a quantitative measurement of the level of Src
protein from the Western blot analysis performed in Subheading 3.2.2., step 5.
This can be achieved by using densitometry scanning of the Western blots,
whether they are developed by either alkaline phosphatase reactions on the
membrane or by a chemiluminescence exposure of X-ray film. For accurate
quantification, it is necessary to quantitate several dilutions of the kinase sam-
ple (e.g., 1:2, 1:4, 1:8), which also ensures that the Western blots are not overde-
veloped. A normalized kinase activity can then be determined with respect to
the amount of Src protein in the reaction mixture relative to the measured in-
corporation of radioactivity into the substrate. Normalized kinase activities ob-
tained in this way are useful for comparing different kinase isoforms or muta-
tional variants.

If the protein kinase under study is available in a defined concentration, it is
possible to determine K (for peptide) and V_, for the kinase reactions de-
scribed here. In this case, one would carry out multiple reactions using various
amounts of peptide substrate (ranging from 0.1 to 10 mM; the range could vary
with different enzymes and substrates), and determine kinetic constants by
weighted nonlinear least-squares fit to the hyperbolic velocity versus peptide
concentration using iterative programs such as DYNAFIT (21), or KINSIM
(22), and FITSIM (23).

4. Notes

1. Optimal buffer composition, pH, ionic strength, and divalent cation con-
centration must be determined for each kinase under study. The most fre-
quently used buffers are HEPES, PIPES, and TRIS-HCI at the concentra-
tions in the range 20-50 mM, with pH in the range 6.8-8.0. Most kinases
have Km values for ATP in the range of 5-200 uM; it is necessary to use
saturation concentration of ATP when determining K and V__ _for sub-

max
strate. The optimal concentration of divalent cations is usually between
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10-20 mM. In general, serine/threonine kinases prefer MgCl,, whereas ty-
rosine kinases prefer MnCl,. For dual specifity kinases, specifity may be
determined by the nature of the divalent cation bound to ATP; Mg2+ results
in serine phosphorylation and Mn2+ promotes tyrosine phosphorylation
(24). The addition of phosphatase inhibitors, e.g., sodium vanadate for ty-
rosine phosphatases or okadaic acid, and EGTA for serine-threonine phos-
phatases is necessary if there is a possibility of phosphatase contamination
of the kinase preparation (as in immunoprecipitates of endogenous proteins).
MnCl, is light-sensitive and the stock solution should be prepared just be-
fore performing the assay.

. v-Src interferes with cell-cycle progression in yeast cells (25,26) and it is

therefore necessary to use the inducible expression system and induce Src
expression for a short time (3—4 h) at high cell density.

When protein kinases are expressed in mammalian cells for use in kinase
assays, the cells are usually lysed in RIPA or NP-40 buffer (lacking SDS),
and cell debris is removed by centrifugation before immunoprecipitation.
It is essential that the investigator assures that no “contaminating” protein
kinases are present in the immunoprecipitate. It is important to carry out
control reactions in which the primary antibody incubation step is omitted.
If protein kinase activity is associated with the affinity beads obtained from
such control lysates, steps must be taken to eliminate the nonspecific ac-
tivity. The lysates for example can be preincubated with the affinity beads
to reduce or eliminate the nonspecific activity.

Some kinase antibodies can inhibit or modify kinase activity. Thus, it may
be necessary to test several antibodies to identify one suitable for direct as-
says of immunoprecipitated kinases.

Alternatively, proteins can be used as a substrate for protein kinase assays.
Commonly used protein substrates include acid-treated enolase, alpha and
beta casein, myelin basic protein (MBP), calmodulin, histones H1 and
H2B, and angiotensin. After the kinase reaction, proteins are resolved using
SDS-PAGE, transferred to membrane, and incorporation of 32P is assessed
by autoradiography followed by densitometry scanning.

. Highly purified active c-Src can be purchased from commercial sources

(e.g., Upstate Cell Signaling Solutions [Charlottesville, VA], Calbiochem
[San Diego, CA]) and used as an alternative source of enzyme for the ki-
nase assay. In this case, the reaction should be initiated by the addition of
kinase to the complete reaction mixture.

. The peptide can be incorporated directly into the kinase buffer if multiple

assays are being performed using the same peptide substrate concentration.
The RRLIEDAEYAARG peptide utilized in this protocol is a good substrate
for many tyrosine kinases in addition to Src. Regarding assays of serine/
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10.

threonine kinases, the investigator will need to identify an appropriate sub-
strate peptide, as discussed in the Introduction.

. Specificity for individual groups of tyrosine kinases can be increased by the

introduction of other amino-acid residues such as alanine or lysine (19).
Commercially available synthetic amino-acid polymers are very heteroge-
nous with respect to the range of molecular weight (even each batch of
product may differ) and thus are not suitable for reproducible pattern analy-
sis using SDS-PAGE (autoradiography).
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Comparative Phosphorylation Site Mapping
From Gel-Derived Proteins Using a Multidimensional
ES/MS-Based Approach

Francesca Zappacosta, Michael J. Huddleston, and Roland S. Annan

Summary

Understanding how phosphorylation regulates the behavior of individual proteins is critical to
understanding signaling pathways. These studies usually involve knowledge of which amino acid
residues are phosphorylated on a given protein and the extent of such a modification. This is often
a rather difficult task in that most phosphoproteins contain multiple substoichiometric sites of
phosphorylation.

Here we describe the multidimensional electrospray (ES) mass spectrometry (MS)-based
phosphopeptide-mapping strategy developed in our laboratory. In the first dimension of the
process, phosphopeptides present in a protein digest are selectively detected and collected into
fractions during on-line liquid chromatography (LC)/ES/MS, which monitors for phosphopep-
tide-specific marker ions. This analysis generates a phosphorylation profile that can be used to as-
sess changes in the phosphorylation state of a protein pointing to those phosphopeptides that re-
quire further investigation. The phosphopeptide-containing fractions are then analyzed in the
second dimension by nano-ES with precursor-ion scan for the marker ion m/z 79. As the final
step, direct sequencing of the phosphopeptides is performed by LC/ES/MS/MS. Merits and lim-
itations of the strategy, as well as experimental details and suggestions, are described here.

Key Words: Phosphorylation; protein kinase; mass spectrometry; electrospray; liquid
chromatography.

1. Introduction

Protein phosphorylation is surely the most important posttranslational modifi-
cation by which signals are transmitted within the cell (Z). Signal transduction
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through reversible phosphorylation of intracellular proteins plays an essential
role in controlling many aspects of cell growth, metabolism, and differentiation.
Dissecting the biological pathways that lead to these effects often involves un-
derstanding how phosphorylation regulates the behavior of individual proteins
in the pathway. Key to this process is identifying sites of phosphorylation on se-
lected components in the pathway.

Knowledge of the specific amino acids phosphorylated on a given protein is
often critical to understanding how that protein’s function is regulated. Recently
it has become clear that multisite phosphorylation is quite common (2), but that
not every site contributes to regulating a particular function. The extent to which
any given site is modified in response to stimulation of the cell or a change in
its environment speaks to the physiological relevance of that site.

The challenges for any technique designed to study protein phosphorylation
are at least fourfold. First, the modification can occur at one or several (usually)
of many potential sites within the protein sequence. Therefore, the analytical
technique must sample as much sequence coverage as possible to reasonably
ensure that no sites are missed. Second, many phosphoproteins of interest are
present in the cell at very low level, thus the technique needs to be quite sensi-
tive. Third, the extent of phosphorylation at the various sites can vary greatly
(from 1 to 100%), therefore, the analysis technique needs to have enough se-
lectivity to allow detection of phosphorylated peptides from among the usually
very abundant nonphosphorylated peptides. Last, once the phosphorylated pep-
tide has been detected and tentatively identified, there are usually multiple po-
tential amino acids that could be modified, therefore, it is almost always neces-
sary to determine the exact site of phosphorylation by direct sequencing. The
two techniques that deal most effectively with these challenges are the Hunter
2D phosphopeptide mapping technique (3) coupled to Edman sequencing and
LC coupled to ES/MS/MS (4,5). The major drawback with the first method is
the need to incorporate a radioactive label onto the phosphate group. Although
this can be conveniently done for in vitro assays, metabolic labelling of grow-
ing cells requires large amounts of radioactivity and the prospect of purifying a
low copy number protein from a liter or more of radioactive cell-culture mate-
rial is unappealing to most researchers. For this reason, MS is emerging as the
key technology both for phosphosite mapping and for the determination of
phosphorylation stoichiometry (5-12).

In our laboratory, we have developed and over the years refined, a multidi-
mensional ES/MS-based strategy that allows for selective and sensitive detec-
tion and identification of multisite phosphorylation on proteins. Because the
first dimension provides a profile of the phosphorylation state of the entire pro-
tein, it can also give a semiquantitative measure of the extent to which phos-
phorylation at any given site changes in response to different cellular conditions
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Fig. 1. Schematic diagram of the multidimensional ES/MS method for mapping
phosphorylation sites in proteins.

(5). These changes in phosphorylation stiochiometry speak to the functional sig-
nificance of that site under a certain set of conditions.

The strategy described here utilizes several different MS scanning techniques
to detect and identify phosphopeptides and to determine the exact site of phos-
phorylation. A schematic workflow for the strategy is shown in Fig. 1. In the
first dimension of the process, phosphopeptides present in the proteolytic digest
of a protein are selectively detected and collected into fractions by monitoring
for phosphopeptide specific marker ions PO3 (m/z 79) and PO3; (m/z 63) pro-
duced in the ion source of the MS during on-line LC-negative ion-ES/MS (6).
In this type of experiment, the marker ions are produced in a region of relatively
high pressure located between the ion source and the MS analyzer (see Fig. 2)
via collision-induced dissociation. Energetic collisions between phosphopep-
tide ions and gas molecules result in cleavage of the phosphate group from the



Fig. 2. Configuration of the first dimension LC/ES/MS experiment for the detection and collection of phosphorylated peptides.
The mass spectrometer operates in the negative ion mode for this experiment. Elements are not drawn to scale.
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Fig. 3. First dimension LC/ES/MS analysis of phosphoprotein. (A) Positive ion, total
ion current (TIC) showing the MS signal for all peptides present in a tryptic digest of
the protein. (B) Negative ion, single ion monitoring for m/z 79, showing the MS signal
for the phosphopeptide-specific marker ion PO3.

side chain of serine, threonine, and tyrosine to form PO3 and PO3. The instruments
ideally suited for this experiment are quadrupole MS because of their ability to de-
tect a single ion (or several) 100% of the time. The readout from this experiment
(see Fig. 3B) resembles the radioactivity trace for the high-performance liquid
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chromatography (HPLC) separation of a 32P-labeled sample, except there isn’t
any radioactivity. The inclusion of a chromatographic step is an important
component of the overall strategy. Chromatographic separation of the digest
prior to phosphopeptide analysis greatly minimizes problems associated with
the MS analysis of unfractionated samples such as ion-suppression effects,
charge-state overlap, and dynamic-range limitation and helps maximize the se-
quence coverage. Furthermore, the chromatographic step partitions the total
phosphopeptide pool, reducing the complexity of the nonphosphorylated
background (compare Fig. 3A, B) and provides a substantial measure of sam-
ple clean-up, all of which facilitate the identification and sequencing of the
specific phosphopeptides. A chromatographic separation prior to phosphopep-
tide analysis is essential when dealing with a complex phosphorylation profile
or very large proteins (13—-16).

The column effluent is split just before the ion source (for details see Fig. 2),
with ca. 20% going to the MS for phosphopeptide detection and 80% collected
for further analysis. Columns with an internal diameter of 500 pm or larger
(optimal flow rate 20-50 pL/min) can be used when coupled with a conven-
tional ES source that has an optimal flow rate at the source after splitting of
2-5 pL/min. Smaller-diameter HPLC columns, however, will provide higher
sensitivity owing to the sample concentration effect. Columns with an internal
diameter of 180 or 320 um (optimal flow rate of 3—4 pl/min) can be used if
coupled to micro-electrospray sources that operate at an optimal flow rate of
0.2-0.5 pL/min (5). The selected ion monitor (SIM) trace for m/z 79 and 63 in-
dicates peaks that contain phosphorylated peptides. Comparison of the SIM
trace in Fig. 3B with the corresponding full scan TIC trace from a separate
LCMS run in Fig. 3A shows the reduced complexity of the peptide profile when
monitoring only for phosphate-specific marker ions. This trace also serves as
fingerprint for the phosphorylation profile of a protein. Change in the phospho-
rylation state of a protein would be reflected by a change in the phosphoryla-
tion profile pointing to those phosphorylation sites that require further study.

Figure 4A shows the phosphopeptide specific marker-ion profiles for a tryp-
tic digest of the motor protein myosin-V treated with two different cell extracts:
one extract prepared from cells in interphase and the other extract prepared from
cells in mitosis (17). These data clearly show that phosphorylation of peptides
in fractions 7, 8, and 9 is highly cell cycle-dependent, whereas phosphorylation
of the remaining phosphopeptides in the profile is not. Because myosin-V-de-
pendent organelle transport had been shown to be cell cycle-dependent and sug-
gested to be regulated by phosphorylation (18), further analysis was carried out
on the relevant phosphopeptides in fractions 7-9. In the second dimension of
the analysis, the molecular weight of phosphopeptides present in the selected
fractions is determined by analyzing each fraction using a precursor ion scan
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for m/z 79 in the negative ion mode (Fig 4B) (8,9). The precursor-ion scan for
m/z 79 detects only those ions that can fragment to yield HPO;~. This step is
needed because the fractions collected in the first-dimension LC analysis almost
invariably contain more than one peptide and the phosphopeptides might repre-
sent only a small percentage of the total peptide mixture present in the fraction.
Using conventional MS techniques such as matrix-assisted laser desorption/
ionization (MALDI)-MS or full-scan ES/MS, phosphopeptides are often
masked by the more abundant nonphosphorylated peptides present in a sample.
Using precursor-ion scanning, phosphopeptides can easily be detected even
though they account for less than 1% of the intensity of the largest ion in the
spectrum. In the case of the myosin sample, we found that all three fractions,
7-9, contained the same two phosphopeptides with masses 1921.8 and 1982.6.

From the precursor ion-scan data, a tentative assignment of the amino-acid
sequence for most of the peptides can usually be made; however, the identity of
some peptides will be ambiguous at this point. For instance, the 1921 Da pep-
tides shown in Fig. 4B was assigned to the myosin sequence 1648—1664 with
one mole of phosphate; however, the 1982 Da peptide could not be assigned to
any reasonable sequence. For this peptide and in fact for all identified phos-
phopeptides, we use direct sequencing to establish a confident identity and as-
sign the exact site of modification. Thus, as the final step in the analytical
process, direct sequencing of the phosphopeptides is done by on-line LC, pos-
itive-ion tandem MS of selected precursors (for example see Fig. 4C). This last
step confirms the peptide sequence and usually allows determination of the
exact site of modification. It also identifies peptides that result from nonspecific
enzyme cleavage and that contain other, unanticipated modifications. Fig-
ure 4C shows the MS/MS spectrum for the doubly charged ion (m/z 961.2)
from the 1921 Da phosphopeptide found in Fraction 8. In fact, all three 1921
Da peptides yielded a similar MS/MS spectrum. They showed that in each case
phosphorylation was confined to the first three residues. Based on the presence
of three chromatograph peaks each containing a phosphopeptide with the same
molecular weight, we hypothesized that the protein was phosphorylated on all
three residues to some extent. Using several weak fragment ion peaks found in
the spectrum shown in Fig. 4C, we also suggested that the most abundant phos-
phorylation site was the third residue Ser1650. Site-directed mutagenesis of all
three sites showed these hypotheses to be correct (17). The 1982 Da peptides
was found by MS/MS to have an identical sequence to the 1921 Da peptide with
an unknown modification to the N-terminal serine residue.

Using the strategy outlined in this chapter, we have shown that from among
the many phosphorylation sites present on the myosin-V protein, a single site
was significant in regulating its organelle transport function. Using the strategy
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Fig. 4. Comparative phosphorylation site mapping. (A) Phosphopeptide-selective
profile of myosin-V treated with mitotic (white) or interphase (gray) extract (17). After
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outlined here, we were able to identify that single site without resorting to the
analysis of the entire phosphorylation complement.

2. Materials
2.1. Protein In-Gel Digestion

100 mM ammonium bicarbonate, pH 8.0.

45 mM dithiothreitol (DTT) in 100 mM ammonium bicarbonate, pH 8.0.
100 mM iodoacetamide in 100 mM ammonium bicarbonate, pH 8.0.
Acetonitrile (HPLC-grade).

Modified Trypsin (Promega, Madison, WI).

Heating block at 37°C.

SAAEE I

2.2. Reverse-Phase HPLC Solvents (see Note 1)

1. Solvent A: 2% acetonitrile in water containing 0.1% formic acid +
0.02% trifluoroacetic acid (TFA).

2. Solvent B: 90% acetonitrile in water containing 0.1% formic acid +
0.02% TFA.

3. Sample loading solution: 0.1% formic acid + 0.02% TFA.

4. Autosampler needle wash solution: 40% acetonitrile + 40% 2-propanol.

2.3. HPLC Columns and Trap Cartridges

1. PepMap C18 trap cartridge (300 pm X 5 mm) (Dionex-LC Packings).

2. PepMap C18 capillary column, (300 pm X 15 cm, 3 um particles) (Dionex-
LC Packings).

3. PepMap C18 capillary column (75 um X 15 cm, 5 pm particles) (Dionex-
LC Packings).

purification by SDS-PAGE, myosin-V bands were excised and digested in sifu with
trypsin. Tryptic digests of each sample were fractionated by RP-HPLC as described in
the text. Fractions 7-9 were analyzed by nano-ES using precursor ion scanning for m/z
79. (B) Precursor-ion scan spectrum for fraction 8 showing multiple charge states (2—,
3— and 4-) for two phosphopeptides. Molecular masses are isotope-weighted average
values derived from the individual charge states for each peptide. (C) MS/MS product
ion spectrum of the doubly charged ion (m/z 961.2) from the 1921.8 Da phosphopep-
tide in Fraction 8. The y, ion series shows that residues 1651-1664 are not phosphory-
lated. A weak b, series is present, showing a b, ion corresponding to unmodified Thr!¢+
and Ser'*#- All subsequent b ions (b;—b,, ) are shifted in mass by 80 Da. For the sake
of clarity not all ions are labeled on the spectrum. Actual sequence coverage is indicated
on the peptide sequence. Nomenclature is after Biemann (19).
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2.4. Nano-ES Solvents for m/z 79 Precursor-lon Scanning

1. Basic solution: 50% methanol in water containing 10% ammonium hy-
droxide (made from a 30% stock solution).

2.5. Instrumentation

1. Phosphopeptide selective LC/ES/SIM experiments have been carried out
using an API III triple quadrupole MS (Sciex/Applied Biosystem) equipped
with a nanoflow source from Micromass (Waters). This experiment has
been shown by other laboratories around the world to work equally well on
a variety of triple quadrupole instruments from this and other manufactur-
ers. Instrument lens and voltages used to optimize sensitivity for produc-
tion of the marker ions will vary among the different kinds of triple quads.
Single quadrupole instruments can also be used.

2. Precursor-ion spectra are acquired on an API 3000 triple quadrupole MS
(Sciex/Applied Biosystem) equipped with a nano ES source (Sciex/
Applied Biosystem). These experiments can also be performed on any
other triple quadrupole MS system. We use medium size metal-coated
capillary nano-ES spray tips available commercially (Proxeon, Odense
M Denmark).

3. Targeted LC/MS/MS is performed on a Micromass QTOF instrument
equipped with a Micromass nanoflow source. Any type of LC-tandem MS
instruments can be used to produce MS/MS data. Sensitivity and resolution
will vary with make and model.

4. A conventional Shimadzu HPLC system is used for the capillary
LC/ES/MS/SIM experiments. A precolumn flow rate of 4 pl/min was
achieved using an LC-Packing Acurate microflow splitter. Postcolumn split
is made using a stainless steel or titanium 0.15-mm i.d. micro-volume Valco
tee near the source to make the high-voltage connection.

5. An LC Packings Ultimate system is used for the nanobore LC/MS/MS
experiments.

3. Methods
3.1. Protein In-Gel Digestion (see Note 2)

1. Excise the band of interest from a Coomassie Blue stained gel (see Note 3)
using a clean razor blade or scalpel. The gel band is placed in a 2.0-mL
screw-cap tube.

2. Wash with 500 pL of 100 mM ammonium bicarbonate, pH 8.0, for at least
1 h or until Coomassie blue stain is gone (see Note 4).

3. Discard the liquid. Add 150 pL of 100 mM ammonium bicarbonate, pH 8.0,
and 10 pL of 45 mM DTT in 100 mM ammonium bicarbonate. Incubate for
30 min at 37°C.
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4. Add 10 pL of 100 mM Iodoacetamide in 100 mM ammonium bicarbonate.
Incubate for 30 min at room temperature in the dark (see Notes 5 and 6)

5. Discard the liquid. Wash the gel piece with 1 mL of 50% acetonitrile (v/v)
in 100 mM ammonium bicarbonate, pH 8.0, for 2 h.

6. Discard the liquid. The gel band is cut in small pieces (1 X1 mm) and placed
in a 0.5-mL microcentrifuge tube.

7. Add 50 pL of acetonitrile. Let it stand for 15 min at room temperature. Re-
move the liquid and dry down the gel piece in a Speed-Vac.

8. Gel band is re-swollen in 10 pL of a modified trypsin solution (10 ng/uL in
100 mM ammonium bicarbonate, pH 8.0). Allow to re-swell for 15 min and
then add the appropriate volume of 100 mM ammonium bicarbonate,
pH 8.0, to cover the band (usually 15-30 pL ) (see Notes 7 and 8).

9. Incubation at 37°C overnight.

10. Transfer the liquid to a clean 0.5-mL microcentrifuge tube.

11. Add 25 pL of acetonitrile (or enough liquid to cover the band). Let stand
for 10 min. Transfer the liquid to the tube containing the digestion solution.

12. Repeat step 10 (see Note 9).

13. Concentrate the sample using a Speed-Vac. This step is required both to
remove the organic solvent before LC separation as well as to reduce sam-
ple volume. Do not let the sample go dry.

3.2. Phosphopeptide Mapping Using a Multidimensional
ES/MS-Based Strategy

3.2.1. First-Dimension Analysis: Micropreparative Fractionation of
Phosphopeptides Using Phosphate-Specific LC/ES/MS (see Note 10)

1. Prior to analysis of samples the production and detection of the phosphate-
specific marker ions by LC/MS should be optimized (see Note 11). Gener-
ally speaking, the optimization of the ion-source conditions for the pro-
duction of the marker ions needs only to be done once, but sensitivity
should be checked prior to any round of experiments. For general tuning
and calibration (see Note 12).

2. After checking the MS sensitivity, the LC is connected to the mass spec-
trometer and the whole set-up tested by injecting 200 fmol of phosphopep-
tide standard TRDIYETDYpYRK (Anaspec, San Jose, CA). For this phos-
phopeptide, under these conditions, a signal-to-noise ratio of ca. 10:1
should be observed.

3. Protein digests to be analyzed are acidified (pH =3.0) using an appropriate
volume of 0.1% TFA or loading solution.

4. Protein digests are injected onto a PepMap C18 trap cartridge (300 pm X
5 mm) used in place of the sample loop on the HPLC injector (see Note 13).
After washing with loading solution, the peptides are back flushed off of



102 Zappacosta et al.

the cartridge with a 4 pl/min acetonitrile/water gradient (2-50% B in
20-30 min) onto a PepMap C18 capillary column (300 pum X 15cm, 3 pm
particles) fitted directly into the injector. HPLC mobile phases contain both
0.1% formic acid and 0.02% TFA (see Note 14). The column outlet is con-
nected to a Micromass nanoflow ion source via a 25 um i.d. fused silica line
threaded directly into the source (see Fig. 2). Column flow is split prior to
the MS by means of a 0.15 mm i.d. microvolume Valco tee insert, which
directs 0.4-0.6 pL/min to a 20 um i.d. tapered fused silica ES tip from New
Objectives (Cambridge, MA) (see Note 15). The remainder of the flow is
sent to the prep line for manual collection into polymerase chain reaction
(PCR) tubes. The prep line is PEEK (63 pm i.d., 22.5 cm length) from the
source tee to a Valco union (SS, 0.15 mm i.d.) and fused silica (50 pm i.d.,
45 cm length) on the other side of the union (see Note 16).

5. Fractions that have been shown to contain phosphopeptides are manually
collected into PCR tubes (see Note 17), and immediately placed on ice.
Fractions are stored at —70°C (see Note 18).

3.2.2. Second-Dimension Analysis: Determination of the Molecular
Masses of the Phosphopeptides by Nano-ES With Precursor
lon Scanning

1. Phosphopeptides are detected in the fractions collected in the first dimen-
sion by precursor-ion scanning for m/z 79 (PO;") (see Note 19). Precursor
ion mass spectra are obtained using a nano-ES interface.

2. One-half (or less for abundant phosphopeptides) of each fraction that con-
tains phosphopeptides (or only fractions containing phosphopeptides of in-
terest in cases of differential phosphorylation studies) is made basic by
adding one volume of 50/50 methanol/water containing 10% ammonium
hydroxide (see Note 20). 1.5 uL of sample in the basic solution is loaded
into the back of a medium, metal-coated ES spray needle using an elec-
trophoresis gel-loading pipet tip. The nanospray needle is positioned in the
ion source with the aid of the 2 CCD cameras (see Note 21).

3. Acquire full-scan negative ion spectra to check instrument status and de-
termine optimal spray flow and positioning (see Notes 22 and 23).

4. Acquire negative ion m/z 79 precursor-ion spectra to determine the molec-
ular weight of the phosphopeptide(s) present in the fractions (see Note 24).
In some cases, phosphopeptides can be identified at this stage by their
molecular weight.

3.2.3. Third-Dimension Analysis: Localization of the Site
of Modification by Targeted On-Line LC/MS/MS

Once identified, phosphorylated peptides are sequenced by targeted LC/ES/
MS/MS on a Micromass QTOF equipped with a nanoflow ion source. Individ-
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ual fractions are loaded on a PepMap C18 trap cartridge (300 um X 5 mm) and,
after washing of the cartridge with loading solution, are back-flushed onto a
PepMap C18 capillary column (75 um X 15cm, Sum particles) at 0.3 pL/min
using a 5-50% B gradient in 30 min. HPLC mobile phases contained 0.1%
formic acid and 0.02% TFA. MS/MS data are collected on a single precursor or
on a set of predefined precursors (see Note 25) using a 2-s scan with a precur-
sor-ion window of +3 Da. When multiple precursors need to be sequenced (see
Note 26), different precursors can be analyzed according to their retention time
in time windows during the LC separation. For closely eluting peptides, the in-
strument can be set to alternate between precursors after each scan. By target-
ing a single precursor m/z (or several in a time dependent manner), we are able
to integrate the MS/MS signal over the entire elution profile of the peptide, thus
obtaining some of the nano-ES signal averaging advantage while taking advan-
tage of the tremendous concentration advantage provided by 75 um (i.d.) cap-
illary LC columns. The use of the chromatographic step also significantly re-
duces interference from chemical noise and other peptides of similar m/z (see
Note 27).

Alternatively, if there is no fractionated sample left, targeted LC/ES/MS/MS
can be performed on the whole peptide mixture.

4. Notes

1. All solvents must be HPLC-grade. All chemicals must be of the highest pu-
rity commercially available.

2. This procedure assumes one SDS-PAGE band from a 1.0-mm thick mini
gel. When working with gel-purified sample, gloves must be worn at all
times (including staining of the gel, excision of the bands, and protease di-
gestion) and clean laboratory procedures must be applied (i.e., always keep
tubes in closed containers, change solutions often, do not touch with bare
hands tubes and tips, wash surfaces that will be in contact with the gel with
water and methanol). This will help to minimize keratin and dust contami-
nation. Although these precautions do not seem to be as critical in the first
two dimensions of the strategy in which only phosphopeptides are detected,
it might affect the third-dimension experiment.

3. The procedure reported for the detection and identification of phosphopep-
tides has not been tested with silver-stained gel bands. Whenever possible,
colloidal Coomassie should be used.

4. For heavily Comassie-stained bands, an overnight wash is advisable.
Coomassie Blue dye contains a sulfonate group that will generate a SO~
ion (m/z 80) both in the first-dimension and in the second dimension
experiment. During the LC separation, the dye will elute very late in the
gradient, so in most cases it should not interfere with the analysis, how-
ever, it is probably advisable to remove it anyway. Extensive washes
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are mandatory in cases when no LC separation is used prior to m/z 79
precursor-ion scanning.

. DTT and iodoacetamide solutions can be prepared and kept at 4°C for a few

days. The iodoacetamide solution should be kept in the dark (for instance,
by wrapping the tube in foil).

Reduction and alkylation is essential for samples separated by first-dimen-
sion SDS-PAGE even when the reducing agent was already present in the
loading buffer. This step, however, might be skipped if samples are derived
from second-dimension-gel electrophoresis in that a reduction and an alky-
lation step is already performed between the first- and second-dimension
analysis.

. The most commonly used enzyme for generating peptide digests for mass-

spectrometric analysis is trypsin. This enzyme, which specifically cleaves
after the Lys and Arg residues (except cases when the following residue is
a Pro), usually generates peptides ideally suited for MS analysis in size
(500-3000 Da) and that present fragmentation patterns well-understood.
However, other proteolytic enzyme can be used if the sequence of the pro-
tein under investigation requires it. Asp-N, Glu-C, Lys-C, and Arg-C are all
useful. Enzymes with less-stringent specificity such as chymotrypsin might
still be used, though nearly all peptide assignments will need to be validated
by MS/MS sequencing.

. Modified porcine trypsin (Promega) is usually employed in our laboratory.

In this form of the enzyme, the Lys residues have been modified so as to
partially inhibit autolysis. A 100 ng/uL trypsin solution is prepared in water,
aliquoted (10 pL/aliquots), and immediately stored at —20°C. For each use,
90 pL of 100 mM ammonium bicarbonate, pH 8.0, are added to an aliquot,
vortexed, and 10 pL added to each dried gel band. The unused diluted
enzyme is discarded.

. Although we found that organic extraction does not greatly improve the ex-

traction of the peptides from the gel matrix, we still use it to displace all the
peptide-containing aqueous solution trapped in the gel pieces.

Introducing an HPLC separation step will provide sample clean-up and
peptide fractionation. However, very hydrophilic or very hydrophobic
(phospho) peptides might not be recovered after the LC separation owing
to their chromatographic properties on typical C18 stationary phases. In
these cases, an alternative (or additional) proteolytic digestion might be
employed in order to change the character of the peptide.

Conditions described here are specific to acquisition of ES mass spectra on
Sciex/Applied Biosystems quadrupole mass spectrometer API-III (Con-
cord, Ontario, Canada). Instrument conditions (declustering potential,
spray position, sample flowrates, gas flows, voltage settings, etc.) for the
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production of m/z 63 and 79 are optimized by infusing a 5 pmol/uL solu-
tion of a phosphopeptide standard in 30% HPLC mobile phase B contain-
ing 0.1% formic acid + 0.02 % TFA. We use KRPpSQRHGSK (Univer-
sity of Michigan Protein and Carbohydrate Structure Facility). The signal
for m/z 63 and 79 are simultaneously monitored in real time by SIM (100
ms dwell per ion). The signals are then maximized individually by adjust-
ing the declustering potential for each. On the Sciex API-III, the optimal
declustering voltages are ca. —350V for m/z 63, and —300V for m/z 79
using TFA-containing mobile phases. The low mass region of the spectrum
containing the phosphate marker ions is shown in Fig. SA. For comparison
the solvent background is shown in Fig. 5B. The signal-to-background for
m/z 63 and 79 is typically ca. 40:1 and 70:1, respectively, by constant
infusion of the standards under these conditions.

Tuning and calibration is performed using a solution containing a mixture
of polypropylene glycol (PPG) 425, 1000, and 2000 (3 X 10-5M, 1 X
10-4M, and 2 X 10-4M, respectively) in 50/50/0.1 water/methanol/formic
acid (v/v/v), 1 mM ammonium acetate. The m/z range of 10-2400 is cali-
brated in the negative-ion mode by multiple-ion monitoring of the isotope
clusters of six PPG ion signals and two TFA-related ions, m/z 69 (CF3) and
m/z 113 (CF3CO,). The TFA-derived ions are present as background in any
mass spectrometer that is regularly exposed to TFA-containing HPLC mo-
bile phases. Mass spectra are recorded at instrument conditions sufficient
to resolve the first two isotopes of anion m/z 991.7 (PPG + HCO,)— so
that the valley between them is 55% of the height of the second isotope for
the singly charged ion.

The use of a trap cartridge in place of an injection loop has two advantages:
it allows loading of a larger sample volume and provides sample clean-up.
Injection volume can be up to several hundred pL.. Wash of the trap car-
tridge after sample loading should be performed in 0.1% TFA or loading
solution regardless of the solvent used during the LC run. Under these con-
ditions, retention of the hydrophilic peptides on the trap cartridge is maxi-
mized. For best retention of peptides, caution should be used not to load the
sample too quickly. On this size trap, we typically load 10 pL in 20-30 s.

Although conventional 0.1% TFA-containing mobile phases may be
employed, sensitivity for phosphopeptide detection is increased approx
2.5-fold (as measured by signal-to-noise ratio) using a combination of
0.02% TFA and 0.1% formic acid. The degree to which the quality of the
chromatographic separation is compromised can range from minimal to
significant depending on the specific type of C18 employed. Therefore,
columns should be tested with a mixture of standard phosphorylated and
nonphosphorylated peptides prior to committing real samples for analysis.
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For maximum sensitivity of peptide analysis by LC/ES/MS positive ion,
TFA may be eliminated altogether and replaced with 0.2% formic acid.
However, no apparent benefit is seen for phosphate marker ion sensitivity
when doing LC/ES/MS SIM with 0.2 % formic acid alone. Some chro-
matographic peak integrity is sacrificed under these conditions, although
certain column packings (such as the PepMap C18 phase, LC-Packings
used in our laboratory) can perform very well.

To reduce the risk of plugging, immediately following LC/ES/MS, a sy-
ringe is connected in place of the column flow and methanol is infused to
flush the source and split lines free of acetonitrile and TFA. Following this,
the syringe is filled with air and the system flushed until no liquid is seen
coming from the ends of the spray and the prep fused silica.

The prep line union is grounded to prevent electrospraying at the exit.
When manually collecting fractions according to elution profile, a delay
time given by the length of the prep line should be taken in consideration.
To minimize coelution of several phosphopeptides, fractions should be col-
lected according to the LC/SIM peak elution profile and not at specified
time intervals.

When working with low-abundance phosphopeptides, it is imperative to
carry out the whole phosphorylation mapping procedure in the shortest time
possible, never letting the fractions sit for more than a day or two.
Phosphopeptide-selective detection by precursor ion scanning using nano-
ES is optimized using freshly prepared stock solutions of standard phospho-
peptides to produce and detect the m/z 79 (PO, ~) marker ion. Five hundred
femtomoles of phosphopeptide KRPpSQRHGSKY (University of Michi-
gan Protein Structure Facility) is diluted just prior to analysis to a final con-
centration of 100 femtomole/uL using 5 pL of 50/50 methanol/water
containing 10% ammonium hydroxide. The basic solution is made up fresh
by diluting a 30% ammonium hydroxide stock solution with H,O to make a
20% NH,OH solution, which is then mixed 1:1 with methanol in a 1.5-mL
Eppendorf tube. 1.5 pL of the standard solution is loaded into the nanospray
capillary. The resolution of Q3 is reduced to pass a 4-5 Da window around
the marker ion of interest (m/z 79) to enhance precursor scan sensitivity. A
further small gain in sensitivity is obtained by decreasing the resolution of
QI. Nitrogen gas is used as the collision gas in Q2.

In our previously reported studies, dried down the samples prior to nega-
tive-ES precursor ion scanning for m/z 79 experiments. Samples were
afterwards resuspended in 50/50 methanol/water containing 10% ammo-
nium hydroxide. However, we found that bringing samples to dryness was
the main cause of tip plugging. Therefore we changed our protocol and now
just make the solution basic by adding an appropriate volume of 50/50
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methanol/water containing 10% ammonium hydroxide, typically 1:1 sam-
ple to basic solution. This has reduced drastically the incidence of tip plug-
ging. After fractions have been made basic, the samples should be analyzed
as soon as possible, preferably the same day.

The optimal position in terms of S/N on the Sciex nano-ES source is a few
mm directly in front of the orifice. To generate a stable signal and maintain
a minimum flow rate (20—40 nL/min), a positive air pressure on the sample
in the capillary, of slightly more than atmosphere, usually is required. Some
capillaries require touching to the gate valve plate (voltages off and apply-
ing air pressure) to initiate sample flow. With sample flowing, the elec-
tronics are then turned on before the final adjustment of moving the capil-
lary toward the orifice. This last adjustment is made using the cameras and
by monitoring the changes in the mass spectra from scan to scan in real
time. Tuning and calibration for full-scan data acquisition in negative ion
nano-ES modes is carried out as described in Note 12.

In order to help prevent plugging of the needle and, hence, deterioration of
spray stability (which can happen during negative ion nano-ES of basic so-
lutions), a slightly higher spray air pressure is used compared to that needed
to do positive ion. If plugging occurs, it can often be removed by increas-
ing the air pressure to the capillary, and forceful touching of the tip to the
entrance plate (with voltages off). When a droplet is observed, air pressure
is reduced to normal operating levels.

When acquiring data on samples that approach the limit of detection (less
than 50 fmoles total), there may be little or no obvious peptide signal in the
full-scan negative ion mode. In such cases, we often add a peptide as an in-
ternal standard to the sample (50 fmole/uL). In this case, a narrow m/z win-
dow around the peptide can be used to rapidly assess S/N and spray stabil-
ity while optimizing air pressure (flow rate) and sprayer position.
Acquisition is terminated when the overall ion statistics and appearance of
the spectrum are satisfactory to the researcher. Acquisition times can
range between a few minutes (3—5 min) for abundant phosphopeptides, to
30—45 min for samples that approach the limit of detection.

If enough material is available, it might be wise to use a small aliquot of
the sample for LC/MS analysis to determine the preferential charge state
for the phosphopeptide(s) under investigation. By switching from negative
to positive ion and from basic to acidic condition, the most abundant charge
state can not always be anticipated. LC/MS analysis will be beneficial even
in these cases when more that one phosphopeptide per fraction needs to be
targeted for sequencing. Knowledge of the retention time, in fact, will allow
sequencing several precursors in a single-targeted LC/MS/MS experiment
by changing the targeted precursor according to its elution time.
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On a QTOF instrument (as well as on a triple quadrupole instrument) the
amount of collision energy (CE) applied to induce peptide fragmentation is
critical for the quality of the spectra and therefore for the completeness of
the sequence. A certain correlation exists between peptide size, charge state,
and optimal CE (for instance for a doubly charged peptide at m/z 650, the
optimal CE should range around 26-27 eV). These value can be empirically
determined. For the Micromass Q TOF, a list of collision energies for var-
ious peptide m/z and charge-state ranges is available with the instrument to
assist in setting up the LC/MS/MS experiments. It should be noted that the
CE values suggested by Micromass are almost invariably too high for triply
charged peptides. Whenever the phosphorylation stoichiometry is low (ca.
5-10%), a viable alternative is to determine optimal conditions using the
nonphosphorylated counterpart, which of course will require far less sam-
ple. The bulk of the sample can then be used for sequencing the phospho-
peptide. It should be pointed out that if an ion trap instrument is used in-
stead of a quadrupole-TOF instrument for targeted peptide LC/MS/MS, the
collisional parameters are less critical.

In some cases, nano-ES might be a better choice for phosphopeptides se-
quencing over targeted LC/ES/MS/MS. For large or otherwise difficult to
fragment peptides, averaging of the signal over a longer period of time can
be extremely beneficial.
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Studies of Calmodulin-Dependent Regulation

Paul C. Brandt and Thomas C. Vanaman

Summary

Methods are presented for purifying bovine testes calmodulin and the calmodulin-regulated
plasma-membrane calcium ATPase from human erythrocytes by calcium dependent affinity chro-
matography. The assay of CaM Kinase II using a synthetic peptide substrate is also described.

Key Words: Affinity chromatography; calcium; calmodulin; plasma membrane calcium
pumping ATPase; CaM-dependent protein kinase; enzyme assay; phenothiazine.

1. Introduction

Calmodulin (CaM) is a small (17 kDa) highly acidic protein first described
more than 30 yr ago as an activator of cyclic nucleotide phosphodiesterase (1,2),
later shown to be dependent on its ability to bind calcium (3). Subsequent work
(4) showed that calmodulin is widely distributed throughout all eukaryotes as a
highly conserved, high-affinity calcium-binding protein that serves as the arche-
type for the EF-hand family of calcium-regulated proteins.

To date, calmodulin has been identified as a direct calcium-dependent regu-
lator of numerous enzymes and proteins involved in signal transduction (for re-
view see ref. 5) including the aforementioned phosphodiesterase, both mam-
malian and bacterial adenylate cyclases, numerous protein kinases, the
phosphoprotein phosphatase calcineurin, three forms of mammalian nitric oxide
synthase, plasma membrane calcium pumps and channels, G proteins, transcrip-
tion factors, histone deacetylases, and other cellular proteins. These various
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proteins and their corresponding regulatory cascades are involved in many di-
verse aspects of cellular function, division, differentiation, and even cell death.

In almost all cases, calmodulin acts as a calcium-dependent activator of re-
sponses. This requires calcium binding to all four EF-hand calcium-binding
sites that are arranged in pairs in each end of the molecule. As is now clear
from three-dimensional structures of apo (6) and calcium replete (7) calmod-
ulin, calcium binding causes conformational changes in CaM exposing hy-
drophobic/ aromatic binding pockets. These pockets plus acidic residues in the
central helix of the molecule provide a recognition surface for proteins with
complementary basic amphipathic helical segments representing calmodulin-
binding domains. Conformational flexibility of these interacting surfaces (8)
permits calmodulin to bind to a variety of sequences with moderate (uM) to
high (nM) affinity.

The variety of cellular targets for calmodulin action as well as the presence
of over 200 genes in mammals encoding proteins containing the EF hand struc-
ture involved in high-affinity calcium binding make assessment of a physio-
logical role for calmodulin in regulating a biological process a challenging task.
This task is made even more difficult by the fact that calmodulin is an essential
protein in all eukaryotes, thus, limiting genetic approaches.

The reader is referred to the web site http://structbio.vanderbilt.edu/cabp_
database/cabp.htmL for more detailed information on calmodulin structure and
function and the calcium-binding protein (CaBP) super family of proteins.

This chapter will describe in detail how to isolate calmodulin and calmod-
ulin-binding proteins by calcium-dependent affinity-binding methods and how
to assay a specific calmodulin-regulated enzyme, CaM Kinase 11, in either crude
homogenates or following purification by immunoprecipitation.

2. Materials

2.1. Calmodulin Purification by Trifluroaminopropylphenothiazine
(TAPP): Sepharose Affinity Chromatography

1. 10X Homogenization buffer: Prepare 1 L of 100 mM Tris (12.1 g Tris-free
base), 10 mM EGTA (3.8 g) adjusted to pH 7.5 with 6 N HCL.

2. 10X TAPP loading buffer: Prepare 1 L of 100 mM Tris (12.1 g Tris-free
base), 20 mM CaCl, (2.9 g), 2 M NaCl (116.9 g) adjusted to pH 7.5 with
6 N HCL

3. TAPP-Sepharose elution buffer: Prepare 1 L of 10 mM Tris (1.21 g Tris-
free base), 200 mM NaCl (11.7 g), 10 mM EGTA (3.9 g), | mM 2-mercap-
toethanol (70 pL) adjusted to pH 7.5 with 6 N HCL.

4. 100 mM Phenylmethylsulfonyl fluoride (PMSF) in 95% ethanol (prepared
just prior to use).
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TAPP-Sepharose (50 mL packed resin): Prestripped with 6 M guanidinium
chloride and equilibrated in 1X TAPP loading buffer containing 70 pL/L
2-mercaptoethanol.

Cold deionized water.

6 M H,SO, in saturated Ammonium sulfate.

1 M Tris-free base (121.7 g/L).

10 mM ammonium bicarbonate (0.79 g/L).

Sephadex G-50 (250 mL packed bed) in 10 mM ammonium bicarbonate.

2.2. Preparation of CaM-Sepharose

All solutions should be prepared in advance and chilled. Washing steps also

require large volumes of chilled deionized water.

1.

Activating buffer: 2 M sodium carbonate, pH 11.0 (212 g/L)

2. Washing buffer: 0.1 M sodium bicarbonate, pH 9.5 (8.4 g/L)

a

. Coupling buffer: 0.2 M sodium bicarbonate (16.8 g/L), 0.5 M NaCl

(29.3 g/L), pH 8.3.
CNBr stock solution: 2 g/mL in acetonitrile (prepare immediately before use).

. CaM stock solution: 1 mg/mL in coupling buffer (prepared from dried CaM

stock immediately before use).
Quenching solution: 1 M ethanolamine-HCI, pH 8.0.

. Storage buffer: 40 mM Tris (4.87 g/L Tris free base), 1 mM CaCl,

(0.111 g/L of anhydrous CaCl,) adjusted to pH 8.0 with 1 M HCI.

2.3. CaM-Sepharose Chromatography of Human Erythrocyte
Caz*-Pumping ATPase

1.

2.

RBC wash buffer: 10 mM Tris-HCI (1.58 g/L), 0.13 M KCl (9.69 g/L), ad-
justed to pH 7.2 with 1 M HCl or 1 M KOH.

Lysis buffer: 10 mM Tris-HCI (1.58 g/L), 5 mM EGTA (1.90 g/L), adjusted
to pH 7.2 with 1 M HCl or 1 M KOH.

. HEPES wash buffer: 10 mM HEPES (2.38 g/L) adjusted to pH 7.2-7.4 with

1 M HCI.
Ghost storage buffer: 10 mM HEPES (2.38 g/L), 0.13 M KCl (7.46 g/L), 0.5
mM MgCl, (0.05 g/L), 0.05 mM CaCl, (5.5 mg/L), adjusted to pH 7.2-7.4.

. CaM-Sepharose loading buffer: 20 mM HEPES (4.76 g/L), 0.13 M KCl

(7.46 g/L), 0.5% (w/v) Triton X-100 (S.G. = 1.07: 4.67 mL/L), 0.05%
(w/v) phosphatidylcholine (20 mL of 25 mg/mL stock solution in H,O/L),
0.1 mM CaCl, (11.1 mg/L), 20 uM PMSF (200 pL of 0.1 M stock solution
in ethanol/L), pH 7.4.

. CaM-Sepharose elution buffer: 20 mM HEPES (4.76 g/L), 0.13 M KCI

(7.46 g/L), 0.5% (w/v) Triton X-100 (S.G. = 1.07: 4.67 mL/L), 0.05%
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(w/v) phosphatidylcholine (20 mL of 25 mg/mL stock solution in H,0),
5 mM EGTA (1.46 g/L), 20 uM PMSF (200 pL of 0.1 M stock solution in
ethanol/L), pH 7.4.

7. ATPase assay cocktail: 30 mM HEPES (7.14 g/L), 120 mM KCl (6.89 g/L),
0.05 mM CaCl, (5.55 mg/L), 0.5 mM MgCl, (0.05 g/L), 0.5 mM K,ATP
(dihydrate: 0.31 g/L), 60 nM CaM (1 mg/L), pH 7.4.

8. Lanzetta reagent: Mix 1 volume of 4.2% (4.2 g/100 mL H,O) ammonium
molybdate in 4 N HCI with 3 volumes of 0.045% (0.045 gm/100 mL H,0)
malachite green hydrochloride in H,O, mix for 20 min, and filter through
Whatman no. 5 filter paper.

9. 34% (34 g/100 mL H,0) sodium citrate dihydrate in H,O.

2.4. Measurement of CaM-Kinase Il Activity in Tissue Extracts

1. Calmodulin: Prepare a 1 mg/mL solution of purified calmodulin in water
and store in aliquots at —70°C

2. Autocamtide-3: Prepare autocamtide-3 (KKALHRGETVDAL, Biosource
International, Camarillo, CA or Calbiochem, San Diego, CA) at 1 mM
(1.44 mg/mL) in water and store in aliquots at —70°C.

3. Mg-ATP solution: Mix equal volumes of 20 mM Na,ATP and 20 mM
MgCl,. Adjust to pH 7.4 with either HCI or NaOH as necessary.

4. 5X CaM Kinase II assay buffer: 100 mM Tris, pH 7.4, 25 mM MgCl, and
5 mM CaCl,.

5. [y-32P]-ATP working solution: Typically, [y-32P]-ATP is purchased with a
specific activity of 3000 Ci/mmol and is available from a variety of sources.
Prepare a working solution of [y-32P]-ATP by adding 1 puL of the 10 mM
Mg-ATP solution to 89 pL water and then adding 10 pl of 10 pCi/uL
[y-32P]-ATP. This will produce a final working solution of [y-32P]-ATP that
is 1 uCi/uL. The new specific activity for this [y-32P]-ATP working solu-
tion is 10 Ci/mmol.

6. P-81 phosphocellulose paper: P-81 phosphocellulose paper (Whatman,
Clifton, NJ) may be purchased as pre-cut 2.5 cm diameter circles or larger
sheets that may be cut into 2 cm X 2 cm squares. The sample number
should be marked on the filter paper in pencil because most inks dissolve
in the final acetone wash.

7. Phosphoric acid: 75 mM orthophosphoric acid (4.00 mL 100% O-phosphoric
acid/L).

8. Reagent grade acetone.

9. Lysis buffer: 50 mM HEPES, pH 7.4, 100 mM NaCl, 1% Triton X-100,
2 mM EDTA, 2 mM EGTA, 50 mM NaF, 5 mM B-glycerophosphate, 1 mM
Na ortho-vanadate, 1 pg/mL leupeptin, 1 pg/mL pepstatin A, 1 pg/mL an-
tipain, 1 mM PMSF.
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10. Modified RIPA buffer: 50 mM Tris-HCI, pH 7.4, 1% NP40, 150 mM NaCl,
2 mM EDTA, 2 mM EGTA, 1 mM Na ortho-vanadate, 1 mM NaF, 1 uM
leupeptin, 1 uM pepstatin A, 1 uM aprotinin, 1 mM PMSF.

11. Protein A or G agarose: Use Protein A with rabbit polyclonal antibodies
(PAbs) and Protein G with mouse monoclonal antibodies (Mabs). Wash the
resin twice in phosphate-buffered saline (PBS) and prepare as a 50% slurry
in PBS. Store at 4°C.

12. Anti-CaM kinase II antibody: Many commercial CaM kinase II antibodies
are available for use in immunoprecipitation. However, not all will precip-
itate the kinase without also blocking activity. Unless, it is specified that the
antibody is compatible with kinase assays, it will be necessary to determine
that the antibody will precipitate an active kinase.

13. PBS for 1 L: 11.5 g Na,HPO,, 2 g¢ KH,PO,, 80 g NaCl, 2.0 g KCI yields
pH 7.4.

14. Bicinchoninic acid protein assay reagent (BCA): Pierce Chemical Com-
pany, Rockford, IL.

3. Methods

3.1. Purification of Calmodulin by Calcium-Dependent
Affinity Chromatography

The ability of calmodulin to bind to hydrophobic/aromatic moieties, includ-
ing small molecules, in a calcium-dependent manner provides the basis for a
very simple and specific method for its isolation. The protocol set forth below
was first described (9) for the purification of CaM using a column prepared with
a reactive amine containing des-methyl derivative, chloroaminopropyl phe-
nothiazine (CAPP), of the calmodulin antagonist, chlorpromazine. A number of
other phenothiazine derivatives useful for calmodulin isolation have been de-
scribed (10) including TAPP-Sepharose as shown below. The protocol also
works well with commercially available phenyl-Sepharose with only minor al-
terations to the protocol (11).

The procedure described below is for isolating CaM from bovine testis. It in-
volves preparing an initial extract and subjecting it to fractionation with am-
monium sulfate prior to TAPP-Sepharose chromatography to remove interfer-
ing contaminants. Purification of CaM from other eukaryotic sources may
require additional steps as a result of the presence of other proteins (especially
related CaBPs) that also interact with the resin (see Note 1).

3.1.1. Day 1
Do all work at 4°C.

1. Starting with three adult bull testes (approx 800 g), remove the testes from
the scrotal sack. (This is most easily done using frozen testes that have been
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partially thawed overnight in the cold room.) Testes are chopped into small
pieces, then minced by passage two times through a meat grinder and
weighed.

2. Dilute homogenization buffer 1:10 and add 2-mercaptoethanol to 1 mM
(70 pL/L), then add 10 mL of stock PMSF solution per liter.

3. Homogenize minced testes in 2 volumes (per weight) of homogenization
buffer in a Waring blender 3 X 1 min at top speed.

4. Centrifuge at 10,400g (see http://opbs.okstate.edu/~melcher/CentHelp.html
for appropriate rotor speed) for 60 min.

5. Pour supernatant through cheesecloth and save. Re-homogenize the pellet
in 1 volume of homogenization buffer. Centrifuge as previously-mentioned
and combine this supernatants with the first one.

6. Pass combined supernatants through cheesecloth again.

7. Sixty percent Ammonium sulfate cut: Slowly add 390 g/L of ammonium
sulfate (see ref. 12) to the combined supernatant with vigorous stirring.
Maintain at pH 7.5 by titration with 1 M NH,OH or 1 M H,SO, as needed.

8. Stir at 4°C for at least 1 h. Recheck pH.

9. Centrifuge at 25,000 g for 60 min and collect the supernatant fraction by
pouring through cheesecloth to remove residual particulates.

10. Acid Precipitation of Ammonium Sulfate Supernatant: Adjust the filtered
60% ammonium sulfate supernatant to pH 4.1 using ammonium sulfate-
saturated 6 M H,SO,. Stir for at least 60 min. Readjust to pH 4.1.

11. Centrifuge at 25,000 g for 60 min. Decant the supernatant fraction and
discard.

12. Resuspend the pH 4.1 pellet in a minimum volume of 1X TAPP loading
buffer by using a dounce homogenizer. Dissolve the pellet by adjusting the
suspension to pH 7.5 with 1 M Tris (free base) while stirring. After the sus-
pension has clarified, stir for an additional 30 min while maintaining pH 7.5.
Try to keep volume small (<100 mL).

13. Centrifuge the redissolved pellet fraction at 105,000g for 30 min and re-
cover the supernatant fluid; adjust the pH to 7.5 if necessary.

14. Load the supernatant onto a 2.0 X 16 cm column of TAPP-Sepharose equil-
ibrated with calcium-containing TAPP loading buffer, collect the flow-
through, and pass over the column a second time.

15. Wash the column overnight with TAPP loading buffer (at least 2 L).

3.1.2. Day 2

1. Monitor the A,;s,.. of the unbound pass through fraction against loading
buffer. When it is less than 0.1, begin elution.

2. Elute the column with TAPP-Sepharose elution buffer, collecting 2.5-mL
fractions in tubes containing 150 pL TAPP loading buffer that has been
made 500 mM in CaCl, (see Note 1).
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3. Measure the A,z or Ay, and pool corresponding protein-containing
fractions.

4. Desalt over a Sephadex G-50 column (2.0 X 50 cm) in 10 mM ammonium
bicarbonate, collecting 2.5-mL fractions. Detect CaM by A, . pool and
lyophilize. (N.B: CaM concentration can be estimated based on extinction
at 276 nm. Elmg/mL’ 276nm — 0-18).

3.2. Preparation of CaM Sepharose

The ability of CaM to interact with most target proteins only in the presence
of Caz* offers an excellent method for their purification as well. The protocol
below, first described (13) for isolating CaM-sensitive cyclic nucleotide phos-
phodiesterase, has been used widely for the isolation of a variety of CaM-reg-
ulated enzymes and to demonstrate their CaM dependence. It should be noted
that most tissues have a large number of CaM-binding proteins. For example,
we have detected over 30 proteins from synaptosomes that bind to CaM-
Sepharose as judged by two-dimension gel electrophoresis. These include pro-
teins such as plasma-membrane calcium pumps, CaM Kinase II, calcineurin,
cyclic nucleotide phosphodiesterase, and other proteins known to be present at
the synapse. The preparation of CaM-Sepharose is straightforward and involves
coupling to CNBr-activated Sepharose 4B. This and related activated supports
can be purchased commercially or prepared as described below based on the
original protocol of March et al. (14).

3.2.1. Activation
(All operations should be performed in a chemical fume hood.)

1. Using a 600-mL coarse sintered-glass funnel, wash 50 mL (packed volume)
of sepharose 4B extensively with distilled water (1-2 L), then twice with
300 mL of activating buffer.

2. Dry the resin to a moist cake (until liquid just enters resin bed) by suction
and transfer to a beaker as a 1:1 slurry in activating buffer.

3. While stirring, add 0.05 volumes of the cyanogen bromide solution in ace-
tonitrile dropwise over about 2-3 min, and continue stirring vigorously for
about 5 min.

4. Transfer the activated resin to the original coarse sintered-glass funnel and
wash extensively with water (2-3 L minimum) until no smell of CNBr is
detected (see Note 2).

5. Wash the resin with 10 volumes of 0.1 M sodium bicarbonate, pH 9.5, fol-
lowed by 10 volumes of coupling buffer (0.2 M sodium bicarbonate, 0.5 M
NaCl, pH 8.3).
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3.2.2. Coupling

6. Dry the activated resin again to a moist cake and transfer to a mixing flask
with a suspended magnetic stirring bar (100-mL spinner culture bottles are
excellent for this purpose).

7. Add 50 mL of a 1 mg/mL solution of CaM in coupling buffer and stir the
reaction mixture gently overnight at 4°C.

8. Transfer the coupled resin to a sintered-glass funnel and remove the reacted
coupling mixture by suction. (N.B.: This fraction may be saved to test for
residual calmodulin to assess coupling efficiency [usually <80%].)

3.2.3. Quenching and Storage (see Note 2)

1. Wash the coupled resin with 5 volumes of coupling buffer, suction to a
moist cake, and resuspend as a 1:1 slurry in quenching solution.

2. React with gentle stirring for 1 h to block any remaining activated functional
groups. (It should be noted that ethanolamine is ideal for this purpose, be-
cause reaction with the amine moiety results in incorporation of an aliphatic
hydroxyl moiety, preserving the properties of the Sepharose matrix.)

3. Finally, wash the resin exhaustively with storage buffer and store as a 1:1
slurry in this buffer at 4°C. The resulting CaM-Sepharose conjugate is func-
tional for 3—6 mo.

3.3. CaM-Sepharose Chromatography of Human Erythrocyte
Ca2*-Pumping ATPase

CaM-Sepharose can be used for the purification of both readily soluble cy-
tosolic proteins and membrane-localized proteins that require detergent solubi-
lization. An excellent example of the latter is the purification of the plasma-
membrane calcium-pumping ATPase (PMCA) in animal cells by the protocol
below first described by Carafoli and co-workers (15,16) for human erythrocyte
PMCA. Unless otherwise specified, all of the following operations are carried
out at 4°C.

3.3.1. Day 1: Preparation of Erythrocyte Membrane
(RBC Ghosts) Fraction

1. Resuspend 6 to 7 U (1.5-1.7 L) of recently outdated packed red blood cells
(RBCs) from the local blood bank in 5 volumes wash buffer.

2. Centrifuge at 5,800g for 10 min in 1-L swinging bucket rotor bottles.

3. Gently aspirate off the supernatant, including the white blood cells
(WBCs), which come off in large clumps. (Be sure to remove WBCs as
completely as possible, even at the sacrifice of some RBCs, as they contain
proteases as well as numerous calmodulin binding proteins.)
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4.

Repeat step 1. (N.B.: At this stage, the sedimented RBC fraction is a very
loose pellet behaving like a very thick liquid rather than a hard pellet. It is
easily resuspended, requiring great care in handling.)

. Resuspend the washed RBC fraction from step 2 by filling the 1-L cen-

trifuge bottles with lysis buffer followed by gentle mixing with inversion
and pellet the RBC ghosts by centrifuging at 24,000¢ for 35 min in a fixed
angle rotor (routinely in 250 mL centrifuge bottles).

Carefully remove the supernatant containing hemoglobin and other soluble
red cell constituents, taking care not to lose pellet material (very soft and
difficult to see as the supernatant is dark red).

. Resuspend the RBC ghosts in half the original volume of lysis buffer and

combine the contents of pairs of centrifuge bottles to concentrate the ghost
preparation, centrifuge, and remove the supernatant as above.

. Using the same procedure as set forth in step 5 for concentrating the ghosts,

wash the resulting RBC ghost pellet two to three times further with the
HEPES wash buffer by resuspension and centrifugation until the ghosts are
white or light pink. During these washes, pool the washed RBC ghost
(membrane) fraction with care not to disturb the red pellet (unlysed RBCs)
at the bottom of the bottles. (N.B.: The final preparation should be in a sin-
gle 250-mL centrifuge bottle.)

. Perform a final wash of the recovered RBC membrane fraction by filling

the centrifuge bottle with HEPES storage buffer, centrifuge, and remove the
supernatant. Store the RBC ghost preparation at 4°C overnight.

3.3.2. Day 2: CaM-Sepharose Chromatography

1.

Resuspend the soft RBC ghost pellet by gentle swirling. Measure the vol-
ume of the ghosts and assay for protein content. Add sufficient HEPES
storage buffer to make the final protein concentration approx 5 mg/mL.

Solubilize RBC ghosts by the addition of 5 mL of 10% Triton X-100
(10 g/100 mL: Specific Gravity = 1.07 g/mL) per 100 mL of resuspended
RBC ghosts to give a final concentration of 5 mg Triton X-100/mL (1:1 w/w
ratio with protein). Stir slowly with a magnetic stirrer for 25 min at 4°C.

. Centrifuge the solubilized RBC ghosts at 100,000g for 35 min at 4°C and

collect the supernatant fractions from each centrifuge bottle and combine
as necessary.

. Measure the volume of the pooled supernatants and add, for each 100 mL of

supernatant, 2 mL of stock phosphatidyl choline (25 mg/mL), 2 mL of stock
dithiothreitol (DTT) (100 mM) and 100 pL of 100 mM CaCl, (final concen-
trations: 0.5 mg/mL phosphatidyl choline, 2mM DTT and 0.1 mM CaCl,).

Apply the supernatant to a 1.5 X 10 cm CaM-Sepharose column equili-
brated in sample application buffer and wash with 2-3 bed volumes of this
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buffer followed by at least 2-3 bed volumes of wash buffer until the
Asgy om r€aches baseline.

6. Elute the column with elution buffer collecting 1-mL fractions into tubes
containing 0.1 mL of the 50% glycerol stabilizing solution.

7. Read the A, ., and assay fractions for ATPase activity as follows:

a. Mix 200 pL assay cocktail with 10 pL of each fraction.

b. Incubate at 37°C for 10 min.

c. Add 59 pL of the reaction mixture to 800 pL of Lanzetta (17) reagent
and mix.

d. After 1 min, add 100 pL of 34% (w/v) sodium citrate, mix, and incubate
for 30 min at 25°C.

e. Measure A .- The color is stable for about 4 h. (N.B.: The assay must
include a blank for background color correction and a sodium phosphate
standard curve [1-10 nmoles/mL] for calculation of P; release [ATP
hydrolysis]).

8. Pool the active fractions and aliquot into 200-300 uL fractions and store at

—70°C. (see Note 3).

3.4. Measurement of CaM-Kinase Il Activity in Cell Extracts

Of the calmodulin-regulated kinases (CaM kinases), CaM kinases II and IV
have among the broadest substrate specificity and consequently affect a variety
of processes within the cell (I8). The contribution of CaM kinase II to learning
and memory, through its effects on long-term potentiation has been studied ex-
tensively (19). Both CaM kinases II and IV are involved in regulation of gene
transcription (20).

Autophosphorylation of Thr268 and Thr305 or Thr306 in CaM kinase II can
produce calmodulin-independent activation of CaM kinase II, so it is important
to measure activity in the absence of calmodulin (see Note 4). Phosphorylation
of CaM kinase II at Thr268 still allows further stimulation of the kinase by
calmodulin, but phosphorylation at Thr305 or Thr306 does not allow binding of
calmodulin and calmodulin-dependent stimulation is not observed (21).

3.4.1. Cell Lysis

1. Prepare 0.5-1.0 X 106 cells for assay. Either adherent or nonadherent cells
may be used. For adherent cells, a semiconfluent 35-cm dish usually pro-
vides sufficient material for assay.

2. Wash cells twice in ice-cold PBS. Adherent cells may be washed directly on
the plates. Nonadherent cells may be collected by centrifugation and washed.

3. Add 300 pL of ice-cold lysis buffer to each sample and let stand on ice for
10 min.
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4. Collect lysate into a tube and centrifuge at 12,000 g for 10 min at 4°C.
5. Carefully remove the supernatant and assay the protein content by the BCA
method relative to a protein standard.

3.4.2. Direct Assay (see Note 4)

1. Assay samples in at least duplicate.

2. For each sample to be assayed, mix the following components in a tube:
4 puL 5X CaM kinase II assay buffer, 2 uL 1 mM autocamide-3, 2 uL
[v-32P]-ATP working solution, 2 pL. 1 mg/mL calmodulin. These compo-
nents may be prepared as a combined master mix that is aliquoted into in-
dividual assay tubes.

3. For each sample, also prepare a reaction without calmodulin (substitute
water) to account for background phosphorylation and auto-activated CaM
kinase II activity. The inclusion of samples that do not contain autocamtide-3
can be used to control for determining the background signal owing to
phosphorylation of endogenous substrates that might bind to the P-81 phos-
phocellulose paper.

4. Add 10 pL of lysate to each tube and incubate at 30°C for 10 min. Itis often a
good practice to first do a dilution series with the sample with which you ex-
pectto have the greatest activity to ensure that you are working within the lin-
ear range of the assay. If 10 pL of extract will produce a signal that exceeds
the capacity of the assay, it may be diluted appropriately with lysis buffer.

5. Adsorption of autocamtide-3 onto phosphocellulose paper. Apply 15 pL of
each reaction onto a prelabeled piece of P-81 phosphocellulose paper. Place
filters in a 500-mL beaker containing 350-400 mL 75 mM orthophosphoric
acid. Stir with a glass rod for 5 min. Decant the orthophosphoric acid and
repeat this wash step four additional times.

6. After decanting the last orthophosphoric acid wash, add 400 mL acetone
and stir for 5 min. Remove the papers and air dry.

7. Place each dried filter in a 7 mL liquid-scintillation vial and add 4 mL of
scintillation cocktail (e.g., Econofluour) and count radioactivity in a liquid-
scintillation counter. Each set of analyses should include both negative con-
trol filters (no added 32P) for background correction and vials with known
amounts of 32P to correct for counting efficiency.

3.4.3. Assay With Immunoprecipitation

If excessive nonspecific background phosphorylation or dephosphorylation
of the substrate peptide or endogenous substrates is suspected, it is possible to
immunoprecipitate the CaM kinase Il and to a large extent separate it from these
kinases and phosphatases.
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1. To the cells prepared as described in Subheading 2.4., add 500 uL of ice-
cold modified RIPA buffer to each 35-mm dish and collect the extract by
scraping.

2. Centrifuge sample at 14,000 g at 4°C for 15 min. Transfer supernatant to a
new tube.

3. Measure the protein content as described in Subheading 3.4.1. and dilute
to approx 1 mg/mL with modified RIPA buffer. If the concentration is below
use 1 mg/mL, use the extract at that concentration.

4. Preclear the extract by adding 100 uL of protein A or G-agarose beads to
1 mg (1 mL) of extract. Incubate at 4°C with continuous inversion mixing
for 1 h.

5. Remove Protein A or G agarose by centrifugation at 14,000 g at 4°C for
5 min. Transfer the supernatant to a fresh tube.

6. Add sufficient antibody to quantitatively precipitate the CaM kinase II in
the clarified lysate and incubate at 4°C for 1 h. (N.B.: To determine if CaM
kinase II is being quantitatively immunoprecipitated, a series of prelimi-
nary experiments can be undertaken in which serial immunoprecipitations
of the same batch of extract are prepared and assayed for CaM kinase II ac-
tivity. When no more CaM kinase II activity is precipitated, this is the min-
imum amount of antibody needed for quantitative recovery of enzyme from
the extract.)

7. Add sufficient Protein A or G agarose to the sample to precipitate all of the
added anti-CaM kinase II antibody. Incubate at 4°C with inversion mixing
for 1 h. The IgG binding capacity of Protein A or G agarose is usually sup-
plied by the manufacturer.

8. Collect immune complex by centrifugation at 14,000 g at 4°C for 5 min.
Remove the supernatant, add 1 mL modified lysis buffer to the agarose pel-
let, mix, and collect by centrifugation. Repeat three times.

9. Wash one time with 1X kinase assay buffer and collect the immune com-
plex by centrifugation.

10. This immobilized complex may be used directly in the CaM kinase II assay
described earlier. Substitute water for the 10 puL of extract that would nor-
mally be added.

3.4.4. Calculations

1. Determination of counting efficiency. For the control sample containing a
known amount of 32P, determine the theoretical dpm in the vial. 1 pCi =
2.2 X 106 dpm, so a counting efficiency of 100% would produce 2.2 X 106
cpm for every nCi in the vial. Although the counting efficiency for 32P is
high, it is never 100%. Counting efficiency (%) = (cpm measured) / (the-
oretical dpm for pCi 32P in vial) X 100.
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2. Average the replicates of each sample.

3. For each sample, convert cpm to dpm using the counting efficiency deter-
mined in step 23.

4. For each sample, convert dpm to pCi using the conversion factor: 1 pCi =
2.2 X 106 dpm.

5. Convert the nCi of 32P present on the P-81 phosphocellulose paper to mole
P, using the specific activity of the 32P in the reaction. In this case, the final
specific activity of [y-32P]-ATP calculated in Subheading 2.4. is 10 Ci/mmol
= 10 pCi/nmol ATP.

6. The incorporation of P; into autocamtide-3 is expressed as nmol P; /umol
peptide. In this case, the final amount of peptide in the kinase reaction was
2 umol. The enzyme-specific activity is typically expressed as nmol
P/umol peptide/min/pg total protein. The time would be 10 min and the
total protein would be the amount of protein contained in the 10 uL of ex-
tract added to the reaction.

4. Notes

1. Calmodulin purification by TAPP-Sepharose Affinity Chromatography. As
shown in Fig. 1, this procedure yields essentially homogeneous calmod-
ulin. We routinely isolate 80—100 mg of CaM/800 g testis. Testis is favored
over other mammalian tissues as it has the highest quantity of calmodulin
and lacks most other related calcium binding proteins (especially S100
found in brain), which also show calcium-dependent binding to TAPP-
Sepharose and related supports. This method is excellent for the purifica-
tion of recombinant CaM expressed in bacteria that lack endogenous pro-
teins having this property.

2. Preparation of CaM sepharose. The preparation of CaM-sepharose is rela-
tively straightforward. However, it is important to note that CaM has a high
content of methionines that are susceptible to cleavage with CNBr. It is
therefore essential to make sure that the activated resin is washed free of
this reagent prior to adding CaM for coupling. Quenching reactive func-
tional groups following coupling is an equally important step. One simple
test to determine that complete quenching has been achieved is to add
3H-leucine (or an equivalent amino acid) to a small fixed amount of resin
in buffer at pH 8.5, incubate for 30 min, wash the resin, and count in a scin-
tillation counter to verify that no radioactive amino acid has been coupled
to the column. The functionality of bound CaM can be determined by test-
ing its ability to act as a Ca2*+-dependent activator of brain 3,5-cyclic nu-
cleotide phosphodiesterase (13).

3. CaM-Sepharose Chromatography of Human Erythrocyte Ca2*-pumping
ATPase. Figure 2 shows the results from a typical preparation of human
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Fig. 1. TAPP-Sepharose purification of bovine testes calmodulin. The panel at the
left shows the elution profile for the TAPP-Sepharose column after the addition of
EGTA-containing elution buffer at fraction 0. The right panel shows Coomasie Blue
stained SDS-PAGE (24) of the indicated pooled fractions from the column. Samples
were loaded to be equivalent fractions of the total.

erythrocyte Ca2+-ATPase prepared as described above. The bulk of the ac-
tivity eluted in fractions 13, 14, and 15 coincident with the major peak of A
.m absorbing material. The shoulder of A, - material eluting just ahead of
the activity does not appear to contain substantial amounts of protein. Frac-
tions 13—15 from this separation were pooled yielding 3.2 mL of purified
PMCA (MW approx138 kDa) at a concentration of 0.31 mg/mL or a total of
approx 1 mg of total protein. The purified enzyme was stimulated three-fold
by CaM with a specific activity + CaM of approx 22.5 pmoles ATP hy-
drolyzed/h/mg protein. The enzyme is stable for up to 6 mo at —70°C.

4. Measurement of CaM-kinase II activity in tissue extracts. One of the major
problems in obtaining accurate measurements of kinase activity in crude
extracts or partially purified samples is the presence of multiple protein
phosphatases. The lysis buffer described in materials usually contains suf-
ficient phosphatase inhibitory capacity from the NaF, -glycerophosphate,
and ortho-vanadate to block dephosphorylation of autophosphorylated
CaM kinase II and the substrate during assay. However, it is sometimes
necessary to add additional phosphatase inhibitors such as bromo-
tetramisole, microcystin LR, Na molybdate, Na tartrate, and imidazole.
Premade phosphatase inhibitor cocktails (Sigma) may also be added to the
lysis buffer.
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Fig. 2. Calcium-dependent chromatography of detergent solubilized erythrocyte
CaZ*-pumping ATPase on CaM-Sepharose. The graph shows both the A280 nm and ac-
tivity (A595 nm) elution profile for fractions from the CaM-Sepharose column operated
as described in Subheading 3.3.2. The inset silver stained 7% Sodium dodecyl sulfate
polymerase gel electrophoresis (SDS-PAGE) gel (24) shows 10 pL aliquots of fractions
13, 14, and 15 as indicated.

CaM kinase II activity determined as described in Methods can be presented
as two activities: the CaM-stimulated activity and the endogenous activity
owing to autophosphorylation at Thr286 (22). Also, if phosphorylation of auto-
camtide-3 is calmodulin-independent, this could be a measure of the Thr305
autophosphorylated CaM kinase II. However, this is less likely owing to the ex-
pected rapid turnover of this form of the enzyme. Thus, calmodulin-independent
phosphorylation of autocamtide-3 would more likely represent a kinase not pre-
viously known to phosphorylate this substrate or endogenous phosphorylated
material binding to the P-81 paper. Alternatively, calmodulin-stimulation of
CaM kinase II activity can be presented as the fold induction of activity by tak-
ing the ratio of the kinase activity when calmodulin is present to the activity
without added calmodulin.

The assays described for CaM kinase II also can be used for CaM kinase
IV by simply replacing the substrate peptide with one that is specifically
recognized by CaM kinase IV. The y-peptide (KSDGGVKKRKSSSS) de-
rived from CaM kinase II v is a highly specific substrate for CaM kinase IV
(23). It does not appear to be recognized by other calmodulin-dependent
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kinases. The y-peptide is commercially available from Biosource International
or Biomol.

It is also possible to discriminate between these and other kinases by using
specific inhibitors that are commercially available. KN-93 will inhibit calmod-
ulin activation of CaM kinase II and IV by binding to the calmodulin-binding
domain of each enzyme and preventing calmodulin binding. An inactive isomer
of KN-93, KN-92, can be used as a control for possible nonspecific effects (e.g.,
owing to the need to solubilize the compounds in dimethyl sulfoxide [DMSO]).
KN-92 and KN-93 are available from a variety of sources, including Cal-
biochem and Alexis Biochemicals. They are added to cellular extracts to a final
concentration of 10 uM for 30 min before adding the extracts to the kinase re-
action mixture. Numerous other inhibitors of CaM and its regulated enzymes
are also available commercially and can be used both in vitro and in vivo.
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Measurement of Protein—-DNA Interactions In Vivo
by Chromatin Immunoprecipitation

Hogune Im, Jeffrey A. Grass, Kirby D. Johnson, Meghan E. Boyer,
Jing Wu, and Emery H. Bresnick

Summary

Elucidating mechanisms controlling nuclear processes requires an understanding of the nucleo-
protein structure of genes at endogenous chromosomal loci. Traditional approaches to measuring
protein—DNA interactions in vitro have often failed to provide insights into physiological mecha-
nisms. Given that most transcription factors interact with simple DNA sequence motifs, which are
abundantly distributed throughout a genome, it is essential to pinpoint the small subset of sites
bound by factors in vivo. Signaling mechanisms induce the assembly and modulation of complex
patterns of histone acetylation, methylation, phosphorylation, and ubiquitination, which are crucial
determinants of chromatin accessibility. These seemingly complex issues can be directly addressed
by a powerful methodology termed the chromatin immunoprecipitation (ChIP) assay. ChIP analy-
sisinvolves covalently trapping endogenous proteins at chromatin sites, thereby yielding snapshots
of protein-DNA interactions and histone modifications within living cells. The chromatin is soni-
cated to generate small fragments, and an immunoprecipitation is conducted with an antibody
against the desired factor or histone modification. Crosslinks are reversed, and polymerase chain
reaction (PCR) is used to assess whether DNA sequences are recovered immune-specifically.
Chromatin-domain scanning coupled with quantitative analysis is a powerful means of dissecting
mechanisms by which signaling pathways target genes within a complex genome.

Key Words: Chromatin; histone; immunoprecipitation; DNA; transcription; crosslink.

1. Introduction

A critical mechanism that creates diversity from cells to organisms involves
the regulated activation and repression of genes, thereby establishing the
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complement of proteins characteristic of a specific cell type. Great efforts have
been made to elucidate mechanisms that confer cell type-specific patterns of
gene expression. Unraveling the underlying mechanisms has enormous poten-
tial for revealing the molecular basis of diseases and for the development of
novel therapeutics through the specific modulation of gene expression.

Perhaps the most fundamental step in transcriptional control involves the
sequence-specific recognition of DNA by transcription factors known as trans-
acting factors. The development of a grab bag of experimental approaches has
ushered in major progress in understanding how proteins bind their cognate
DNA recognition sequences specifically within the complex milieu of cellular
DNA. Filter-binding assays were initially used to measure protein-DNA inter-
actions in vitro (1,2). This assay involves a short incubation to allow protein
binding to DNA, after which protein—-DNA complexes are trapped on a filter.
Through the use of radiolabeled DNA, quantitative measurements of equilib-
rium-binding constants and rate constants can be obtained. Although filter-
binding assays have considerable utility for analyzing binding with purified or
semipurified components, this method is not ideal for analyzing binding with
complex mixtures of proteins. By contrast, the electrophoretic mobility shift
assay (EMSA) (3) allows one to identify proteins with sequence-specific DNA
binding activity in crude extracts containing hundreds or even thousands of pro-
teins. Protein—-DNA complexes are rapidly resolved from unbound radiolabeled
DNA on a nondenaturing gel. Similarly, DNasel footprinting (4) allows for the
detection of sequence-specific DNA binding with crude protein extracts. DNa-
sel footprinting involves binding an extract or purified protein to a DNA frag-
ment of approx 100-500 base pairs uniquely labeled on the five or three end.
Complexes are incubated with DNasel, which readily cleaves free DNA. Se-
quence-specific protein—-DNA interactions protect the bound sequence from
cleavage, revealing a “footprint” (the protected region) upon analysis of DNA
fragments on a denaturing urea-polyacrylamide gel. These methods are used
routinely to rapidly define the DNA sequence preferences for sequence-specific
DNA binding proteins. Thus, it can be straightforward to identify proteins that
interact with conserved cis-acting elements on regulatory regions (e.g., pro-
moters, enhancers, silencers, and locus-controls regions) of genes in vitro, an
important first step in analyzing transcriptional-control mechanisms.

The physiological template for transcription and other nuclear processes,
such as DNA replication, recombination, and repair, is chromatin rather than
naked DNA (5-7). Although EMSA and footprinting assays are powerful ap-
proaches for analyzing transcriptional mechanisms, studying the interaction of
trans-acting factors with naked DNA has intrinsic limitations. A reoccurring
problem is that multiple, highly related transcription factors often bind an iden-
tical DNA sequence in vitro, whereas these factors can have different functions
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in vivo (8). For example, multiple E-proteins exist that bind E-box consensus
sequences (CANNTG). Certain proteins, such as upstream stimulatory factor,
are readily detected using in vitro DNA binding assays, whereas the binding of
other factors such as c-myc is difficult to measure, in part owing to the low
abundance of c-myc in nuclear extracts (9,10). In vitro binding assays com-
monly identify the most abundant, highest-affinity interactor in the extract,
which is often not the functional factor in vivo. Furthermore, transcription fac-
tors can reside in the cell nucleus in an “active” state, and therefore such factors
in cell-free extracts readily bind cognate recognition sites. However, chromatin
structure can exclude factors from constitutively binding recognition motifs in
vivo (6,11,12), thus establishing a chromatin-remodeling requirement for fac-
tor access to the template. Given these serious issues, it is imperative that
protein—DNA interactions detected in vitro be validated via in vivo analysis.

Despite the seemingly formidable problem of how to detect binding of a pro-
tein to a target DNA sequence in a living cell, major progress has been made in
developing the requisite technology. Although it is not the intent of this chapter
to comprehensively review such technologies, it is important to recognize the
advance afforded by knowing what factors occupy specific cis-elements in a liv-
ing cell. Initial studies utilized in vivo footprinting, which often involves treat-
ing cells with dimethyl sulfate, which methylates the N7 position of guanosine
(13). Guanosine methylation is efficient and relatively uniform in vitro. How-
ever, if a high percentage of the templates in the cell population are occupied
by a DNA-binding protein, the protein can severely inhibit or enhance methy-
lation, thus providing the basis for the footprinting assay. Genomic DNA is pu-
rified from cells and subjected to Maxam-Gilbert chemistry to cleave the DNA
at the methylated sites. By incorporating an elegant ligation-mediated poly-
merase chain reaction (PCR) step (14), fragments can be displayed on a dena-
turing urea-containing polyacrylamide gel at base-pair resolution. Through
comparisons of cleavage patterns of naked DNA and DNA from dimethyl sul-
fate-treated cells, conclusions can be reached regarding whether a particular site
is occupied by protein(s) in vivo. A modification of the assay has been reported
in which protein contacts with both adenosine and guanosine residues can be
measured (15), which expands the repertoire of cis-elements that can be ana-
lyzed. In addition, another variation involves adding DNasel to permeabilized
cells (16) or to isolated nuclei (17). The differential cleavage of chromatinized
free DNA reflects occupancy of specific sequences by proteins.

In vivo footprinting assays have utility for scanning a defined region, such as
a promoter, to delineate sequences bound by proteins in living cells. In certain
cases, the enhancement or diminishment of cleavage can be correlated with the
pattern obtained by in vitro footprinting, which can provide important clues as to
the identity of the protein bound. Importantly, the footprinting assay cannot iden-
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tify the bound protein, but can only provide a clue, based on the DNA sequence
of the respective region. Thus, this highlights a major limitation of in vivo foot-
printing assays. A goal of such studies is to pinpoint cis-elements bound by fac-
tors in vivo, which should provide important clues regarding the identity of the
cognate-binding protein. However, the identity of binding proteins is based upon
inference, because related factors often bind identical DNA sequences.

Studies utilizing ultraviolet (UV) light and lasers to crosslink histones to
chromatin provided a foundation for the development of methodology to over-
come the major limitations of in vivo footprinting (17-20). The chromatin im-
munoprecipitation or ChIP assay has evolved to use a relatively nonspecific
crosslinking reagent formaldehyde to rapidly crosslink proteins to cognate-
binding sequences in cells or tissues (21,22). Following the covalent trapping
of proteins at their site of interaction in native chromatin, the chromatin is frag-
mented into small pieces (less than approx 1 kb), and an antibody against the
protein is used to co-immunoprecipitate the protein and the bound chromatin
(23). Antibodies can be directed against any protein of interest—trans-acting
factors that bind DNA sequence-specifically, as well as proteins that bind fre-
quently throughout genomes, such as acetylated or methylated core histones.
Upon deproteinization of the immunoprecipitate, PCR is used to determine if a
sequence is recovered in an immune-specific manner, which would indicate that
the protein associated with the sequence in living cells.

The simplest scenario resulting from ChIP analysis is that the protein binds
directly to a known cis-element, thereby revealing the endogenous interactor
with the site in living cells. However, given the extensive network of
protein—-DNA and protein—protein crosslinks generated by formaldehyde, the
recovery of a specific DNA fragment does not necessarily mean that the protein
associates directly with the fragment. This is an intrinsic limitation of ChIP
analysis vis-a-vis identifying interactors with defined sequences in chromatin.
It is possible, however, to assign the contribution of specific cis-elements to
binding. A DNA fragment containing or lacking a site suspected of mediating
binding in vivo can be stably integrated into chromosomal DNA, and ChIP
can be used to determine if the site is required for binding (24).

ChIP analysis can also yield functionally important information on higher-
order nucleoprotein complexes. Sequences directly and indirectly bound to the
protein can be immunoprecipitated. Complex scenarios arise upon considera-
tion of indirect crosslinking, an example being the tethering of coregulator com-
plexes to a DNA-bound protein via protein—protein interactions. Alternatively,
a DNA-bound protein might be crosslinked to a distant site owing to long-range
physical interactions between distinct chromatin regions. As long-range chro-
matin interactions commonly control nuclear processes (23), measurements of
such interactions can be highly significant.
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Beyond defining protein interactions with known cis-elements, entire chro-
matin domains can be scanned by ChIP, revealing the native nucleoprotein struc-
ture of the domain (25-28). As certain cis-elements are scattered throughout
genomes, based on the simplicity of the specific recognition motif, domain scan-
ning provides a powerful means of distinguishing endogenous, physiologically
relevant sites of interaction from the numerous sites that would be detected by
in vitro binding analyses with naked DNA. This situation is exemplified by
analysis of the binding of GATA family transcription factors to GATA consensus
motifs (WGATAR) (29,30). Although the murine p-globin and GATA-2 loci con-
tain 286 and 88 consensus GATA motifs, respectively, only a small subset of
these sites are occupied in vivo, based upon ChIP analysis (26,31). Domain scan-
ning coupled with the use of quantitative real-time PCR is a powerful way to de-
fine the biological consequences of protein—-DNA interactions in vivo.

ChIP methodology continues to be modified to increase the utility of the
assay. A genomic microarray step has been incorporated so that preimmune and
immune reactions are labeled with fluorophores and hybridized to genomic mi-
croarrays (32,33). This approach allows one to define a large complement of
genes bound by a factor of interest in a single experiment, without having to an-
alyze data from PCR reactions with hundreds of site-specific primer sets. It
should be obvious that methodologies to define protein—-DNA interactions in
vivo have advanced considerably from the initial approaches in which major ef-
fort was required to determine whether specific base pairs at a single locus are
protected from modification. This chapter describes in detail the core ChIP
methodology used in our laboratory, which can be modified based on the spe-
cific application desired.

2. Materials
2.1. Buffers

The following buffers, should be prepared before beginning the protocol:

1. 1 M Tris-HCI, pH 8.0, 0.5 M EDTA, pH 8.0, 5 M NaCl, 10% Nonidet P40,
20% sodium dodecyl sulfate (SDS), and 20% Triton X-100.

2. 1X phosphate-buftered saline (PBS), 2.5 M glycine, 3 M sodium acetate, pH
5.2, cell lysis buffer, nuclei lysis buffer, IP dilution buffer, IP wash buffer 1,
IP wash buffer 2, 1X TE, and elution buffer. All buffers are stored at room
temperature, and when necessary, an aliquot is chilled on ice before use.

2.2. Crosslinking

1. Platform shaker (Hoefer, San Francisco, CA, cat. no. PR70/75-115V).
2. 37% Formaldehyde (Sigma, St. Louis, MO, cat. no. F-1268).
3. 2.5 M glycine (Promega, Madison, WI, cat. no. H-5073).
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4. Deionized-distilled water (ddH,O) (Millipore, Billeria, MA, Milli-Q system).
5. 1X PBS, pH 7.4: 8.0 g NaCl, 0.2 g KCI, 2.71 g Na,HPO, - 7TH,0, 0.24 g
KH,PO,, ddH,0 to 1 L.

2.3. Cell Lysis

1. Histone deacetylase and protease inhibitors (10 mM n-butyric acid, sodium
salt (Sigma, cat. no. B-5887) (—20°C), 1 pg/mL leupeptin (Roche Applied
Science, cat. no. 1-017-128) (—20°C), 50 ug/mL phenylmethylsulfonyl flu-
oride (PMSF) in 100% ethanol (Boehringer, Danbury, CT, cat. no. 837-091)
(—20°C), add to an aliquot of the ChIP buffer immediately before use (see
Note 1).

1 M Tris-HCI, pH 8.0.

5 M sodium chloride.

10% Nonidet P40 (Igepal CA-630, Sigma).

Cell lysis buffer: 10 mM Tris-HCI, pH 8.0, 10 mM NacCl, 0.2% NP40. Add
histone deacetylase and protease inhibitors to the buffer immediately be-
fore use.

RARE R

2.4. Nuclei Lysis

1. 0.5 M ethylenediaminetetraacetic acid (EDTA), pH 8.0.

2. Nuclei lysis buffer: 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1% SDS. Add
histone deacetylase and protease inhibitors to the buffer immediately be-
fore use.

2.5. Sonication and Preclearing

1. 20% Triton X-100.

2. Immunoprecipitation (IP) dilution buffer: 20 mM Tris-HCI, pH 8.0, 2 mM

EDTA, 150 mM NacCl, 1% Triton X-100, 0.01% SDS. Add histone deacety-

lase and protease inhibitors to the buffer immediately before use.

Normal rabbit serum (—20°C) (Covance Research Products, Princeton, NJ).

4. Branson sonifier 250 (Branson Ultrasonics, Danbury, CT, cat. no. 101-063-
196) with microtip horn-1/8 in solid-tapered (cat. no. 101-148-062).

5. Protein A-sepharose, 20% slurry (Sigma, cat. no. P-3391) (4°C) (see Note 2).

6. Hematology/chemistry mixer (Fisher, Pittsburg, PA, cat. no. 14-059-346).

7. Falcon polypropylene tubes (no. 2096).

e

2.6. Immunoprecipitation

1. IP dilution buffer (see Subheading 2.5.).
2. Nuclei lysis buffer (see Subheading 2.4.).
3. Protein A-sepharose, 20% slurry (4°C).
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2.7. Washing Protein A-Sepharose/Immune Complexes

1. IP wash buffer 1: 20 mM Tris-HCI, pH 8.0, 2 mM EDTA, 50 mM NaCl, 1%
Triton X-100, 0.1% SDS.

2. Lithium chloride.

3. Deoxycholic acid.

4. TP wash buffer 2: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 250 mM LiCl,
1% NP40, 1% deoxycholic acid.

5. 1X Tris-EDTA (TE) buffer: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA.

2.8. Immune Complex Elution

1. Sodium bicarbonate (NaHCO5;).
2. Elution Buffer (100 mM NaHCO;, 1% SDS).

2.9. Reverse Crosslinking

1. 1 mg/mL RNase A (Sigma, cat. no. R-4875) (—20°C) (see Note 3).
2. 5 M NaCl.
3. 20 mg/mL Proteinase K (Promega, cat. no. V-3021) (—20°C).

2.10. DNA Purification

1X TE buffer.

10 mg/mL tRNA (Sigma, cat. no. R-7876) (—20°C).
Phenol.

Phenol saturated with 0.1 M Tris-HCI, pH 8.0 (see Note 4).
Chloroform.

Sodium acetate.

Glacial acetic acid.

3 M sodium acetate (NaOAc), pH 5.2.

10 mg/mL Glycogen (—20°C).

10. 100% and 70% ethanol (EtOH).

11. 10 mM Tris-HCI, pH 8.0.

12. Agarose.

PN R DD =

A

2.11. Quantitative Real-Time Polymerase Chain Reaction

ABI 7000 sequence detection system (Applied Biosystems, Foster City, CA).
96-well plates (Eppendorf, cat. no. 954-02-030-3).

SYBR Green PCR master mix (Applied Biosystems, cat. no. 4309155).
ABI PRISM optical adhesive covers (Applied Biosystems, cat. no. 4311971)
(see Note 5).

5. ABI PRISM optical caps (8 caps/strip) (Applied Biosystems, cat. no.
4323032).

Ll S
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3. Methods

The following steps apply to the analysis of a single-cell line or a primary
cell sample, in which five conditions will be used for the immunoprecipitation.
Although most of our studies have utilized blood cell lines and primary blood
cells, which are largely non-adherent, only minor modifications are required for
analysis of adherent cells (see Note 6). Up to four ChIP experiments routinely
are conducted in parallel. The protocol requires at least 3 d to complete, with
the final steps in Subheadings 3.4. and 3.8. requiring overnight incubations.

3.1. Crosslinking

1. Use 1 X 107 cells per IP condition. Transfer the cells to a 500-mL Erlen-
meyer flask (see Note 7).

2. Dilute the cells to 90 mL (5 X 105 cells/mL, final) with sterile tissue-cul-
ture medium at room temperature (see Note 8).

3. Crosslink by adding 1 mL 37% formaldehyde (0.4% final). Mix for 10 min
at room temperature (setting 4-5, platform shaker).

4. Stop the crosslinking reaction by adding 5 mL of 2.5 M glycine (0.125 M
final). Mix for 5 min at room temperature (setting 4-5, platform shaker)
(see Note 9).

5. Transfer the cells to S0-mL conical centrifuge tubes, and centrifuge at 240g
for 7 min at 4°C in a swinging bucket rotor. Keep the sample on ice after
this step.

6. Resuspend the cells with 0.5 mL ice-cold PBS and divide equally into two
1.5-mL microfuge tubes.

7. Wash the 50-mL tubes with an additional 0.5 mL of ice-cold PBS and trans-
fer to the 1.5-ml microfuge tubes from step 6.

8. Pellet the cells at 600 g for 5 min at 4°C (see Note 10).

3.2. Cell Lysis

1. Chill 1 mL cell lysis buffer on ice for 5 min.

2. Carefully remove the supernatant from the cell pellet with a pipet (see

Note 11).

Estimate the total cell pellet volume.

4. Resuspend the cells in 1.5 X pellet volumes of ice-cold cell lysis buffer by
gently pipetting up and down (see Note 12).

5. Combine the resuspended cells into one tube and then incubate on ice for
10 min.

6. Centrifuge at 600 g for 5 min at 4°C.

7. Remove the supernatant with a pipet, being careful not to disturb the nuclei
pellet (see Note 13).

»
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3.3. Nuclei Lysis

1.
2.
3.

Chill 1.5 mL nuclei lysis buffer on ice for 3 min (see Note 14).
Resuspend the nuclei pellet in 1 mL nuclei lysis buffer by repetitive pipetting.
Incubate the sample for 10 min at 4°C (see Note 15).

3.4. Sonication and Preclearing

1.

8.

0.

Chill 1T mL of IP Dilution Buffer on ice for 5 min. Transfer the lysed nuclei
to a 15 mL Falcon 2096 conical tube, and add 0.8 mL of ice-cold IP Dilu-
tion buffer.

. Sonicate the chromatin to reduce the average size to approx 500 bp (see

Note 16):

a. Number of bursts: 8.

b. Length of bursts: 3040 s.
c. Output control setting: 20%.
d. Duty cycle: constant.

Transfer the sonicated chromatin to a 2 mL microfuge tube and centrifuge
at 16,000 g for 10 min at 4°C to pellet any insoluble material.

Transfer the supernatant to a 15-mL conical polypropylene Falcon 2096 tube.
Add 2 mL IP dilution buffer to the sample to bring the total ratio of nuclei
lysis buffer: IP dilution buffer to 1:4 (see Note 17).

Preclear the chromatin by adding 50 pL of preimmune rabbit serum. Mix
at 4°C for at least 1 h.

. In a 1.5-ml microfuge tube, pellet 500 uL of (20% slurry) by centrifuging

at 4000g for 2 min at 4°C.

Use 500 pL of the chromatin solution to resuspend the Protein A-sepharose
pellet and transfer back to the 15-mL tube. Mix at 4°C overnight.

End of d 1.

3.5. Immunoprecipitation

1.

2.

3.

Pellet the from the preclearing reaction by centrifuging in a swinging
bucket rotor at 1500g for 2 min at 4°C.

Aliquot the chromatin into 1.5-ml microfuge tubes: 180 pL for the input
sample and 900 pL for each IP sample (see Note 18).

Set up a “no chromatin” sample, as a negative control, by mixing 180 pL
nuclei lysis buffer and 720 pL IP Dilution Buffer in a 1.5-mL microfuge
tube. Treat the sample identical to samples incubated with antibodies (see
Note 19).

. Add antibodies: Usually 0.8% to 1.6% (i.e., 7.5 uL anti-acetyl-histone H3,

1 mg/mL; Upstate Biotechnology, cat. no. 06-599). Add 10 pL of normal
rabbit serum to one aliquot of chromatin as a negative control. In addition,
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7.

set up a “no chromatin” sample lacking antibody. Mix for 2-3 h at 4°C (see
Note 20 and 21).

. Centrifuge the IP samples at 16,000 g for 5 min at 4°C to remove any in-

soluble material.

. For each IP sample, prepare one 1.5-mL microfuge tube containing 150 pL.

of Protein A-sepharose (20% slurry) centrifuge at 4000 g for 2 min at 4°C,
and discard the supernatant.
Transfer the samples to the Protein A-sepharose pellets. Mix for 1-2 h at 4°C.

3.6. Washing Protein A-Sepharose/Immune Complexes

1.

2.

Pellet the Protein A-sepharose-bound immune complexes by centrifuging
at 4000 g for 2 min at 4°C.

Wash the Protein A-sepharose-bound immune complexes with 500 pL of
each solution: twice with ice-cold IP wash buffer 1, once with ice-cold IP
wash buffer 2, and twice with ice-cold 1X TE buffer.

. Transfer the Protein A-sepharose/immune complex pellets to new 1.5-mL

microfuge tubes with first wash of IP wash buffer 1. This step is critical for
reducing background.

. Resuspend the immunoadsorbed immune complexes by vortexing for 1-2 s

at low speed after each buffer addition.

. Pellet the Protein A-sepharose at 4000 g for 2 min at 4°C, and discard the

supernatant (see Note 22).

3.7. Immune Complex Elution

1.

2.

3.

Elute the immune complexes from the Protein A-sepharose with 150 pL of
elution buffer at room temperature (see Note 23).

Vortex for 2—-3 s at medium speed, centrifuge at 4000 g for 2 min at room
temperature, and transfer the supernatants to new 1.5-mL microfuge tubes.
Elute the immune complexes with an additional 150 pL of elution buffer,
and combine both eluted samples in the same tube.

3.8. Reverse Crosslinking

1.

To the IP samples add 1 pLL of 1 mg/mL RNase A and 18 pL of 5 M NaCl.

2. Tothe input sample add 1 pL of 1 mg/mL RNase A and 10.8 uL. of 5 M NaCl.

3.

Incubate the samples in a heating block at 67°C for a minimum of 4 h (see
Note 24).

. Add 3 pL of 20 mg/mL Proteinase K to each sample, and then vortex for

1-2 s at low setting. Reduce the temperature to 45°C and incubate over-
night (see Note 25).
End of d 2.
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3.9. Nucleic Acid Purification

1.
2.
3.

10.

11.

12.

13.

14.

Add 120 uL of 1X TE buffer to the input sample.

Add 1 pL of 10 mg/mL tRNA to the input and IP samples.

Extract the input and IP samples with 300 uL of 1:1 phenol/chloroform by
vortexing well (1015 s at highest speed) and centrifuging at 16,000 g for
5 min at room temperature. Transfer the top aqueous phase to a new 1.5-mL
microfuge tube after each extraction.

. Extract the input sample with 1:1 phenol/chloroform an additional time,

vortex well, and centrifuge at 16,000 g for 5 min at room temperature (see
Note 26).

Extract the input and IP samples once with 300 pL of chloroform, vortex
well, and centrifuge at 16,000 g for 5 min at room temperature.

Add 30 puL of 3 M NaOAc, pH 5.2, 0.5 pL. of 10 mg/mL tRNA and 0.5 uL
of 10 mg/mL glycogen to the input and IP samples.

. Add 750 pL of 100% EtOH (2.5 sample volumes) to each sample, and mix

by inverting tubes several times. Incubate at least 30 min at —80°C (see
Note 27).

. Centrifuge the samples at 16,000 g for 20 min at 4°C. Discard the super-

natant (see Note 28).

Wash the pellets with 800 puL of ice cold 70% EtOH, and centrifuge at
16,000 g for 10 min at 4°C. Discard the supernatant (see Note 29).
Air-dry the pellets for 5-10 min. Do not overdry the pellets, as they may
not completely dissolve.

Dissolve the IP samples and the input samples in 30 uL. and 66.7 uL of auto-
claved 10 mM Tris-HCI, pH 8.0, respectively (see Note 30).

Incubate samples for 10 min at room temperature. Mix with moderate vor-
texing for 2-3 s.

Run 4 pL of the input sample on a 1.6% agarose gel to check the chromatin
size (see Note 31).

Store samples at —20°C.

3.10. Quantitative Real-Time Polymerase Chain Reaction

1.

2.

Set up a real-time PCR plate document on the instrument. For each primer
set/sample set combination, use a unique detector.

Prepare the following serial dilution of the input sample in 10 mM Tris-
HCI, pH 8.0: 1/5, 1/25, 1/125, and 1/625. Use the diluted input samples to
generate a standard curve for each primer set/sample set combination.

. Load each well to be used in the plate with assay mix containing; 12.5 pL.

SYBR green master mix, 100 nM forward and 100 nM reverse primer, and
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bring each sample to a final volume of 23.5 pLL with ddH,O. A mix of the
three components can be made and then pipetted into each well. Most of
our real-time PCR primer sets work best at 100 nM or 220 nM final con-
centrations. However, some primer sets work considerably better at higher
concentrations (up to 900 nM).

Assay 1.5 puL of diluted input or IP sample per well.

Cover the wells with either Optical Adhesive Covers or strip caps (see
Note 5).

Centrifuge the plate at 200 g for 1 min at 4°C to sediment the reaction mix-
ture to the bottom of the plate.

. Load the plate into the instrument and start the thermal cycle protocol,

based on the manufacturers instructions.

4. Notes

1.

2.

The inhibitors have relatively short half-lives in the ChIP buffers and there-
fore are added to an aliquot of the ChIP buffer immediately before use.
Preparation of a 20% slurry of Protein A-sepharose: Transfer 2.0 g protein
A-sepharose (1.0 g dry = 4 mL hydrated) to a 50-ml conical centrifuge
tube. Add ice-cold 1X TE to a final volume of 40 mL. Mix gently at 4°C
overnight. Pellet the Protein A-sepharose at 1500 g for 2 min at 4°C in a
swinging bucket rotor. Wash three times with 40 mL ice-cold 1X TE, gen-
tly invert the tube until the pellet is resuspended; pellet the Protein
A-sepharose after each wash. Resuspend to a 20% slurry (v/v) in cold 1X
TE containing 2.0% BSA + 0.02% sodium azide. Store at 4°C.

. Dissolve the RNase A in ddH,O to 10 mg/mL, boil for 15 min, and store at

—20°C.

Thaw phenol in a 70°C water bath. Transfer 100 mL of melted phenol to a
500 ml bottle, and add an equal volume of 0.5 M Tris-HCI, pH 8.0, at room
temperature. Stir the mixture by inverting the bottle multiple times for ap-
prox 5-10 min. When the two phases have separated, aspirate as much of
the upper aqueous phase as possible using a glass pipet attached to a vac-
uum line equipped with appropriate traps. Add an equal volume of 0.1 M
Tris-HCI, pH 8.0, and mix. Remove the upper aqueous phase, and repeat
the extraction until the pH of the lower phase is >7.8. After the phenol is
equilibrated and the final aqueous phase has been removed, add 0.1 volume
of 0.1 M Tris-HCI, pH 8.0. Store at —20°C in 50-mL conical tubes wrapped
in aluminum foil. Phenol is highly caustic, necessitating great care in han-
dling even the smallest volumes of phenol.

. Use the optical adhesive covers if more than half a plate is used; otherwise

use the optical caps.
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6.

10.

11.

12.

13.

14.

For analysis of adherent cells such as mouse embryonic stem (ES) cells, ES
cells are grown to approx 50-75% confluence. One 10 cm plate (approx 2—4
X 107 cells) is sufficient for a single ChIP experiment with five immunopre-
cipitation conditions. Culture media is changed prior to crosslinking, and
formaldehyde is added directly to the culture plate at a final concentration of
0.4%. Cells are then incubated on a shaking platform for 10 min at room tem-
perature. The crosslinking reaction is terminated by adding glycine to a final
concentration of 0.125 M and incubating with constant shaking for 5 min.
Cells are harvested by discarding media, rinsing with 1 mL of ice-cold PBS,
and scraping into 1 ml of PBS. Plates are washed twice with 1 mL of PBS to
collect the remaining cells, which are pooled with the rest of the cells. Cells
are isolated by centrifugation at 400 g for 8 min at 4°C, and the cell pellet is
washed once with ice-cold PBS containing PMSF at a final concentration of
50 pg/mL. A typical cell pellet size from a single plate is approx 100 pL.
Typsinization can be used to isolate highly adherent cells such as primary
human umbilical vein endothelial cells (HUVEC). As usual, trypsin is inac-
tivated with 10% fetal calf or calf serum. In the case of HUVEC, the cell pel-
let from five dishes in which cells are 50-70% confluent is approx 100 uL.

. The amount of cells used per IP can be varied from 5 X 106 to 2 X 107 de-

pending on the crosslinking efficiency and the quality of the antibody.

. The volume of the crosslinking reaction can be varied from 30 mL to

180 mL as long as the final concentration of formaldehyde and glycine is
0.4% and 0.125 M, respectively.

After adding glycine to the cells in media containing phenol red, the color
of the media will change from red to orange.

At this point the cell pellet can be frozen in a dry ice/EtOH bath, and then
stored at —80°C for processing later. A typical cell pellet size from 2 X 107
suspension cells is 100 pL.

The nuclei can be easily lysed during cell lysis, resulting in the loss of chro-
matin. Thus, the sample should be handled gently prior to the sonication
step. However, the cell lysis step can be omitted if cell pellets were frozen
or if smaller numbers of cells are used.

An accurate determination of the pellet volume can be made with a pipet
after the pellets are suspended in cell lysis buffer. If the pellet volume is
greater than 500 pL, use a Dounce B homogenizer to lyse the cells.

The supernatant should be removed immediately after centrifugation, as the
nuclei pellet is soft and can be accidentally removed with the supernatant
if the pellet sits in the supernatant too long.

If the nuclei lysis buffer is placed on ice for more than 5 min, the SDS in
the buffer will precipitate. If this happens, warm the buffer to room tem-
perature, vortex or mix gently, and chill on ice again.
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The sample can be incubated on ice for up to 2 h.

Place the Falcon tube in between the inner wall of a small beaker (150 mL)
and the ice. Keep the bottom of the tube approx 1 cm up from the bottom
of the beaker. Begin sonicating with the tip near the bottom of the tube.
Turn on the sonicator and adjust the settings. Gradually raise the tip up from
the bottom of the tube. Raise the tip until it is 3-5 mm below the surface.
Incubate the tube on ice for at least 1 min between each sonication burst.
After each sonication burst, repack the ice around the tube. If foaming oc-
curs, incubate the tube on ice for at least a minute. However, if the foam
persists for more than a minute, centrifuge the tube at 100 g for 1 min, re-
suspend any insoluble material, and recommence sonication.

The final ratio of nuclei lysis buffer to IP dilution buffer must be greater
than or equal to 1:4 to reduce the SDS concentration so that it does not ex-
ceed 0.2% to minimize interference with the immunoprecipitation in d 2
(total volume of chromatin needed = 0.9 mL X the number of IP condi-
tions + 0.3 mL [extra volume for the input]); for example, for 6 conditions
use 0.9 mL X 6 + 0.3 mL = 5.7 mL. Add 4.1 mL IP dilution buffer rather
than 3.4 mL.

Incubate the input at 4°C on ice until the reverse crosslinking step is
conducted.

This is strongly recommended for initial attempts, because it is an excel-
lent negative control. However, this step can be eliminated once the tech-
nique has been optimized.

The amount of antibody used will differ for different antibodies. When
using an antibody that has never been used for ChIP, perform a titration
with the antibody to determine the minimum concentration of antibody nec-
essary to saturate the signal.

For antibodies that do not bind Protein A-sepharose (for example, antibod-
ies raised in rats), incubate 30 pL of Protein A-sepharose with 25 pL of
AffiniPure Rabbit anti-Rat IgG (H+L) (2.4 mg/mL) (Jackson Immuno-
Research, 312-005-003) in 900 pL of IP-dilution buffer for 2-3 h with mix-
ing alongside the IP samples. We normally include a chromatin sample with
only the rabbit antirat antibody to measure the background from the rabbit
antirat IgG. Alternatively, Protein G sepharose can be used. Centrifuge at
4000 g for 2 min at 4°C, and discard the supernatant.

When removing the supernatant, draw it off from the meniscus by follow-
ing the meniscus down with the pipet tip. Be very careful not to remove
the Protein A-sepharose at the bottom of the tube. Leaving 25-50 pL of
buffer above the Protein A-sepharose during the washes will not negatively
affect the results. After the last TE wash, carefully remove as much TE
buffer as possible before proceeding to the elution step.
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Fig. 1. Chromatin immunoprecipitation (ChIP) assay to measure histone modifica-
tions in living cells. Cells or tissue are treated briefly with formaldehyde to crosslink
histones to DNA. “X” depicts protein-DNA crosslinks. Posttranslational modifications
of histone amino-terminal tails are shown: Ac, acetylation; Me, methylation. Specific
antibodies are used to immunoprecipitate acetylated and methylated histones. DNA
fragments recovered from the washed immune complex are used as a template for quan-
titative real-time PCR. When measuring histone modifications, hyperacetylated chro-
matin yields a signal that appears early in the reaction cycle. Chromatin containing low
levels of acetylation or hypoacetylated chromatin yields signals that appear later in the
reaction cycle.
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23.

24,

25.

26.

27.

28.

29.

30.

31.

Do not chill the elution buffer before or during use, because the SDS will
precipitate, and the buffer will need to be warmed at 37°C for 1-2 min.

A water bath may be used rather than a heating block. This step reverses
the crosslinking and digests any RNA that is bound to the immune pellet.
The Proteinase K treatment can be stopped after 2 h, following either a 4 h
or overnight RNase A treatment. After this step is completed, the samples
can be stored at —20°C for processing at a later time.

Certain input samples may require more than two extractions with 1:1
phenol/chloroform.

The samples can be stored at —80°C for as long as necessary.

The IP pellets should appear as small translucent or white ovals of about
1-2 pL, and the input pellet should be white, about 5-10 pL.

After discarding the 70% EtOH wash, centrifuge for 1-2 s to isolate the re-
maining EtOH at the bottom. Using a pipet, remove as much of the EtOH
as possible.

Autoclaved ddH,O can be used in place of 10 mM Tris-HCI, pH 8.0.
Inputs are dissolved in a volume to achieve 0.3% total chromatin immuno-
precipitated per pL and used to generate a 125-fold range for the stan-
dard curve.

If agarose gel analysis reveals that the chromatin is too large, the length of
bursts and/or the output setting can be increased to reduce chromatin length
in subsequent experiments. However, increasing the sonication time and/or
output may elevate the temperature of the sample and may decrease the
yield of immunoprecipitated chromatin. Adjusting the number of bursts to
reduce the chromatin size is usually not as effective as adjusting the burst
duration or the output setting.
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Characterization of Protein-DNA Association In Vivo
by Chromatin Immunoprecipitation

Laurent Kuras

Summary

Chromatin immunoprecipitation (ChIP) is one of the most powerful methods to identify
and characterize the association of proteins with specific genomic regions in the context of intact
cells. In this method, cells are first treated with formaldehyde to crosslink protein—protein and
protein-DNA complexes in situ. Next, the crosslinked chromatin is sheared by sonication to gen-
erate small chromatin fragments, and the fragments associated with the protein of interest are im-
munoprecipitated using antibodies to the protein. Finally, protein—-DNA crosslinks are reversed
and the DNA is examined for the presence of particular sequences by quantitative polymerase
chain reaction (PCR). Enrichment of specific sequences in the precipitate indicates that the se-
quences are associated with the protein of interest in vivo. The ChIP method described here is in-
tended for studying protein-DNA association in the budding yeast Saccharomyces cerevisiae, but
it can be easily implemented in other cell types, including fly, mammalian, and plant cells.

Key Words: Chromatin; crosslinking reagents; DNA; DNA-binding proteins; formaldehyde;
immunoprecipitation; polymerase chain reaction; protein—DNA interactions; yeast.

1. Introduction

Chromatin immunoprecipitation (ChIP) is a highly powerful method to iden-
tify and characterize protein—DNA interactions in vivo within a natural chro-
matin environment. The basic ChIP method is remarkably versatile and has
been used in a wide range of cell types, including yeast, fly, mammalian and
plant cells (for examples, see refs. I-20). The ChIP method uses formaldehyde
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(molecular formula: HCHO) as a crosslinking agent to “freeze” protein—-DNA
interactions directly in situ, within intact cells, and to prevent dissociation and
redistribution of proteins during chromatin extraction and immunoprecipita-
tion (9,21). Formaldehyde is a membrane soluble and dipolar compound that
reacts with amino and imino group of amino acids (side-chain of lysines,
arginines, and histidines) and of nucleic acids (e.g., adenines and cytosines).
Formaldehyde produces both protein—protein, protein—~DNA and protein—RNA
crosslinks. Therefore, it can be used to study proteins that are not directly
crosslinkable to DNA but that interact with proteins that are themselves di-
rectly crosslinkable to DNA (22). Another key advantage of using formalde-
hyde is that the crosslinks are fully reversible (9), which simplifies subsequent
characterization of the interacting molecules. Following fixation with
formaldehyde, cells are lysed and the crosslinked chromatin is isolated and
sonicated to produce short DNA fragments (400 bp average). Then the DNA
fragments associated with the protein of interest are purified by selective im-
munoprecipitation with an antibody specific for the protein (either antibodies
to the native protein or antibodies to the tag in case the protein was tagged).
Finally, following reversal of crosslinks and purification of DNA, the pool of
immunoprecipitated DNA fragments is examined for the presence of specific
regions by quantitative polymerase chain reaction (PCR).

2. Materials
2.1. Cell Growth and Formaldehyde Crosslinking

Liquid media for yeast (23).

Formaldehyde, 37% aqueous solution.

2.5 M glycine, autoclaved and stored at room temperature.

20 mM Tris-HCI, pH 8.0, ice cold.

FA lysis buffer: 50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% (v/v) Triton X-100, 0.1% (w/v) deoxycholic acid sodium salt, 0.1%
(w/v) sodium dodecyl sulfate SDS, filter-sterilized through 0.22 pum filter
and stored at 4°C (see Note 1).

6. Falcon 14-mL polypropylene round-bottom tubes (Becton Dickinson).

7. 100 mM phenylmethylsulfonyl fluoride (PMSF) in isopropanol, stored up
to 9 mo at room temperature. PMSF is a strong neurotoxin and should be
used with extreme caution.

NI

2.2. Preparation of Crosslinked Chromatin Extracts

1. Ice-cold FA lysis buffer.
2. 100 mM PMSE.
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Protease inhibitor cocktail tablets (Roche).

0.5-mm Zirconia/silica beads (BioSpec Products).

Vortexer (e.g., Vortex-Genie 2, Scientific Industries).

Kimwipes.

Black (22 G) hypodermic needle.

50-mL NALGENE Oak Ridge centrifuge tubes (Nalge Nunc International).
15-mL COREX centrifuge tubes.

2-mL microcentrifuge tube (Eppendorf).

Sonication device fitted with a microtip (e.g., Bronson sonifier 250, Bran-
son Ultrasonices).

1.5 mL Safe-Lock tubes (Eppendorf).

. 5X Elution buffer: 125 mM Tris-HCI, pH 7.5, 25 mM EDTA, 2.5% (w/v)

SDS. Filter through 0.22-um filter and store at room temperature.

20 mg/mL Pronase in water (Roche).

TE buffer: 10 mM Tris-HCI pH 8.0, 1 mM EDTA. Autoclave and store at
room temperature.

Agarose and DNA gel electrophoresis equipment.

2.3. Immunoprecipitation

1.
2.

PN

10.

11.
12.

1.5-mL Costar low-binding microcentrifuge tubes (Corning Life Sciences).
Protein A sepharose CL-4B gel (Amersham Biosciences), 25% slurry in
PBS prepared from dry powder as recommended by the manufacturer.
Store at 4°C.

PBS: 20 mM Na phosphate, pH 7.0, 150 mM NaCl, 10 mM EDTA. Filter
through 0.45-um filter, autoclave and store at room temperature.

20 mg/mL Acetylated bovine serum albumin (Ac-BSA) (Sigma).

5 mg/mL Sonicated salmon sperm DNA (400 bp average size) in TE.
Rotating wheel.

Drawn-out Pasteur pipets.

FA-lysis/0.5 M NaCl buffer: 50 mM HEPES-KOH pH 7.5, 500 mM NaCl,
1 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) deoxycholic acid
sodium salt, 0.1% (w/v) SDS. Filter-sterilize through 0.22-pum filter. Store
at room temperature.

. LiCl/detergent buffer: 10 mM Tris-HCI, pH 8.0, 0.25 M LiCl, 1 mM EDTA,

0.5% (v/v) Nonidet P40, 0.5% (w/v) deoxycholic acid sodium salt. Filter-
sterilize through 0.22-um filter and store at room temperature.

Elution buffer: 25 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.5% (w/v) SDS.
Filter-sterilize through 0.22-pum filter and store at room temperature.

65°C Water bath or heat block.

1.5 mL Safe-Lock tubes (Eppendorf).
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2.4. Reversal of the Crosslinks and Purification of DNA

5X Elution buffer.

65°C Air incubator or oven.

10 mg/mL DNase-free RNase (Roche).

25:24:1 (v/v/v) phenol/chloroforme/isoamyl alcohol.
Chloroform.

20 mg/mL Glycogen, molecular biology-grade (Roche).
4 M LiCl, filter through 0.45-um filter and autoclave.
100% Ethanol.

A e

2.5. Analysis of Immunoprecipitated DNA by Quantitative PCR

1. Oligonucleotides: 24- to 26-mers with approx 40% GC content and similar
melting temperature (around 60°C), designed to produce 150-300 bp frag-
ments. Prepare 20 uM working dilutions in water and store at —20°C.

2. HotStarTaq DNA polymerase with 10X reaction buffer (Qiagen).

High-purity dNTP mix containing 2 mM dATP, dCTP, dGTP, and dTTP

each (Amersham Biosciences).

10 mCi/mL [a-32P]dATP (specific activity: 3000 Ci/mmol).

Thin-walled 0.2-mL PCR tubes, DNase- and RNase-free.

Aerosol filter pipet tips (optional).

Thermal cycler with a heated cover.

Gel loading buffer: 50% glycerol (w/v), 10 mM EDTA, 0.1% (w/v) bro-

mophenol blue, 0.1% (w/v) xylene cyanol. Store at 4°C.

9. Apparatus and accessories for polyacrylamide gel electrophoresis.

10. 40% Acrylamide-bisacrylamide solution, 37.5:1.

11. 10% (w/v) Ammonium persulfate in water, store up to 2 wk at 4°C.

12. TEMED (N,N,N',N'-tetramethylethylenediamine).

13. 10X TBE (0.89 M Tris-HCI base, 0.89 M boric acid, 0.025 M EDTA,

pH 8.0).

14. Whatman 3MM chromatography paper.

15. Plastic wrap.

16. Gel-drying system.

17. Autoradiography films, intensifying screen, and cassette.

18. Phosphorimaging equipment, e.g., Phosphorlmager (Molecular Dynamics)

or Storm System (Amersham Biosciences).

e
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3. Method

The method described here is based on that developed by Strahl-Bolsinger et
al. (5) and focuses more specifically on the budding yeast Saccharomyces cere-
visiae (see Note 2). This section outlines: (1) the growth and fixation with
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formaldehyde of yeast cells, (2) the extraction of the crosslinked chromatin, (3)
the immunoprecipitation of the crosslinked chromatin, (4) the reversal of the
crosslinks and purification of DNA, and (5) the analysis of DNA by quantita-
tive PCR.

3.1. Cell Growth and Formaldehyde Fixation
3.1.1. Cell Growth

L.

2.

Inoculate 5 mL of appropriate liquid growth medium with a single colony
picked from a fresh plate and allow to grow overnight at 30°C.

Dilute an aliquot into 100 mL of fresh liquid-growth medium in a 500-mL
flask so that the culture will have reached an optical density (OD) at 600 nm
of 1-2 (ca. 2-3 107 cells/ mL) the next morning (see Note 3).

3.1.2. Formaldehyde Fixation

1.

When the culture has reached the desired density, add 2.8 mL of 37%
formaldehyde (see Note 4) directly to the medium (final concentration = 1%).
After adding formaldehyde, mix rapidly and leave the suspension at room
temperature for 15 min with occasional shaking (every 5 min) (see Note 5).

. Add 20 mL of 2.5 M glycine (final concentration = 0.4 M) to stop the

crosslinking reaction, mix, and incubate for 5 min at room temperature.

. Transfer the suspension into a 250-mL centrifuge bottle and pellet cells by

centrifugation for 8 min at 10,000 g at 4°C.

. Discard the supernatant (see Note 6) and resuspend cells in 250 mL of cold

20 mM Tris-HCI, pH 8.0.

. Centrifuge for 8 min at 10,000 g at 4°C to pellet cells and discard the

supernatant.

Resuspend cells in 5 mL of cold FA-lysis buffer and add 50 pL of 100 mM
PMSF (final concentration = 1 mM) (see Note 7). Transfer the suspension
into a 14-mL round-bottom polypropylene tube and pellet cells by cen-
trifugation for 5 min at 2500 g at 4°C.

. Discard the supernatant by aspiration with a Pasteur pipet connected to

a vacuum aspirator and keep on ice. At this point cells can either be di-
rectly extracted or frozen and stored in a —80°C freezer for several weeks.

3.2. Extraction of the Crosslinked Chromatin

Tubes should be kept on ice between the successive manipulations during ex-

traction of crosslinked chromatin.

1.
2.

If cells were frozen, thaw on ice first.
Resuspend cells in 1 mL of ice-cold FA-lysis buffer containing 1 mM
PMSF and 1X protease inhibitor cocktail.
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10.

11.

12.

13.
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Add 1.5 mL of 0.5 mm zirconia/silica beads (see Note 8).

To lyse cells, vortex vigorously 12 times for 1 min and place on wet ice for
1 min in between each time (see Note 9).

Add 4 mL of FA-lysis buffer containing 1 mM PMSF and 1X protease in-
hibitor cocktail.

To collect the suspension without the beads, wipe off ice and water from
the outside of the tube with a Kimwipe, invert the tube, puncture the bot-
tom with a hot black (22 G) needle and insert the tube in a 50-mL Oak
Ridge centrifuge tube. Centrifuge for 2 min at 1000 g at 4°C to bring the
suspension down. Repeat centrifugation if part of the suspension has not
been transferred to the 50 mL tube.

Transfer the whole extract in a 15 mL. COREX tube and centrifuge for
20 min at 2000 g at 4°C to pellet the crosslinked chromatin (see Note 10).

. Discard the supernatant and add 1.6 mL of cold FA-lysis buffer containing

1 mM PMSF and 1X protease inhibitor cocktail to wash the pellet. Break
up the pellet by gently pipeting up and down with a 1-mL micropipetor.
Transfer the whole suspension into a 2-mL tube taking care that no mate-
rial is left behind in the COREX tube. Spin at maximum speed in a micro-
centrifuge for 20 min at 4°C.

Discard the supernatant and add 1.6 mL of cold FA-lysis buffer containing
1 mM PMSF and 1X protease inhibitor cocktail. Break up the pellet as in
step 8 and place the tube on a holder in an ice-water bath.

Sonicate the suspension to yield DNA fragments in a size range between
100 and 1000 bp with an average of 400 bp. Use a sonication device fitted
with a microtip. Place the microtip at the 0.5 mL graduation mark on the
2 mL tube and hold the tube firmly to prevent movement during sonication.
Sonicate for short cycles (20 maximum) at the maximum microtip power
setting. Place the tube in ice-water at least 5 min in between two sonication
cycles to avoid excessive heating in the sample. If several samples are
processed in turns, wash the microtip thoroughly with water and ethanol in
between samples to avoid cross-contamination. Every sonication device is
different and the number of cycles required with a particular device to
achieve the desired DNA fragment size should be determined in a pilot ex-
periment. Four to six cycles are generally sufficient to get DNA fragments
with an average size of 400 bp (see Note 11).

Transfer the suspension to a 15-mL. COREX tube and add 4 mL of cold
FA-lysis buffer containing 1 mM PMSF and 1X protease inhibitor cocktail.
Let stand on ice for 30-60 min.

Centrifuge for 20 min at 12,000 g at 4°C to remove cell debris and insolu-
ble components.
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14.

15.

Transfer the supernatant (which contains the fragmented crosslinked chro-
matin) into a fresh 14-mL round-bottom polypropylene tube and discard the
pellet. Save 100 pL to check the size of the DNA fragments and divide the
rest into 0.5 mL aliquots. Freeze the aliquots in liquid nitrogen and store at
—80°C (see Note 12)

To check the size of the DNA fragments, mix 100 pL of extract with 25 pL.
of 5X elution buffer in a 1.5-mL Safe-Lock tube, add 6 pL of 20 mg/mL
Pronase, incubate 1 h at 37°C, and proceed as described in Subheading 3.4.,
Steps 2-8 to reverse crosslinks and purify DNA. Resuspend purified DNA
in 50 uL of TE and analyze 20 pL by electrophoresis on a 1.5% agarose gel
and staining with ethidium bromide (see Note 13).

3.3. Immunoprecipitation

A control immunoprecipitation with either pre-immune serum, immune

serum depleted of the antibodies, peptide-block antibodies, or no antibody at all
should be performed to determine the specificity of the immunoprecipitation
(see Note 14).

3.3.1. Coupling of Antibodies to Protein A Beads

1.

e

SN

In a 1.5-mL low-binding microcentrifuge tube, combine the appropriate
amount of antibody (amount sufficient to deplete at least 90% of the anti-
gen from 500 pL of chromatin extract, see Note 15) with 60 puL of 25% Pro-
tein A sepharose bead slurry (see Note 16), 25 uL of 20 mg/mL Acetylated-
Bovine Serum Albumin (Ac-BSA), and 4 pL of 5 mg/mL sonicated salmon
sperm DNA. Bring the volume to 1 mL with ice-cold PBS.

Incubate for 4 h to overnight at 4°C on a rotating wheel.

Microcentrifuge 5 s at maximum speed at room temperature.

Aspirate the supernatant (which contains unbound antibodies) using a
drawn out Pasteur pipet connected to a vacuum aspirator.

Add 1 mL of ice-cold PBS and resuspend the beads by inverting the tube.
Repeat steps 3 and 4 to collect beads.

. Add 25 pL of 20 mg/mL Ac-BSA, 4 pL of 5 mg/mL sonicated salmon

sperm DNA, and mix by gently flicking the bottom of the tube. Keep on ice.

3.3.2. Immunoprecipitation

1.

2.

3.

If chromatin extracts were frozen, thaw on ice first and spin in a microcen-
trifuge for 20 min at 16,000 g at 4°C to clarify the extract from protein ag-
gregates that may have formed during freezing and thawing.

Add 500 pL of chromatin extract to the antibody-conjugated Protein A
beads prepared before.

Incubate for 1-2 h at room temperature on a rotating wheel (see Note 17).
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4. Microcentrifuge 1 min at 1000 g at room temperature to collect the beads
and remove the supernatant by aspiration with a drawn out Pasteur pipet
connected to a vacuum aspirator.

5. Add 1.4 mL of FA-lysis/0.5 M NaCl buffer and incubate for 5 min at room
temperature on a rotating wheel (see Note 18).

6. Microcentrifuge 1 min at 1000g at room temperature and remove the super-

natant as in step 4 (see Note 19).

Repeat steps S and 6 twice.

Repeat steps 5 and 6 with 1.4 mL of LiCl/detergent buffer.

Repeat steps 5 and 6 with 1.4 mL of TE buffer.

Add 125 pL of elution buffer, mix by vortexing, and incubate 20 min in a

65°C water bath or heat block to elute the immunoprecipitate from protein

A beads.

11. Microcentrifuge 1 min at maximum speed at room temperature and trans-

fer eluate to a 1.5 mL Safe-Lock tube.

S 0 o N

3.4. Reversal of the Crosslinks and Purification of DNA

It is important to treat at the same time as the immunoprecipitate an aliquot
of the chromatin extract (routinely 100 pL, i.e., 20% of the volume used for the
immunoprecipitation, adjusted to 25 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.5%
(w/v) SDS with 25 pL of 5X elution buffer). This will serve as the total (or
input) control for later analysis.

1. Add 6 pL of 20 mg/mL Pronase to the immunoprecipitate and the total
chromatin aliquot, and incubate 1 h at 37°C to digest proteins.

2. Place samples in a air incubator or an oven at 70°C and incubate for at least

6 h up to overnight to reverse protein-DNA crosslinks (see Note 20).

Add 5 pg of DNase-free RNase and incubate 30 min at 37°C.

4. Extract samples once with an equal volume of 25:24:1 phenol/chloroforme/
isoamyl alcohol and once with an equal volume of chloroform.

5. Add 20 pg of glycogen and 1/10 volume of 4 M LiCl, and vortex. Add 2 vol
of 100% ethanol and vortex again. Incubate at least 2 h up to overnight at
—20°C to precipitate DNA (see Note 21).

6. Microcentrifuge at maximum speed for 20 min at 4°C.

7. Remove the supernatant, wash the pellet with 1 mL of 100% ethanol, and
microcentrifuge at maximum speed for 5 min at 4°C (see Note 22).

8. Remove the supernatant and air dry the pellet for 10-15 min at room
temperature.

9. Resuspend immunoprecipitate and total DNA in 200 pL of TE buffer (see
Note 23).

e
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3.5. Analysis of DNA by Quantitative PCR

Our method of choice to detect the presence of specific genomic fragments
in the immunoprecipitate DNA is PCR (see Notes 24 and 25). The relative en-
richment of a particular fragment in the immunoprecipitate DNA is calculated
by dividing the amount of PCR product obtained from the immunoprecipitate
by that obtained from the total input DNA. For accurate quantification, it is es-
sential to make sure that calculation is based on PCR signals that are in the lin-
ear range of the amplification reaction. Indeed, the amount of product generated
during amplification is proportional to the amount of template only during the
logarithmic-linear phase of the reaction. Therefore, it is essential to process sev-
eral dilutions of the immunoprecipitate and input DNA (two- or threefold serial
dilutions in TE buffer) and check that the amount of PCR product decreases pro-
portionally with the amount of template.

Itis equally important to perform appropriate PCR controls (i.e., with oligonu-
cleotide primers specific for genomic regions that are not expected to associate,
and therefore coimmunoprecipitate, with the protein of interest). These controls
will serve to determine the background level of the whole ChIP experiment and
to appreciate the significance of the enrichment obtained for the other regions.

3.5.1. PCR Analysis

PCR amplifications are carried out in 15 pL reaction volumes containing
1 uM of each oligonucleotide primer, 0.2 mM of each dNTP, 0.1 mCi/mL of
[a-32P]dATP (specific activity, 3000 Ci/mmol) and 0.75 U of HotStarTaq
DNA polymerase (Qiagen) or equivalent Taq polymerase (see Note 26). To
micropipet reagents and DNA samples, use aerosol filter tips to prevent PCR
contaminations.

1. Prepare a common PCR premix containing the appropriate amount of H,O,
10X PCR buffer, primers, dNTPs, [a-32P]dATP, and Taq polymerase (see
Note 27). The minimal number of samples includes two or three different
dilutions (two-or threefold serial dilutions) of the immunoprecipitate and
the input DNA. Adjust the final premix volume assuming that 5 uL. of DNA
template will be added next.

2. Distribute 10 pL of the premix into 0.2-mL PCR tubes at room temperature.

3. Add the DNA template. The amount of template added is typically 5 uL of
1:1 (undiluted), 1:2, and 1:4 dilutions of the immunoprecipitate DNA
(which corresponds to 1/40, 1/80, and 1/160 of the immunoprecipitate as-
suming a sample volume of 200 uL) and 5 pL of 1:25, 1:50, and 1:100 dilu-
tions of the input DNA sample (which corresponds to 1/5000, 1/10,000, and
1/20,000 of the total input DNA assuming a sample volume of 200 pL and
reversal of 100 uL of chromatin extract).
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4. Place the PCR tubes in a thermal cycler with a heated cover and start
amplification using a cycling program consisting of a 2-min initial denatu-
ration at 95°C (15 min if Qiagen HotStarTaq DNA polymerase is used) fol-
lowed by 25 cycles with 30 in. at 94°C (denaturation), 30 in. at 55°C (an-
nealing), and 60 in. at 72°C (elongation), and by a final extention step at
72°C for 5 min.

3.5.2. Gel Electrophoresis and Quantitation

PCR products are separated by vertical electrophoresis on nondenaturing
polyacrylamide gels and visualized by film autoradiography. Intensity of ra-
dioactive PCR signals is quantitated by phosphorimager analysis.

1. After PCR is completed, microcentrifuge tubes for a few seconds to bring
condensation down.

2. Add 2 pL of loading buffer and mix by vortexing.

3. Load 4 uL on a 8% polyacrylamide/1X TBE gel (20cm X 20cm X 1mm,
25 wells) and run the gel at 10 volt/cm, taking care to avoid excessive
heating.

4. Stop migration when the Bromophenol Blue dye has reached two-thirds of
the plate length. Discard the 1X TBE buffer present in the lower reservoir
of the electrophoresis tank in a radioactive waste (this buffer may contain
free [a-32P]dATP).

5. Detach the plates from the electrophoresis apparatus and carefully pry them
apart so that the gel is still attached to one plate.

6. Transfer the gel onto a piece of Whatman 3MM paper, place on a preheated
gel dryer connected to a vacuum pump, cover with plastic wrap, and dry
for 20 min at 80°C.

7. Expose the dried gel to an autoradiography film or to a storage phosphor
screen for visualization and quantification of PCR products (see Notes 28
and 29).

4. Notes

1. Solutions used for chromatin extraction and immunoprecipitation should be
prepared from Molecular Biology grade reagents using distilled and deion-
ized water. It is convenient to prepare solutions from individual concen-
trated stock solutions (e.g., prepare FA lysis buffer from 0.5 M HEPES-
KOH, pH 7.5, 5 M NaCl, 0.5 M EDTA, pH 8.0, 20% [v/v] Triton X-100,
10% [w/v] deoxycholic acid sodium salt, and 10% [w/v] SDS solutions).
Solutions must be filtered through 0.22- or 0.45-um filter (respectively, for
sterilization and/or removal of particles) and, when appropriate, auto-
claved. Do not autoclave solutions with HEPES or detergent.
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2. Implementation of the ChIP method to cell types other than yeast will
require to adapt the steps of cell fixation and chromatin extraction to the
particular characteristics of the cells used. For examples, Drosophila and
human cells do not have a cell wall as yeast cells do and therefore can be
lysed without vortexing in the presence of glass beads (see refs. 10,12,16).
Other steps (immunoprecipitation, reversal, and DNA analysis) can be im-
plemented without modifications.

3. Growth properties of strains depend on their genetic background. Impor-
tant differences exist among strains. In addition, the growth rate of a strain
depends on the composition of the growth medium. Therefore the size of
the inoculate that will lead to the desired cell density the next morning
should be determined in advance in pilot experiments.

4. Formaldehyde is toxic and should be manipulated with gloves and in a
fume hood to prevent contact with skin and inhalation of noxious fumes. In
addition, flasks should be kept covered (for example with aluminium foil)
after addition of formaldehyde.

5. The optimal concentration of formaldehyde, incubation time, and temper-
ature at which the reaction is performed should be determined experimen-
tally. Crosslinking times reported previously range from 10 min at room
temperature to overnight at 4°C. The use of 1% formaldehyde at room tem-
perature for 15 min represents standard conditions that were shown to work
well with a number of proteins. However, these conditions should not be
considered to be suitable for all proteins. The extent of crosslinking is one
of the most important parameters for the success of the ChIP experiment.
Excessive crosslinking may result in poor cell breakage and poor chromatin
fragmentation during extraction and sonication. Excessive crosslinking
may also alter reactivity of the epitopes recognized by the antibodies, re-
sulting in poor immunoprecipitation. On the other hand, suboptimal
crosslinking may result in fewer crosslinks between the protein of interest
and DNA, leading to weak enrichment of the genomic targets of the protein.

6. Formaldehyde-containing wastes must be disposed of as hazardous chem-
ical waste. Do not discard them down the sink but keep them in appropri-
ate bottles and consult your institution’s safety office for the rules regard-
ing storage and disposal.

7. PMSF is unstable in aqueous solution (half-life of 35 min at pH 8.0) and
should be added to buffers immediately before use.

8. 0.5-mm acid-washed glass beads (Sigma) can be used instead of 0.5-mm
zirconia/silica beads.

9. Cell-breakage efficiency should be greater than 90% to achieve maximum
extraction. It is important to make sure that bead movement is not con-
stricted during vortexing, which could otherwise result in poor and unequal
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cell lysis among samples. Eight samples can be processed in no longer than
48 min if two vortexers are used at the same time. It may be convenient to
use a multivortexer or a BeadBeater (BioSpec Products) if one wants to
process more samples.

10. After centrifugation of the whole-cell lysate at 20,000 g, the crosslinked
chromatin is found in the pellet with cell debris and potential unbroken
cells. This characteristic of the crosslinked chromatin allows to separate it
from soluble proteins that might interfere during immunoprecipitation.

11. Sonication is a crucial step because it promotes solubilization of the
crosslinked chromatin and allows it to separate from cell debris and insol-
uble components. In addition, shorter DNA fragments allows for mapping
DNA-protein interactions with higher resolution, and to define more accu-
rately regions where proteins are recruited.

12. The amount of chromatin extract prepared from 100 mL of culture grown
to an ODg, of 1-2 is sufficient to carry out up to 10 immunoprecipitations.
Chromatin extracts can be stored at —80°C for several months without
damage. However, it is recommended to use fresh extracts in experiments
studying proteins never assayed before.

13. It is important to check the size of the DNA fragments to confirm that they
are in the expected range.

14. An alternative control in experiments using cells expressing epitope-tagged
proteins (e.g., HA- or Myc-tagged proteins) is to perform a parallel im-
munoprecipitation (including antibodies) with chromatin extract prepared
from untagged, isogenic cells.

15. Differences in the amount of protein-DNA complexes between samples
will be accurately measured only if almost all complexes are immunopre-
cipitate in each sample. It is recommended to perform preliminary experi-
ments to determine the appropriate amount of antibodies to use. Chromatin
extract should be subjected to immunoprecipitation with varying amounts
of antibodies, and the supernatant after immunoprecipitation examined by
immunoblotting for the presence of the antigen. It is important to remem-
ber that immunoprecipitation of proteins is less efficient in crosslinked ex-
tracts compared to noncrosslinked ones, probably owing to modification or
masking of the epitopes, and it has been reported that epitopes of some pro-
teins seem to become inaccessible when the protein gets crosslinked to the
DNA (either directly or indirectly) (see ref. 3). This potential problem can
be circumvented by using polyclonal antibodies (pAbs) rather than mon-
clonal ones.

16. Substitute Protein G for Protein A if the antibody is from a species or sub-
class that does not bind to Protein A (see ref. 24 for Protein A/G affinities
for antibodies from various species and subclasses).
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17.

18.

19.

20.

21.

22.

23.

24.

25.

Prolonged incubations (e.g., overnight in the cold room) tend to result in
increased background (i.e., nonspecific precipitation of chromatin frag-
ments) and should be avoided.

It is not recommended to complete all the washes too quickly (i.e., without
incubation time) because this may not allow enough time for proteins in-
cluded within the antigen-antibody-protein A bead latticework to diffuse
out of it. Instead, beads should be washed over approx 30 min (all washes
included).

Remove supernatant as completely as possible during washes to achieve the
lowest background as possible. The Pasteur pipet should be moved progres-
sively toward the bottom of the tube as the wash buffer is withdrawn until
the very surface of the beads. Use gentle vacuum to avoid removing beads.
It is preferable to use an air incubator or oven instead of a heat-block or
water bath because it prevents concentration of the sample by condensation.
Glycogen serves as a carrier to maximize DNA precipitation and helps to
visualize the pellet after centrifugation.

The DNA pellet from the immunoprecipate sample will be very small and
nearly invisible. Therefore, the supernatant should be removed with ex-
treme caution to avoid any loss of material.

Alternatively, the DNA can be purified using the QIAquick PCR purifica-
tion kit (Qiagen). Follow the protocol described in the QIAquick spin han-
book supplied with the kit. To elute DNA from the QIAquick column, add
200 pL of TE buffer, let the column stand for 10 min at room temperature,
and microcentrifuge at maximum speed for 1 min.

Alternatively, coimmunoprecipitated DNA can be analyzed by slot blot or
Southern hybridization (for examples, see refs. 1,4,10). For slot-blot analy-
sis, immunoprecipitated and total DNA samples are immobilized on a nylon
membrane by slot blot, and the membrane is hybridized with 32P-labeled
probes for specific genes. For Southern analysis, immunoprecipitated DNA
is radiolabeled and used as a probe against genomic DNA fragments sepa-
rated by agarose gel electrophoresis and immobilized onto a hybridization
membrane. Both methods have been shown to give good results but we
favor PCR analysis because of high sensitivity and specificity of the PCR
method.

PCR, slot blot or Southern hybridization analyses can be carried out in any
laboratory provided with standard equipment. Unfortunately, these analy-
ses are restricted to studying interaction of proteins with a limited number
of target fragments. A method of global analysis using DNA microarrays
have recently been developed to monitor protein—-DNA interactions across
the entire yeast genome (25-27). In these methods, immunoprecipitate
and input DNA fragments are amplified and differentially labeled using
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26.

27.

28.

29.

different fluorescent dyes, and then hybridized to microarray plates that
contain the whole genome (or only intergenic regions in case of transcrip-
tion factors that specifically target promoter region). This approach allows
one to localize DNA-bound proteins at the whole genome level.

It is highly convenient to use a Taq DNA polymerase that is inactive until
PCR cycles start. This permits set-up at ambient temperature and reduces
formation of nonspecific products and primer-dimers.

To minimize exposure to radiation, PCR reactions should be set up behind
an appropriate shield and in a place designated for radioactive work. PCR
samples must be in a shielded container during storage and transportation.
Exposition for 1 h at —80°C should be long enough to detect a signal when
using an intensifying screen. After exposition, the film can be scanned and
signals quantitated using an imaging software if the laboratory is not
equipped for phosphorimager autoradiography.

A faster and more convenient way to quantitate the immunoprecipitate
DNA is using real-time PCR if one has the necessary instrument (e.g.,
LightCycler from Roche or ABI PRISM 7700 from Applied Biosystems).
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Nonradioactive Methods for Detecting Activation
of Ras-Related Small G Proteins

Douglas A. Andres

Summary

Ras-related small GTPases serve as critical regulators for a wide range of cellular signaling
pathways and are activated by the conversion of the GDP-bound state to the GTP-bound confor-
mation. Until recently, measurement of the GTP-bound active form of Ras-related G proteins in-
volved immunoprecipitation of 32P-labeled protein followed by separation of the labeled
GTP/GDP bound to GTPase. A new method based on the large affinity difference of the GTP-
and GDP-bound form of Ras proteins for specific binding domains of effector proteins in vitro
has been developed. By using glutathione S-transferase (GST) fusion proteins containing these
binding domains, the GTP-bound form of the GTPase can be precipitated from cell lysates. In
principle, this method can be used for all members of the Ras superfamily. Here we describe a
general procedure to monitor the GTP-bound form of Ras-related GTPases.

Key Words: GTP-bound; Ras; GTPase; activation probe.

1. Introduction

Small Ras-like GTPases are activated by the conversion of the GDP-bound
conformation into the GTP-bound conformation and inactivated by GTP hy-
drolysis. In their activated GTP-bound forms, the Ras proteins interact with a
variety of intracellular effector proteins to initiate signaling pathways that con-
tribute to cell proliferation, differentiation, or cell survival, depending on the
cellular context and individual G protein (I-4). Therefore the ability to measure
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the activation state of Ras family proteins provides a useful tool in the exami-
nation of a number of biological systems.

The level of Ras-related protein activation (the fraction of the total cellular
protein bound to GTP) and the duration of this activated state are tightly con-
trolled by the opposing actions of guanine-nucleotide exchange factors (GEFs),
which stimulate GDP for GTP exchange, and GTPase-activating proteins
(GAPs), which stimulate the intrinsic GTPase activity of Ras-related proteins.
Both the level and duration of Ras family activation appear to contribute to both
downstream signal strength and the resulting biological effects. Therefore, to
fully understand the role that Ras GTPases play in regulating cellular signaling
pathways, it is essential to be able to monitor the level, duration, and timing of
cellular Ras family protein activation.

A variety of methods for studying the activation of Ras-like small G proteins
have been described. The earliest of these methods directly measured the ratio
of GTP to GDP bound to Ras-like GTPases extracted from cells (5,6). These ap-
proaches rely on the use of radiolabeled guanine nucleotides and purified pro-
teins to measure exchange activity in vitro or radiolabeling cells with ortho-
phosphate and specifically immunoprecipitating the G protein of interest to
measure the ratio of bound radiolabeled GTP to GDP by thin-layer chromatog-
raphy (TLC). Although these assays have been useful in studies of Ras func-
tion, the approach suffers from several technical drawbacks that have limited its
use for many members of the Ras superfamily. First, the success of this method
is based in large part on the ability to find an effective immunoprecipitating an-
tibody that also blocks GAP interaction and therefore acts to inhibit GTP
hydrolysis on the G protein during the experimental procedure. Because anti-
bodies for many Ras-related GTPases with appropriate immunprecipitating/
inhibiting characteristics are not available, it is often necessary to introduce epi-
tope-tagged G protein by transient overexpression or to analyze purified pro-
teins to study activation. Second, these methods require large amounts of ra-
dioactivity to metabolically label cells. This can be costly, requires strict
radiation safety procedures, and the radiolabeling procedure may itself influ-
ence cellular pathways and effect the experimental outcome.

Nonisotopic methods have recently been devised that enable the detection of
the activation status of numerous Ras-like small G proteins in treated cell lysates
(Fig. 1). The method is based on the large affinity difference of the GTP- vs
GDP-bound form for specific binding domains of downstream effector proteins
in vitro. By using glutathione S-transferase (GST) fusion proteins containing
these binding domains, the GTP-bound form of the GTPase can be precipitated
from cell lysates (7—10). In principle, this method can be used for all small GT-
Pases and has proved to function for the Ras (11), Rapl (12,13), Rap2 (14,15),
R-Ras (10), ARF (16,17), Ral (18,19), and Rin GTPases (20) (Table 1).
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Fig. 1. Schematic of activation probe assay. Small Ras-related GTPases exist in an
equilibrium between GTP-bound (active) and GDP-bound (inactive) states. For many
members of the Ras family, effector proteins (see Table 1) have been isolated that bind
with much higher affinity to the GTP-bound (active) state of the GTPase. Chimeric pro-
teins combining glutathione S-transferase (GST) with the Ras-like GTPase-binding do-
main (RBD) can be used to detect activated GTPases with high affinity and can be used
in vitro to select GTP-bound molecules. (1) Cells are treated with potential GTPase ac-
tivators and lysed. (2) Lysates are mixed with bacterially purified GST-RBD precoupled
to glutathione-coupled beads and incubated at 4°C to allow binding of activated GTP-
bound GTPase. (3) SDS-PAGE separates protein within the GST-RBD complex and
specific antibodies can be used in Western blotting to identify the relative amount of ac-
tivated G protein. Because relatively little GDP-bound GTPase can bind GST-RBD, the
level of GTPase recovered provides a useful index of G protein activation.

2. Materials

pGEX Expression system (Amersham Pharmacia, Piscataway, NJ).
Escherichia coli strain BL21.

Ampicillin.

IPTG (isopropyl-f-p-thio-galactopyranoside).

GST-RBD lysis buffer: 50 mM Tris-HCI, pH 7.5, 150 mM KCl, 10% (v/v)
glycerol, 20% (w/v) sucrose, 5 mM MgCl,, I mM EDTA, 2 mM dithiothreitol

Nk W=
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Table 1 Detection of Ras-Related Small G Proteins Using Activation Probes

G protein Recognition domain References
Rin N-terminus of Raf-1 (aa 1-140)2 (20)
R-Ras N-terminus of Raf-1 (aa 1-147) (10)
Rapla, Raplb Ras-binding domain of RalGDS (aa 726-828) (12,13)
H-Ras N-terminus of Raf-1 (aa 1-147) (11)
Rap2 Ras-binding domain of RalGDS (aa 726-828) (14,15)
Ral Ral-binding domain of RLIP76 (aa 397-518) (18,19)
Racl p21-binding domain of PAKI (aa 67-150) (23,24)
Cdc42 p21-binding domain of PAK1 (aa 67-150) (23,24)
RhoA Rho-binding domain of Rhotekin (aa 7-89) (25)
ARF1, ARF6 GAT domain of GGA3 (16,17)

aaa, amino acid.

(DTT), leupeptin (10 pg/mL), aprotinin (10 pg/mL), 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and lysozyme (1 mg/mL) at 4°C.

6. French press.

7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
equipment.

8. Glutathione-sepharose 4B resin (Amersham Pharmacia).

9. Washing buffer: 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM MgCl,,
10% (v/v) glycerol, 1% Nonidet P-40, 2 mM DTT, 1 mM PMSEF, aprotinin
(1 pg/mL) at 4°C.

10. Cell lysis buffer: 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 20 mM MgCl,,
10% (v/v) glycerol, 1% (v/v) Nonidet P-40, 2 mM DTT, 1 mM PMSF, apro-
tinin (1 pg/mL), and leupeptin (1 pg/mL) at 4°C.

11. Polyvinylidine difluoride (PVDF) membrane.

12. Ponceau S stain.

13. Chemiluminescence detection kit (New England Nuclear, Boston, MA).

14. Rubber policeman.

15. 2X SDS sample buffer: 250 mM Tris-HCI, pH 6.8, 2% SDS, 0.572 M
2-mercaptoethanol (ME), 10% glycerol, and 0.2% Bromophenol Blue.

3. Methods

3.1. In Vitro Assay of Small G Proteins: Precipitating Activated
GTP-Bound GTPases With Activation-Specific Probes

This method is an adaptation of the method first described for examining the
activation of Ras and Rapl (11,13). Because this method relies on purified
proteins that are not always commercially available, we will first discuss the
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bacterial purification of GST-fusion activity probes as well as their utilization
in mammalian cell lysates for monitoring Ras-like GTPase activity.

3.1.1. Expression and Isolation of Activation Probes

A series of activation-specific probes have been identified and successfully
used for a range of small Ras-related GTPases (7—10). These include, for Ras,
Rin, and R-Ras, the Ras-binding domain (RBD) of c-Rafl; for Rap1 and Rap2,
the RBD of RalGDS; and for Ral, the Ral-binding domain of RLIP76 (RalBP)
(see Table 1). Each of the domains was cloned in pGEX vectors (Pharmacia) to
obtain bacterial expression vectors that produce GST fusion proteins with the
GST portion at the NH,-terminus. Cloning and characterization of each of these
probes have been previously described (see Table 1).

1. Transform E. coli BL21 with GST fusion expression constructs using stan-
dard molecular techniques. Incubate the bacteria in 50 mL of LB medium,
containing ampicillin (50 pg/mL), overnight at 30°C with shaking.

2. Dilute the bacterial culture 1:50 in 1 1 of LB medium containing ampicillin
(50 pg/mL) and 0.4% (w/v) p-glucose and allow the bacteria to grow to an
ODg, of 0.6-0.7. Add IPTG to a final concentration of 0.8 mM and incu-
bate the bacteria for an additional 4-6 h at 30°C. Centrifuge the bacteria at
7000g at 4°C for 15 min (see Note 1). The harvested cell pellet can be
stored at —80°C for months before extraction without significant break-
down of the GST fusion protein.

3. Resuspend the pellet in 25 mL of GST-RBD lysis buffer, incubate on ice for
30 min, and pass three times through a French press to achieve bacterial
lysis (see Note 2). Centrifuge the lysates for 1 hat 12,000 g at 4°C to remove
bacterial debris. Collect the supernatant fluid and store aliquots at 80°C. The
presence of GST fusion protein in the cleared lysate can be checked by SDS-
PAGE. The bacterial lysates are stable for several months at —80°C (see
Note 3). However, multiple freeze-thaw cycles should be avoided.

4. The fusion proteins are purified from the supernatant with glutathione-
sepharose 4B beads (Amersham Pharmacia, Piscataway, NJ) previously
washed five times in RBD lysis buffer without lysozyme (approx 200-
400 puL of packed beads). Glutathione-sepharose beads are incubated with
the supernatant for 2 h at 4°C with constant rotation, the beads centrifuged
at 2000 rpm at 4°C, and washed five times with ice cold washing buffer.
Beads can be aliquoted at this point in washing buffer and stored at —80°C
(see Note 4). The integrity of the GST-fusion protein is checked by SDS-
PAGE and should represent =80% of the total purified protein. Contami-
nating proteins or the presence of a minor fraction of GST-RBD breakdown
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Fig. 2. Detection of in vitro loaded GTPases. (A) Precipitation with GST-RafBD,
using recombinant H-Ras either EDTA treated (unloaded -), loaded with GDP, or loaded
with GTPyS. The lane at the left represents the total H-Ras in the sample prior to GST-
RafBD precipitation. (B) Precipitation with GST-RafBD, using HEK293 cell lysates ex-
pressing various HA-tagged H-Ras mutants and immunoblotted with anti-HA antibody
to detect expressed H-Ras. H-RasQ61L is constitutively GTP bound, whereas H-RasS!7N
is found predominantly in the GDP-bound state.

products is typical in these preparations and should not interfere with the
assay. The final protein concentration is determined and the beads can be
used directly for the assay.

5. The utility of the GST-RBD activation probe should be verified after each
GST-RBD purification by using recombinant GTPases loaded with either
GDP as a negative control or with GTPYS as a positive control (Fig. 2A).
Simple control experiments can also be performed by generating GDP-
bound GTPase and GTP-bound GTPase in vitro from the cell lysates to be
used for study. This is also an effective means to assess the total amount of
activatable GTPase present in the sample. Either overexpressed recombi-
nant GTPases or endogenous GTPases can be loaded with nucleotides in
this manner. Briefly, the cell lysate should be incubated with an excess of
guanine nucleotide ([100-200 uM] GTPyS, a nonhydrolyzable GTP ana-
log, or I mM GDP), in a high concentration of EDTA (10-20 mM) and a
low concentration of Mg2+ (<5 mM) at 30°C to promote nucleotide ex-
change and induce defined nucleotide binding (21). Subsequently increas-
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ing the Mg2+ concentration (to approx 75 mM) and returning the treated
lysate to 4°C will stop nucleotide exchange. Loaded GTPases should be
used immediately in the affinity precipitation assay. Alternatively, GTPase
mutants that have demonstrated effects on the activation status of the Ras
protein can be used (Fig. 2B).

3.2. Preparation of Cell Lysate

Preparation of a cell extract represents a critical step in the assay and deter-
mination of an optimal lysis buffer must be established empirically for each in-
dividual GTPase before any affinity precipitation. (1) In general, cells are pre-
treated or stimulated to generate the active GTP-bound form of the GTPase. For
cells in suspension, the stimulation is stopped by addition of an equal volume
of cold 2X lysis buffer. For adherent cells, the stimulation medium is removed,
the plates transferred to ice and washed twice with ice-cold ice PBS, cold 1X
lysis buffer is added and allowed to sit for 5—10 min, and the cells are scraped
from the plates while still on ice. (2) The resulting cell lysates are subjected to
centrifugation at 4°C for 10 min at 10,000 rpm in a refrigerated microfuge. (3)
Cell lysates can be used directly for the affinity-precipitation assay (see Note 5),
or can be immediately frozen in liquid nitrogen and stored at —80°C until use.
(4) For each affinity precipitation sample, an equal number of cells or the same
amount of total cell lysate should be mixed with the GST-RBD resin. Activa-
tion can also be monitored for transiently overexpressed GTPases. This is par-
ticularly useful when examining the activation state of a GTPase for which spe-
cific antibodies are lacking (20). In this case, it is important that care is taken to
assure equal recombinant protein expression in each plate of transfected cells.

Additional issues must be considered when preparing cell lysates:

1. The number of cells required to obtain a readily detectable GTPase signal
will depend on many factors, including the expression level of the GTPase
under study and the level of activation of this G protein to the stimuli under
investigation. If using a cell type not previously assayed for activation by
this method, we suggest starting with one or two 100-mm plates, 70-80%
confluent (see Note 6), with or without a known or expected activator of
the GTPase, preferably alongside positive controls (as described in Sub-
heading 3.1.) (Fig. 3).

2. Detergents are critical components of the lysis buffer. Each cell type has a
different detergent requirement to obtain optimal protein solubilization
without disruption of the nucleus. In a variety of neuronal cell lines, includ-
ing PC12 cells and HEK293 cells we have developed a cell lysis buffer that
appears to present a good starting point (19,20). Detergents are also present
in the binding buffer for the affinity precipitation to prevent nonspecific
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Fig. 3. Detection of GTPase activation. (A) PC6 cells were transiently transfected
with an expression vector for HA-tagged H-Ras. Prior to the preparation of whole cell
lysates, cells were serum-starved for 12 h and then stimulated with nerve growth factor
(NGF) (100 ng/mL) for the indicated periods of time. GTP-bound H-Ras was precipi-
tated with activation-specific probe (GST-RafBD) and analyzed by SDS-PAGE fol-
lowed by Western blotting using anti-HA antibody. (B) In vitro activation of Rin by ac-
tivated H-Ras (H-RasQ6lL), PC6 cells were transiently co-transfected with a vector
expressing HA-tagged Rin and either an expression vector for wild-type or H-RasQ6IL.
Cells were serum-starved for 12 h prior to recovery of GTP-bound Rin by GST-RBD
precipitation analysis.

binding to GST-RBD. However, we and others have found that some deter-
gents can also disrupt specific binding. Therefore, analysis of the effect of
detergents and detergent concentration on specific vs nonspecific binding is
recommended when establishing an activation probe assay.

3.3. Identification of GTP-Bound GTPases With Activation Probes

The GTP-bound GTPases are precipitated from cleared total cell lysate,
using activation-specific GST-RBD fusion proteins that are precoupled to glu-
tathione-Sepharose beads. Detection is achieved using gel electrophoresis and
Western blotting using antibodies specific for the small GTPases (see Fig. 1 for
an overview).

1. Transfer the culture dishes (usually one to two 100-mm dishes per treatment)
containing the cells for analysis to ice and wash two times with ice-cold PBS,
and ice-cold 1X cell lysis buffer. Scrape the cells with a rubber policeman
and transfer the cell lysate to a 1.5-mL microfuge tube. Centrifuge the lysate
for 10 min at 14,000 rpm in a refrigerated microfuge at 4°C.

2. Add the cleared supernatant to the activation-specific probe (GST-RBD)
precoupled to glutathione-sepharose beads (see Subheading 3.1.) and in-
cubate for 45 min on a rotary tumbler at 4°C (see Note 7). The GST-
RBD/bead complex is pelleted by centrifugation at 2000 rpm for 2 min at
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4°C. The beads are washed four times with 1X lysis buffer (see Note 8).
After the final wash remove the remaining liquid with an insulin syringe
and resuspend the beads in 20 pL of Laemmli buffer. Heat the samples at
95°C for 5 min to elute the bound proteins.

3. Separate the proteins on a 12.5% (w/v) sodium dodecyl sulfate-polyacry-
lamide gel, and transfer to PVDF membrane. Stain the membrane with Pon-
ceau S to check for equal transfer of GST-probe in all samples.

4. Probe the immunoblot with GTPase-specific primary antibody (directed
against the GTPase itself, or toward an epitope tag if overexpression of re-
combinant G protein is being analyzed) and visualize the bound secondary
antibody by enhanced chemiluminescence (New England Nuclear, Boston,
MA) according to the manufacturer’s protocol.

4. Notes

1. GST-activation probe proteins are stable under these production conditions,
although slightly higher yields of protein can be obtained by growing cells
at lower temperatures (20-25°C) for longer periods (6—12 h) following in-
duction with IPTG.

2. Alternatively, lysis can be achieved by sonication (microtip, 10 times, 30 s
each). Oversonication can adversely affect performance of the GST-fusion
protein: if this appears to be a problem it may be worthwhile trying differ-
ent output settings to determine the lowest necessary for efficient GST-
RBD recovery.

3. For most purposes, 10% of the lysate from a 1 1 bacterial preparation will
provide more than enough fusion protein for an experiment. Alternatively,
multiple unlysed bacterial pellets can be stored and processed as needed.

4. We have found that the stability of the GST-RBD beads varies between dif-
ferent preparations. There is some loss in G protein-binding capacity after
storage for 1-2 d at 4°C. It is therefore recommended that new batches of
beads be either stored at —80°C (and the efficiency of thawed beads be de-
termined as described above) or that new beads be made on the day of the
experiment. Because the GST-RBD beads can be prepared rapidly, we have
found this to be convenient. However, if performing this assay infrequently,
or with few samples per experiment, it is advisable to use fresh thawed
beads or scale down the resin preparation to conserve both recombinant
GST-RBD protein and glutathione beads.

5. It is important to work quickly and keep lysates on ice, because the GTP-
bound form of Ras-like GTPases will be susceptible to GAP activity until
incubation with GST-RBD.

6. It may be important to maintain cells at subconfluency because certain Ras-
like GTPases may be regulated by cell density (22).
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7. A general guideline for each sample is to add approx 40 pug of purified GST-
RBD protein precoupled to glutathione-sepharose beads to a 0.5-1 mL total
reaction volume containing 0.5—1 mg of total cellular protein. An important
variable to consider when designing experiments examining small G protein
activation is that the time-course for activation can vary greatly depending
on the Ras-like protein being examined, cell type, and the stimulus. There-
fore it is important to examine a wide range of time-points (from 30 s to
1-2 h) following exposure to stimuli.

8. Nonspecific precipitation of GDP-bound GTPase from cell lysates is gen-
erally not a problem. However, if signal to background is low it may be ad-
visable to perform a parallel affinity precipitation with GST alone or with
an irrelevant GST fusion protein.

References

1 Macara, L. G., Lounsbury, K. M., Richards, S. A., et al. (1996) The Ras superfam-
ily of GTPases. FASEB J. 10, 625-630.

2 Campbell, S. L., Khosravi-Far, R., Rossman, K. L., et al. (1998) Increasing com-
plexity of Ras signaling. Oncogene 17, 1395-1413.

3 Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science 279, 509-514.

4 Malumbres, M. and Pellicer, A. (1998) RAS pathways to cell cycle control and cell
transformation. Front Biosci. 3, d887-d912.

5 Satoh, T. and Kaziro, Y. (1995) Measurement of Ras-bound guanine nucleotide in
stimulated hematopoietic cells. Methods Enzymol. 255, 149-155.

6 Gibbs, J. B. (1995) Determination of guanine nucleotides bound to Ras in mam-
malian cells. Methods Enzymol. 255, 118-125.

7 Carey, K. D. and Stork, P. J. (2002) Nonisotopic methods for detecting activation
of small G proteins. Methods Enzymol. 345, 383-397.

8 Benard, V. and Bokoch, G. M. (2002) Assay of Cdc42, Rac, and Rho GTPase acti-
vation by affinity methods. Methods Enzymol. 345, 349-359.

9 Taylor, S. J., Resnick, R. J., and Shalloway, D. (2001) Nonradioactive determina-
tion of Ras-GTP levels using activated ras interaction assay. Methods Enzymol. 333,
333-342.

10 van Triest, M., de Rooij, J., and Bos, J. L. (2001) Measurement of GTP-bound Ras-
like GTPases by activation-specific probes. Methods Enzymol. 333, 343-348.

11 Taylor, S. J. and Shalloway, D. (1996) Cell cycle-dependent activation of Ras Curr:
Biol. 6, 1621-1627.

12. Spaargaren, M. and Bischoff, J. R. (1994) Identification of the guanine nucleotide
dissociation stimulator for Ral as a putative effector molecule of R-ras, H-ras,
K-ras, and Rap. Proc. Natl. Acad. Sci. USA 91, 12,609-12,613.

13 Franke, B., Akkerman, J. W., and Bos, J. L. (1997) Rapid Ca, , -mediated activation
of Rapl in human platelets. EMBO J. 16, 252-259.

14 Ohba, Y., Mochizuki, N., Matsuo, K., et al. (2000) Rap2 as a slowly responding
molecular switch in the Rap1 signaling cascade. Mol. Cell Biol. 20, 6074-6083.



Ras-Related Small G Proteins 173

15 Reedquist, K. A. and Bos, J. L. (1998) Costimulation through CD28 suppresses T

16.

cell receptor-dependent activation of the Ras-like small GTPase Rapl in human T
lymphocytes. J. Biol. Chem. 273, 4944-4949.

Dell’ Angelica, E. C., Puertollano, R., Mullins, C., et al. (2000) GGAs: A family of
ADP ribosylation factor-binding proteins related to adaptors and associated with
the Golgi complex. J. Cell Biol. 149, 81-94.

17 Santy, L. C. and Casanova, J. E. (2001) Activation of ARF6 by ARNO stimulates

18.

19.

20.

21.

22.

23.

24.

25.

epithelial cell migration through downstream activation of both Racl and phos-
pholipase D. J. Cell Biol. 154, 599-610.

Goi, T., Rusanescu, G., Urano, T., and Feig, L. A. (1999) Ral-specific guanine nu-
cleotide exchange factor activity opposes other Ras effectors in PC12 cells by in-
hibiting neurite outgrowth. Mol. Cell Biol. 19, 1731-1741.

Shao, H. and Andres, D. A. (2000) A novel RalGEF-like protein, RGL3, as a candi-
date effector for rit and Ras [In Process Citation]. J. Biol. Chem. 275,26,914-26,924.
Spencer, M. L., Shao, H., Tucker, H. M., and Andres, D. A. (2002) Nerve Growth
Factor-dependent Activation of the Small GTPase Rin. J. Biol. Chem. 2717,
17,605-17,615.

Self, A. J. and Hall, A. (1995) Measurement of intrinsic nucleotide exchange and
GTP hydrolysis rates. Methods Enzymol. 256, 67-76.

Posern, G., Weber, C. K., Rapp, U. R., and Feller, S. M. (1998) Activity of Rapl is
regulated by bombesin, cell adhesion, and cell density in NIH3T3 fibroblasts. J.
Biol. Chem. 273, 24,297-24,300.

Benard, V., Bohl, B. P, and Bokoch, G. M. (1999) Characterization of rac and
cdc4?2 activation in chemoattractant-stimulated human neutrophils using a novel
assay for active GTPases. J. Biol. Chem. 274, 13,198-13,204.

Bagrodia, S., Taylor, S. J., Jordon, K. A., et al. (1998) A novel regulator of p21-
activated kinases. J. Biol. Chem. 273, 23,633-23,636.

Ren, X. D., Kiosses, W. B., and Schwartz, M. A. (1999) Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton. EMBO J. 18,
578-585.



12

Nucleocytoplasmic Glycosylation, O-GIcNAc
Identification and Site Mapping

Natasha Elizabeth Zachara, Win Den Cheung, and Gerald Warren Hart

Summary

B-O-linked N-acetylglucosamine (O-GIcNAc) is posttranslationally added to serine and thre-
onine residues of many nuclear and cytoplasmic proteins found in metazoans. This modification
is dynamic and responsive to numerous stimuli and conditions, suggesting an important role in
many regulatory pathways. Moreover, the O-GlcNAc modification seems to compete with phos-
phorylation for sites of attachment, indicating a reciprocal relationship with phosphorylation.
This chapter includes protocols for: (1) identifying the O-GlcNAc modification on proteins
through immunoblotting, lectin affinity chromatography, and galactosyltransferase labeling; and
(2) identifying and enriching for the sites of attachment using the mass spectrometry-based -
elimination followed by Michael addition with dithiothreitol (BEMAD) technique.

Key Words: 3-O-linked N-acetylglucosamine; posttranslational modification; glycosylation;
site-mapping; detection.

1. Introduction

Hundreds, if not thousands, of nuclear and cytoplasmic proteins in meta-
zoans are modified by monosaccharides of -O-linked N-acetylglucosamine,
also known as O-GIcNAc. Notably, O-GIcNAc is added and removed to pro-
teins in the cytoplasm and nucleus, on serine and threonine residues. O-GIcNAc
levels respond to extracellular glucose concentrations, morphogens, and the cell
cycle, suggesting that O-GIcNAc plays an important role in different signal-
transduction pathways. Moreover, aberrations in the regulation of O-GlcNAc

From: Methods in Molecular Biology, vol. 284:
Signal Transduction Protocols
Edited by: R. C. Dickson © Humana Press Inc., Totowa, NJ
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Fig. 1. Amodel demonstrating how O-GIcNAc and O-phosphate may provide the cell
with different levels of regulation of proteins. Here, glycosylation is shown to block phos-
phorylation and vice versa, giving the cell at least three populations of any given protein.

have been implicated in the etiology of cancer, insulin resistance, and several
neurodegenerative diseases (1,2).

Interestingly, in many cases, the residues modified by O-GIcNAc are known
phosphorylation sites or are adjacent to phosphorylation sites. Several groups
have shown that increasing O-GlcNAc levels negatively affects phosphoryla-
tion levels; and that protein phosphatase inhibitors increase O-GIlcNAc levels
(3,4). These data support a model where a complex relationship exists between
these two posttranslational modifications, providing the cell an extra layer of
control, rather than just a simple dephosphorylation and phosphorylation reac-
tion (see Fig. 1). The exact nature of how O-GlcNAc affects the regulation of
proteins remains to be elucidated (Z,2). This article describes techniques cur-
rently being used to determine if proteins are modified by O-GlcNAc and where
the attachment of this saccharide occurs.

2. Materials
2.1. Control Proteins
1. Ovalbumin (see Note 1).

2. Bovine serum albumin (BSA) (see Note 2).
3. BSA-GIcNAc (see Note 3).
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2.2. Immunoblotting With CTD 110.6

1.

6.

7.

Purified or crude protein separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) and electroblotted to polyvinyli-
dene difluoride (PVDF) or nitrocellulose.

Tris-HCl-buffered saline (TBS): 10 mM Tris-HCI, pH 7.5, 150 mM NaCl.

. TBS-High Tween (TBS-HT): 10 mM Tris-HCL, pH 7.5, 150 mM NaCl,

0.3% (v/v) Tween-20.
CTD 110.6 (Covance, Richmond, CA) ascites diluted 1/2500 in TBS-HT.

. Anti-Mouse IgM-horseradish peroxidase (HRP) (Sigma-Aldrich, St Louis,

MO) diluted 1/5000 in TBS-HT.

Enhanced chemiluminescence (ECL) (Amersham Biosciences, Piscat-
away, NJ).

10 mM GIcNAc in TBS-HT.

2.3. Immunoblotting With Succinylated Wheat-Germ
Agglutinin sSWGA)

1.

2.

R

i

Purified or crude protein separated by SDS-PAGE and blotted to PVDF or
nitrocellulose.

Tris-HCI-buffered saline Tween (TBST): 10 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.05% (v/v) Tween-20.

Blocking agent: 3% (w/v) BSA in TBST.

TBS.

. High-salt TBST: (HS-TBST): 10 mM Tris-HCIL, pH 7.5, 1M NaCl, 0.05%

(v/v) Tween-20.
0.1 pg/mL sWGA-HRP (EY Labs, San Mateo, CA) in TBST (see Note 4).
1 M GlcNAc in HS-TBST.

. ECL reagent (Amersham Biosciences).

2.4. In Vitro Transcription Translation

1.

Ll

o

cDNA subcloned into an expression vector with an SP6 or T7 promoter
(approx 0.5-1 pg/uL).

Rabbit reticulocyte lysate in vitro transcription translation kit (Promega,
Madison, WI).

Label, 35S-Met, or 35S-Cys, or 14C-Leu.

sWGA-agarose (Vector Labs, Burlingame, CA).

I-mL tuberculin syringe with a glass wool frit or a Bio-Spin disposable
chromatography column (Bio-Rad, Hercules, CA).

Sephadex G-50.

Phosphate-buffered saline (PBS): 10 mM phosphate buffer, pH 7.5, 150 mM
NaCl.

SWGA wash buffer: PBS, 0.2% (v/v) NP-40.

. SWGA Gal elution buffer: PBS, 0.2% (v/v) NP-40, 1 M D-(+)-Gal.
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10. sWGA GIlcNAc elution buffer: PBS, 0.2% (v/v) NP-40, 1 M GlcNAc.
11. SDS-PAGE equipment and buffers.

12. Gel dryer.

13. Liquid-scintillation counter.

2.5. Galactosyltransferase Labeling

Protein sample(s).

Buffer H: 50 mM HEPES, pH 6.8, 50 mM NaCl, 2% (v/v) Triton-X100.
10X Labeling buffer: 100 mM HEPES, pH 7.5, 100 mM Gal, 50 mM MnCl,
25 mM 5'-adenosine monophosphate (5'-AMP), in Milli-Q water, pH 7.0.
UDP-[3H]Gal, 1.0mCi/mL (specific activity 17.6 Ci/mmol) in 70% (v/v)
ethanol.

UDP-Gal (not radioactive).

Stop solution: 10% (w/v) SDS, 0.1 M EDTA.

8. Desalting column, Sephadex G-50 (30 X 1cm) equilibrated in 50 mM am-
monium formate, 0.1% (w/v) SDS.

ARl S
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2.6. Autogalactosylated Galactosyltransferase

1. 10X galactosyltransferase buffer: 100 mM HEPES, pH 7.4, 100 mM Gal
and 50 mM MnCl,.

2. Galactosyltransferase storage buffer: 2.5 mM HEPES, pH 7.4, 2.5 mM

MnCl,, 50% (v/v) glycerol.

Saturated ammonium sulfate, =7.4 g (NH,),SO, in 25 mL Milli-Q water.

85% ammonium sulfate 14 g (NH,),SO, in 25 mL Milli-Q water.

25 mM 5'-AMP, in Milli-Q water, pH 7.0.

Aprotinin.

B-Mercaptoethanol.

UDP-Gal.

30-50mL centrifuge tubes.

LN kAW

2.7. PNGase F

1. Peptide N: glycosidase F (PNGase F).

2. 10X PNGase F denaturing buffer: 5% (w/v) SDS, 10% (v/v) B-mercap-
toethanol in 50 mM sodium phosphate buffer, pH 7.5.

3. 10X PNGase F reaction buffer: 500 mM sodium phosphate buffer, pH 7.5.

10% (v/v) NP-40.

5. PIC 1: Leupeptin, 1 mg/mL, antipain, 2 mg/mL, benzamide, 10 mg/mL,
dissolved in aprotinin, 10,000 U/mL.

6. PIC 2: Chemostatin, 1 mg/mL, Papstatin, 2 mg/mL, dissolved in dimethyl
sulfoxide (DMSO).

&
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2.8. Hexosaminidase Digestion

1. N-acetyl-B-p-glucosaminidase, from jack bean (Sigma-Aldrich, V-Labs,
Covington, LA).

2. 2% (w/v) SDS.

3. 2X reaction mixture: 80 mM citrate-phosphate buffer, pH 4.0, 1 U N-acetyl-
B-p-glucosaminidase (V-labs), 8% (v/v) Triton X-100 or (v/v) NP-40, 0.01 U
aprotinin, 1 pg of leupeptin, 1 ug a,-macroglobulin.

2.9. Increasing Levels of O-GIcNAc With PUGNAc
1. PUGNACc (Carbogen; Switzerland) 20 mM stock in Milli-Q water.
2.10. Mapping Sites of O-GIcNAc Attachment

Trypsin, sequencing-grade modified (Promega).

40 mM Ammonium bicarbonate, pH 8.0.

Trifluoroacetic acid (TFA).

Performic acid oxidation buffer (made fresh): 45% (v/v) formic acid, 5%

(v/v) hydrogen peroxide, in Milli-Q water.

MgCl,.

Alkaline phosphatase (Promega).

Dithiothreitol (DTT), high purity (Amersham Biosciences).

BEMAD solution (made fresh): 1% (v/v) Triethylamine, 0.1% (v/v) NaOH,

10 mM DTT.

9. C,3 Reversed-phase macro-spin columns (The Nest Group, Southbor-

ough, MA).

10. Buffer A: 1% (v/v) TFA.

11. Buffer B: 1% (v/v) TFA, 75% (v/v) Acetonitrile.

12. Thiol column buffer (made fresh), degassed: PBS, 1 mM EDTA.

13. Thiol column elution buffer (made fresh), degassed: PBS, 1 mM EDTA,
20 mM DTT.

14. Thiopropyl sepharose™ 6B (Amersham Biosciences).

15. 1% (v/v) acetic acid.

16. Savant Speed-Vac concentrator.

17. Finnigan LCQ with nanospray source.

18. Control peptides (see Note 5)

19. Approximately 1-100 pmol of protein sample in 40 mM ammonium bicar-
bonate, pH 8.0 (see Note 6).

20. Seal-Rite™ Natural microcentrifuge tubes (USA Scientific, Ocala, FL) (see

Note 7).

3. Methods

The methods presented are broken down into two categories (Fig. 2), those
that can be used to detect if proteins are modified by O-GIcNAc (Subhead-
ing 3.1.) and those that can be used to map glycosylation sites (Subheading 3.2.).

Sl e
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Fig. 2. A schematic demonstrating possible approaches to characterizing O-GlcNAc
and its sites of attachment. Methods highlighted in gray are discussed at length in this
chapter.

3.1. Detection of O-GIcNAc

Several methods are commonly used to detect O-GIcNAc on proteins (5-7)
which have been purified from whole-cell extract either by conventional tech-
niques or immunoprecipitated and separated from immunoglobulin using SDS-
PAGE (see Note 8). O-GIcNAc was originally detected in lymphocytes using
-D-1-4-galactosyltransferase from bovine milk (8). The enzyme is used either
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in vitro or in vivo to label terminal GlcNAc residues on proteins with [63H]Gal,
forming a [3H]-BGall-4BGIcNAc disaccharide (5-8). Labeling of proteins and
subsequent product analysis to determine the size and chemical composition of
the released carbohydrate remains the gold standard for the detection and char-
acterization of O-GlcNAc. In addition, labeling O-GlcNAc allows for the sub-
sequent detection of the proteins and peptides of interest during SDS-PAGE,
high-performance liquid chromatography (HPLC), protease digestion, and
Edman degradation steps (5,6). Although this technique is used for comprehen-
sive studies, several other techniques have been developed to screen proteins
for the O-GlcNAc modification; these include: immunoblotting with O-Glc-
NAc-specific antibodies (Subheading 3.1.1.) (9-13) and lectins (Subhead-
ing 3.1.2.), and screening low-abundance proteins for O-GIcNAc using sSWGA-
affinity chromatography of in vitro transcribed and translated proteins
(Subheading 3.1.3.) (5).

3.1.1. Detection of O-GIcNAc Using the Monoclonal Antibody
CTD 110.6

Several monoclonal antibodies (MAbs) have been developed that included
O-GIcNAc as part of their epitope, specifically RL2 (9), HGACS85 (10) and
MYO5 (13). However, many of these antibodies also have some peptide speci-
ficity, and as a result only recognize a subset of O-GlcNAc-modified proteins
(11). Recently, Comer and co-workers (12) showed that an antibody raised
against the glycosylated C-terminal domain of the RNA Polymerase II large
subunit was a general O-GIcNAc antibody. It should be noted that CTD 110.6
does not recognize all proteins modified by O-GIlcNAc.

To confirm that the antibody is working in a specific manner, a number of
controls should be included in this experiment. Controls include: treating puri-
fied proteins with hexosaminidase (Subheading 3.1.5.2.) to remove O-GlcNAc,
treating cell extract with PUGNAc (Subheading 3.1.5.3.) to increase O-Glc-
NAc levels, competing the signal away with free GIcNAc, and running appro-
priate positive and negative controls on gels (see Note 1) such as ovalbumin
(negative; Sigma-Aldrich) and BSA-GIcNAc (positive; Sigma-Aldrich).

1. Proteins of interest are blotted onto either a PVDF or a nitrocellulose mem-
brane (see Note 9).

2. Block blots with TBS-HT for 60 min at room temperature (see Note 10).

3. Incubate blots with CTD 110.6 (1/2500) in TBS-HT with and without
10 mM GlcNAc overnight at 4°C.

4. Wash blots in TBS-HT 3 X 10 min.

5. Incubate blots with anti mouse IgM (Sigma), at approx 1/5000 in TBS-HT,
with shaking at room temperature for 50 min.
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6. Wash blots in TBS-HT 5 X 10 min.
7. Wash blots in TBS 1 X 10 min.
8. Develop the HRP-reaction (see Note 11).

3.1.2. Immunological Detection of O-GIcNAc Using sWGA

Typically sSWGA has been used to detect O-GIcNAc (see Note 12). However,
because SWGA will recognize any terminal B-GlcNAc residue, samples should
be treated with PNGase F to remove N-linked sugars (Subheading 3.1.5.1.),
and further characterization would be required to determine if the activity was
associated with a monosaccharide or a longer complex O-glycan. The controls
for this method are similar to those used for CTD 110.6.

1. Wash duplicate blots for 10 min in 3% (w/v) BSA in TBST (see Note 13).

2. Incubate blots in 3% (w/v) BSA in TBST for 60 min at room temperature
(see Note 14).

3. Wash blots 3 X 10 min in TBST.

4. Incubate blots in 0.1 pg/mL sWGA-HRP in TBST with and without 1 M
GlcNAc overnight at 4°C.

5. Wash blots in HS-TBST 6 X 10 min.

6. Wash blots in TBS 1 X 10 min.

7. Develop the HRP-reaction.

3.1.3. In Vitro Transcription Translation

When initially characterizing the O-GIcNAc transferase, Haltiwanger
and colleagues observed activity of this enzyme in rabbit reticulocyte lysate
(14). Later, it was determined that proteins expressed in a rabbit reticulocyte
lysate were modified by O-GIcNAc. This has been utilized as a screening tech-
nique to determine if low copy number proteins, and proteins that are chal-
lenging to purify, are glycosylated. Proteins, labeled with 35S-Met, 35S-Cys, or
14C-Leu in an in vitro transcription translation (ITT) system (Promega), are
tested for their ability to bind sSWGA immobilized on an agarose column.

3.1.3.7. SYNTHESIS OF PROTEINS IN RABBIT RETICULOCYTE LYSATE

1. Synthesize proteins using the rabbit reticulocyte lysate ITT system accord-
ing to the manufacturer’s instructions. Include the protein of interest, a pos-
itive control for sWGA binding (for example, nuclear pore protein p62),
and a negative control (luciferase, supplied with kit).

2. Treat half of each sample with hexosaminidase (Subheading 3.1.5.2.).

3. Desalt samples using spin filtration, Amersham Biosciences Microspin™
G50 columns (see manufacturer’s instructions), or a 1 mL G50 desalting
column.
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3.1.3.2. DESALTING

1.

2.
3.

Pour exactly 1 mL Sephadex G-50 in a tuberculin syringe that has been
packed with a small glass wool frit (approx 200 uL).

Wash column with 5 mL sWGA wash buffer.

Load protein sample onto column. The volume of sample can be up to
200 uL.

Wash the column with sSWGA wash buffer so that the total volume of this
wash and the protein sample is 350 pL. For example, if sample volume is
150 uL, add 200 pL desalting buffer.

. Transfer the syringe column to a clean prechilled tube. Elute protein with

200 pL desalting buffer. This is the desalted sample.

3.1.3.3. sSWGA CHROMATOGRAPHY

|91 98]

L XA

10.

The following steps are carried out at 4°C.

. Equilibrate approx 150 pL of sWGA-agarose in sSWGA wash buffer.

Apply sample to the column and stand at 4°C for 30 min, or seal and incu-
bate for 30 min with rotating or rocking.

Let the unbound material run though the column.

Wash the column with 15 mL of wash buffer at approx 10 mL/h, collecting
0.5 mL fractions.

Load the column with 500 puL of Gal elution buffer and stand at 4°C for
20 min.

Wash column with 5 mL of Gal elution buffer, collecting 0.5 mL fractions.
Repeat steps 5 and 6 using the GIcNAc elution buffer.

Count 25 pL of each fraction using a liquid scintillation counter.

Pool the positive fractions that elute in the presence of GIcNAc and pre-
cipitate using TCA or methanol (see Note 15).

Analyze the pellet by SDS-PAGE and autoradiography to confirm that the
label has been incorporated into a protein of an appropriate size.

3.1.4. Galactosyltransterase Labeling

Samples should be denatured prior to labeling with galactosyltransferase, for

example by boiling in the presence of 10 mM DTT and 0.5% (w/v) SDS. Up to
0.5% (w/v) SDS can be used (see Note 16). However, it should be titrated out
with 10 times more NP-40 (v/v), so the solution should be brought to 5% (v/v)
NP-40. Note that the solution should then be diluted to reduce the total NP-40
concentration to less than 2% (see Note 16). Galactosyltransferase requires
1-5 mM Mn2+ for activity, but is inhibited by higher concentrations (>20 mM)
and is inhibited by Mg2+.
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To control for specificity, samples should be treated with PNGase F (Sub-
heading 3.1.5.1.) to remove any contaminating N-linked sugars. Once la-
beled, proteins can be detected by autoradiography after separation by SDS-
PAGE. To confirm that label was incorporated onto a single GIcNAc residue,
“product analysis” should be performed. Product analysis entails: (1) the re-
lease of carbohydrates as sugar alditols by reductive B-elimination (15); (2)
confirmation that a disaccharide has been released by size-exclusion chro-
matography (15,16); (3) confirmation that the product is [3H]BGall-4pGlc-
NAcol (from galactosyltransferase labeling), which is typically performed by
high-performance anion-exchange chromatography on a DIONEX CarboPac
PA100 column (17,18).

1. Remove solvent from label in a Speed-Vac or under a stream of nitrogen,
dry approx 1-2 pCi/reaction (see Note 17). Resuspend label in 25 mM
5'-AMP, 50 pL per reaction (see Note 18).

2. Set reactions up as follows:

Sample, final concentration 0.5-5 mg/mL up to 50 pL.
Buffer H 350 uL
10X labeling buffer 50 uL
UDP-[3H]Gal/5'-AMP 50 uL
Galactosyltransferase 30-50 U/Ml 2-5 uL
Calf intestinal alkaline phosphatase (see Note 19) 1-4 U
Milli Q water, to a final volume of 500 pL

3. Labeling is typically done at 37°C for 2 h or at 4°C overnight.
4. Add cold UDP-Gal to a final concentration of 0.5-1.0 mM and another
2-5 pL of galactosyltransferase (see Note 20).
5. Add 50 pL of stop solution to each sample and heat to 100°C for 5 min.
6. Resolve the protein from unincorporated label using a Sephadex G-50 col-
umn (30 X lcm, equilibrated in 50 mM ammonium formate, 0.1% (w/v)
SDS), collect 1 mL fractions (see Note 21).
7. Count an aliquot (50 pL) of each fraction using a liquid-scintillation counter.
8. Approximately 2 X 106 DPM of 3H-Gal should be incorporated into 2 pg
of Ovalbumin.
9. Combine the fractions containing the void volume and lyophilize to dryness.
10. Resuspend the sample in (100-1000 pL) Milli-Q water and acetone
precipitate.
11. Add 3-5 volumes of cold acetone (—20°C) to the sample.
12. Incubate for 2-18 h at —20°C.
13. Pellet protein at 4°C for 10 min at 3000-16,000 g.



O-GlcNAc Identification and Site-Mapping 185

3.1.4.1. AUTOGALACTOSYLATION OF GALACTOSYLTRANSFERASE

Because galactosyltransferase contains N-linked carbohydrates, it is neces-
sary to block these before using this enzyme to probe other proteins for termi-
nal GlcNAc.

1. Resuspend 25 U of galactosyltransferase (Sigma) in 1 mL of 1X galacto-
syltransferase buffer.
2. Transfer sample to 30-50 mL centrifuge tube.
Remove a 5 uL aliquot for an activity assay.
4. Add 10 pL of aprotinin, 3.5 uL of B-mercaptoethanol, and 1.5-3.0 mg of
UDP-Gal.
5. Incubate the sample on ice for 30—60 min.
6. Add 5.66 mL of prechilled saturated ammonium sulfate in a dropwise man-
ner, and incubate on ice for 30 min.
7. Centrifuge at =10,000g for 15 min at 4°C.
8. Resuspend pellet in 5 mL of cold 85% ammonium sulfate and incubate on
ice for 30 min.
9. Centrifuge at =10,000g for 15 min at 4°C.
10. Resuspend pellet in 1 mL of galactosyltransferase storage buffer.
11. Aliquot enzyme (50 uL).
12. Assay 5 uL of the autogalactosylated and nongalactosylated against a
known substrate to determine the activity.
13. Store at —20°C for up to 1 yr.

e

3.1.5. Control Experiments
3.1.5.1. REMOVING N-LINKED SUGARS

Digestion of sample and control proteins with Peptide N: glycosidase F
(PNGase F; EC 3.2.2.18.; see Note 22) is a useful way of showing that reactiv-
ity with lectins and galactosyltransferase is not owing to N-linked glycans. A
positive control for the PNGase F reaction should be included (see Note 23) as
shown in Fig. 3.

1. Add 1/10 sample volume of 10X PNGase F denaturing buffer to each sam-
ple and heat to 100°C for 10 min (see Note 24).

2. Add 1/10 sample volume of 10X PNGase F reaction buffer and 10% (v/v)
NP-40, mix (see Note 25).

3. Add 1 pL of PNGase F and incubate samples at 37°C for 1 h to overnight.

3.1.5.2. RemovING O-GLcNAC

Terminal B-GlcNAc and O-GlcNAc can be removed from proteins using com-
mercial hexosaminidases; these enzymes will also cleave terminal B-GalNAc
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Fig. 3. sSWGA-HRP lectin blot of 20 pug cell extract (CE) and 100 ng of ovalbumin
(Oval’), which have (+) and have not (—) been treated with PNGase F before 12%
SDS-PAGE and blotting to nitrocellulose.

residues. Unlike O-GlcNAcase, commercial hexosaminidases have low pH op-
tima, typically pH 4.0-5.0.

1. Protein samples (include a positive control such as ovalbumin).
2. Mix sample 1:1 with 2% (w/v) SDS and boil for 5 min.
3. Mix sample 1:1 with reaction mixture and incubate at 37°C for 4-24 h.

3.1.5.3. INCREASING THE LEVEL OF O-GLCNAC WITHIN CELLS

The endogenous enzyme that removes O-GIcNAc can be inhibited in cells,
resulting in increased levels of total O-GlcNAc within the cell. Increasing sto-
ichiometry can enhance the chance of detecting O-GIcNAc, and provide a
specificity control as shown in Fig. 4. Dong and colleagues showed that O-(2-
acetamido-2-deoxy-D-glucopyranosylidene)-amino-N-phenyl-carbamate
(PUGNAC), is a potent inhibitor of O-GlcNAcase in an in vitro assay (K| =
53 nM) (19). Subsequently, it has been shown that both dividing and stationary
cells take up PUGNAC, and cells can be treated by PUGNAc for several days
without any apparent cell toxicity (20).

1. Grow cells in monolayer in 100 mm dishes as desired.
2. (Optional) Replace growth media with fresh media containing 40-100 pM
PUGNAC (see Note 26).



O-GlcNAc Identification and Site-Mapping 187

Fig. 4. Immunoblot with CTD 110.6 of 20 pg of cell extract (C), which has been
treated to raise levels of O-GIcNAc by either growth in high glucose (H) or treatment
with PUGNACc (P) before 7.5% SDS-PAGE and blotting to nitrocellulose.

3. Incubate cells in an incubator for 6-18 h.

4. At the end of treatment, take out the dishes from the incubator and place
on ice.

5. Extract proteins as desired; for example, a nuclear cytoplasmic extraction
or a total cell lysate.

6. Immunoblot with antibody as described (Subheading 3.1.1.) or SWGA
(Subheading 3.1.2.). Alternatively, label the protein with galactosyltrans-
ferase (Subheading 3.2.).

3.2. Site Mapping

Like many posttranslational modifications O-GIcNAc is present at substoi-
chiometric levels, and the detection and subsequent analysis of O-GlcNAc has
been challenging. To overcome this, O-GlcNAc has been labeled with [3H]-Gal,
using galactosyltransferase, and this label has been used to track proteins and
peptides though subsequent purification. In combination with manual Edman
degradation (see ref. 5 for a comprehensive method), a number of techniques
relying on [3H]-Gal labeling have been used to map glycosylation sites on as
little as 10 pmol of starting material (7). More recently, it has been shown that
automated Edman degradation can be used to map glycosylation sites; but, be-
cause approx 10-20 pmol of pure peptide are required, sensitivity is again an
issue (21).
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Mass spectrometry (MS) is very sensitive and several MS-based strategies
have been developed for mapping sites of O-GIcNAc attachment. However,
until recently, MS provided little advantage over conventional techniques, be-
cause the addition of a single GIcNAc to a peptide has been shown to reduce
the signal by approximately fivefold; and the presence of the unglycosylated
peptide suppresses the signal further (22). Moreover, the 3-O-GIcNAc bond is
highly labile, and in conventional electrospray ionization-MS, O-GlcNAc is
often released at the source and/or at lower collision energies than is required
to sequence peptides. To map sites in the mass spectrometer, Greis and co-
workers (7) analyzed peptides before and after -elimination. -elimination of
carbohydrates from Ser (89 amu) and Thr (101 amu) residues results in the for-
mation of 2-aminopropenoic acid (69 amu) and a-aminobutyric acid (83 amu),
respectively. Because these amino acids have unique masses compared to their
parent amino acids, they can be used to map the site of attachment. It should be
noted that this method would also release phosphate linked to Ser and Thr
residues. In an adaptation of this method, Wells and co-workers add DTT back
to the peptide backbone, labeling the glycosylation site (23). Tryptic peptides
of the purified proteins are subjected to phosphatase treatment to dephosphory-
late the peptides. The peptides then undergo mild B-elimination, followed by
Michael addition with DTT (Cleland’s reagent, DTT). Derivatizing the B-elim-
inated peptides with DTT tags the site of modification with a unique molecular
weight, facilitating database searching. Also, the DTT tag may be used to en-
rich for DTT-modified peptides by thiol-affinity chromatography, thereby of-
fering a solution to the issue of low-abundance O-GlcNAc-modified proteins.

3.2.1. BEMAD
3.2.1.1. PerFOrRMIC ACID OXIDATION (SEE NOTE 27)

1. Suspend protein sample in 300 pL. Performic acid oxidation buffer.
2. Spike with 1-10 pmol of control peptides.

3. Incubate on ice for 1 h.

4. Dry down in Speed-Vac.

2.

3.2.1.2. TRYPSIN DIGESTION

1. Resuspend protein sample in 40 mM ammonium bicarbonate.

2. Digest by addition of 1:10-1:100 (w/w) sequencing-grade trypsin
overnight at 37°C.

Acidify digest by the addition of TFA to 1% (v/v) final concentration.
Clean up over a C 4 reversed-phase column (see manufacturer’s instructions).
5. Dry peptides using a Speed-Vac concentrator.

= »
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3.2.1.3. PHOSPHATASE TREATMENT

L.

Resuspend peptides in 40 mM ammonium bicarbonate, 1 mM MgCl,.

2. Add alkaline phosphatase (1 U/10 pL) and incubate at 37°C for 4 h.

3.

Dry peptides using a Speed-Vac concentrator.

3.2.1.4. BEMAD TREATMENT (SEe NOTE 28)

1.

Al el

Resuspend peptides in 500 pL. BEMAD solution and adjust pH to
12.0-12.5 with triethylamine, if necessary.

Incubate reaction at 50°C for 2.5 h.

Stop reaction by adding TFA to 1% (v/v) final concentration.

Clean up over C 4 reversed-phase column (see manufacturer’s instructions).
Dry peptides using a Speed-Vac concentrator.

3.2.1.5. THIOL-AFFINITY COLUMN (SEE NOTE 29)

P NN R R

Swell and wash thiopropyl sepharose resin in degassed thiol column buffer.
Resuspend peptides in thiol column buffer.

Bind peptides to thiol column at room temperature for 1 h.

Wash column with 20 mL thiol column buffer.

Elute peptides three times sequentially with 150 uLL Thiol elution buffer.
Acidify peptides by adding TFA to 1% (v/v) final concentration.

Clean up over C,; reversed-phase column to remove free DTT.

Dry down peptides.

3.2.1.6. LiIQuID CHROMATOGRAPHY TANDEM MAss SPECTROMETRY (LC/MS/MS),
ANALYSIS (see NOTE 30)

1.
2.

3.

Resuspend peptides in 1% (v/v) acetic acid.

Load sample onto nanobore column packed with C g, desalted with 1%
(v/v) acetic acid.

Separate sample over a 75 min linear gradient of increasing acetonitrile at
a flow rate of approx 200 nL/min into the MS source (Finnigan LCQ). Data
may be collected in automatic mode with a MS scan (2 X 500 ms) followed
by two MS/MS scans (3 X 750 ms) of the two highest-intensity peptides
with a dynamic exclusion of 2 and a mass gate of 2.0 daltons. Alternatively,
MS/MS data may be collected manually by choosing peaks of interest for
fragmentation from the MS scans during the run.

. Turbosequest software may be used to interpret MS/MS data, allowing for

a differential mass increase of 136.2 daltons to Ser and Thr residues, 120.2
daltons to Cys residues that may have been derivatized with DTT, 48.0 dal-
tons to performic acid oxidized Cys and Trp residues, and 32.0 daltons to
performic acid oxidized Met residues.
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4. Notes
1. Ovalbumin (Sigma-Aldrich) is a protein modified by GlcNAc-terminating

10.

11.
12.

N-linked oligosaccharides that is used as a negative control for im-
munoblotting with CTD 110.6 (use 100 ng), a positive control for sWGA
(use 100 ng) and galactosyltransferase labeling (use 2 ng).

BSA (Sigma-Aldrich) is a nonglycosylated protein that can be used as a
negative control.

. BSA-GIcNAc (Sigma-Aldrich) is a protein chemically modified to contain

GlcNAc residues, that is used as a positive control for immunoblotting with
CTD 110.6 and sSWGA (use 1-5 ng).

SWGA-HRP can be stored at 1 mg/ml in PBS, pH 7.4, at —20°C for at
least 1y.

As a control, sample should be spiked with 1-10 pmol of known phos-
phorylated and/or O-GlcNAc-modified peptides. A commonly used gly-
cosylated peptide is the BPP peptide (PSVPVS(O-GIcNAc)GSAPGR).
Glycosylated peptides can be synthesized as described in (6).

. The amount of starting material will vary depending on the sensitivity of

the LC/MS/MS instrument and the purity of the sample. With the Finnigan
LCQ Classic, which is able to reach sensitivities in the final range, pmol
amounts of starting protein may be enough, given that its purity is approx
90% and assuming that the stoichiometry of the O-GlcNAc modification is
approx 10%. Additional details on protein sample preparation for BEMAD
may be found in (23).

. In order to lessen plastic contamination, we recommend the use of these

tubes. All plastic tubes and columns should be rinsed with 50% acetonitrile
prior to use and never autoclaved. Also, clear pipet tips should be used
whenever possible.

. Gal-transferase labeling can be performed in conjunction with immuno-

precipitation. However, cell extract should be labeled and then the protein
of interest should be precipitated, because immunoglobulin contains large
amounts of GlcNAc-terminating N-linked sugars, which will be preferen-
tially labeled to O-GlcNAc.

. 20-30 pg of total cytoplasmic, nuclear, or total cell extract is sufficient. For

purified proteins, Comer and co-workers found that 25-50 ng of a neogly-
coconjugate was sufficient (12).

High concentrations of Tween-20 substitute for blocking membranes with
milk or (BSA).

The antibody often cross-reacts with prestained markers.

Before succinylation, WGA will recognize both sialic acid and GlcNAc.
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13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

To determine changes in levels of O-GIcNAc in total cell extract, approx
20 ng of total protein should be loaded.

Note that milk cannot be used as the blocking agent because many of the
proteins in milk are modified by glycans that react with sSWGA.

Acetone is not recommended because free GIcNAc will precipitate.
Galactosyltransferase is also active in solutions containing 5 mM DTT,
0.5 M NaCl, up to 2% (v/v) Triton-X 100, up to 2% (v/v) NP-40, and 1 M
urea. Digitonin should be used with care because it is a substrate for galac-
tosyltransferase.

Ethanol can inhibit the galactosyltransferase reaction, but if less than 4 uLL
is required, the label can be added directly to the reaction (final reaction
volume 500 pL).

The 5' AMP is included to inhibit possible phophodiesterase reactions,
which might compete for label during the labeling experiment.

Free UDP is also an inhibitor, and for studies where complete labeling of
the GIcNAc is preferable, such as site mapping, calf intestinal alkaline
phosphatase is included in the reaction because it degrades UDP.

For studies where complete labeling of the GIcNAc is required, such as site
mapping, the reactions are chased with unlabeled UDP-Gal and fresh galac-
tosyltransferase.

Size-exclusion chromatography, using Sephadex G50, traditionally is used
to desalt samples. However, TCA precipitation, spin filtration/buffer ex-
change, or other forms of size-exclusion chromatography (e.g., Pharmacia
PD10 desalting column) can be used. The addition of carrier proteins such
as BSA (approx 67 kDa) and Cytochrome C (approx 12.5 kDa) to samples
and buffers will reduce the amount of protein lost owing to nonspecific pro-
tein adsorption.

PNGase F is distinct from endoglycosidase F (EC 3.2.1.96), which cleaves
only a subset of N-linked sugars. In addition, PNGase F will not cleave
N-linked sugars with a core al-3fucose or N-linked sugars at the N- or
C-terminus of a protein or peptide.

Ovalbumin, which contains one N-linked glycosylation site, will increase
in mobility by several kilodaltons on a gel (10-12% SDS-PAGE) after
treatment with PNGase F. This mobility shift is difficult to detect on a 7.5%
SDS-PAGE gel.

Protein samples can contain protease inhibitor cocktails (PIC), such as
PIC1 and PIC2 (11).

PNGase F is inhibited by SDS. It is essential to add NP-40 to the reaction
mixture.
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26.

27.

28.

29.

30.

The dose-dependence curve for PUGNACc is different in different cell
types (20).

Performic acid oxidation may be performed before or after trypsin diges-
tion. It is observed that it may help denature samples with many Cys
residues. As an alternative, Cys residues may be alkylated using iodoac-
etamide. If this is done, a mass increase of 57.052 daltons should be al-
lowed for during database searching.

This method may be adapted for Ser and Thr phosphorylation sites as fol-
lows. Instead of phosphatase treatment, the sample should be acidified to
pH 4.5 with TFA and treated with (1 U/20 uL) B-hexosaminidase (New
England Biolabs) at 37°C for 16h. Also, the BEMAD solution should be
modified to 2% (v/v) Triethylamine, 0.2% (v/v) NaOH, 10 mM DTT, and
the reaction allowed to proceed for 5 h at 50°C.

Peptides may be bound to the thiol column for longer than 1 h. This is a
minimum incubation time.

These LC/MS/MS methods should be used as a general guide only. Meth-
ods should be optimized according to the specific instrument being used.
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Techniques in Protein Methylation

Jaeho Lee, Donghang Cheng, and Mark T. Bedford

Summary

Proteins can be methylated on the side-chain nitrogens of arginine and lysine residues or on
carboxy-termini. Protein methylation is a way of subtly changing the primary sequence of a pep-
tide so that it can encode more information. This common posttranslational modification is im-
plicated in the regulation of a variety of processes including protein trafficking, transcription and
protein—protein interactions. In this chapter, we will use the arginine methyltransferases to illus-
trate different approaches that have been developed to assess protein methylation. Both in vivo
and in vitro methylation techniques are described, and the use of small molecule inhibitors of pro-
tein methylation will be demonstrated.

Key Words: Protein methylation; lysine; arginine, histones; PABP1; Sam68; AdoMet.

1. Introduction

Signal-transduction pathways commonly use posttranslational modifications
to convey information through the cell. Protein methylation is a component of
this cellular information network. Proteins can be methylated on carboxy-
termini or on the side-chain nitrogens of arginine and lysine residues (1-3).
Within signaling pathways, protein methylation occurs both proximal to receptor-
mediated responses (4,5) and distal to primary signaling events, where methyla-
tion of histones is crucial for laying down the “histone code” and the subsequent
activation (or inactivation) of transcriptional loci (6). In addition, methylation is
involved in protein trafficking (7), the biogenesis of spliceosomal proteins (8,9)
and the regulation of protein—protein interactions (8,10). Arginine residues can

From: Methods in Molecular Biology, vol. 284:
Signal Transduction Protocols
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be dimethylated either asymmetrically (by Type I enzymes) or symmetrically
(by Type Il enzymes) (11). In mammals, five Type I enzymes (PRMT1-4 and —6)
(12-16) and a single Type Il enzyme (PRMTS) (17) have been described. Re-
cently, the SET domain-dependent lysine methyltransferases were discovered
(18). The founding member of this family of methyltransferases, Suv39H1, se-
lectively methylates the N-terminus of histone H3. Lysine residues can accept up
to three methyl groups forming mono-, di-, and trimethylated derivatives (19).
Studies with arginine methyltransferases will be described in this chapter to il-
lustrate different approaches that can be used to investigate protein methylation.

2. Materials

1. pGEX6P-1 Bacterial expression vector (Amersham Biosciences, Piscat-

away, NJ).

Glutathione sepharose 4B (Amersham Biosciences).

Glutathione reduced.

Escherichia coli strain BL21.

Luria-Bertani (LB) broth: Per liter: 10 g Pancreatic digest of Casein, 5 g of

Yeast extract, 10 g of NaCl.

6. Agar: Per liter:10 g of Tryptone, 5 g of yeast extract, 10 g of NaCl, 15 g

of Agar.

7. TIPTG (isopropyl-B-p-thio-galactopyranoside).

Ampicillin.

9. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na,HPO,, 1.4 mM KH,PO,, pH 7.4

10. Acrylamide.

11. Nonfat dry milk.

12. Tween-20.

13. Glacial acetic acid.

14. Ethanol.

15. S-adenosyl-L-[methyl-3H]|methionine or [3H]AdoMet; approx 70-85 Ci/mmol
from a 12.6 uM stock solution in dilute HCl/ethanol 9:1, pH 2.0-2.5.
(Amersham Biosciences).

16. EN3HANCE spray (PerkinElmer Life Sciences, Boston, MA).

17. UltraLink immobilized protein A/G (Pierce, Rockford, IL).

18. Elution buffer: 100 mM Tris-HCI, pH 8.0, 120 mM NaCl, 30 mM glu-
tathione reduced.

19. Tris-Glycine running buffer: 25 mM Tris-base, 0.2 M glycine, 0.1% SDS.

20. Transfer buffer: 25 mM Tris-base, 0.2 M glycine, 0.1% sodium dodecyl sul-
fate (SDS), 20% methanol.

21. Coommassie Blue staining solution: 0.5 g Coomassie Blue, 200 mL
methanol 100%.

SR W
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22. Histones (Sigma, St Louis, MO).

23. 6X SDS protein sample loading buffer: 180 mM Tris-HCI, pH 6.8, 30%
glycerol, 10% SDS, 0.6 M ditriothreitol (DTT), 0.012% bromophenol blue.

24. PVDF (polyvinylidene difluoride) (Milipore, Bedford, MA).

25. Growth Medium A: Dulbecco’s Modified Eagle’s Medium (DMEM), 10%
Fetal Bovine Serum (FBS), cycloheximide (100 pg/mL), chloroampheni-
col (40 pg/mL).

26. Growth Medium B: Dulbecco’s Modified Eagle’s Medium without me-
thionine (DMEM/-Met), 10% FBS (dialysed), cycloheximide (100 pg/mL),
chloroamphenicol (40 pg/mL).

27. L-[methyl-3H]methionine; approx 70—85 Ci/mmol (Amersham Biosciences).

28. Mild lysis buffer: 10 mM Tris-HCI, pH 7.5, 1% (v/v) Triton X-100, 150 mM
NaCl, 5 mM EDTA, protease inhibitor cocktail (Roche, Indianapolis, IN).

29. Adenosine-2, 3-dialdehyde (AdOx) (Sigma).

30. Sonic dismembrater (model 500) with tapered tip (Fisher Scientific, Pitts-
burgh, PA).

31. Miniprotean three electrophoresis cell (Bio-Rad, Hercules, CA).

32. Semidry electroblotter apparatus (Amersham Biosciences).

33. Kodak Biomax MS X-ray film (Eastman Kodak, Rochester, NY).

34. Antibodies

3. Methods

The analysis of protein methylation can be performed in vitro using recom-
binant enzymes and substrates, or in vivo in tissue culture. The methods de-
scribed here detail: (1) the purification of recombinant methyltransferase en-
zymes, (2) an in vitro methylation assay using enzymes and their substrates, (3)
an in vivo methylation assay, (4) the use of methyltransferase inhibitors in com-
bination with in vivo labeling techniques to identify methylated proteins within
a cellular context, and (5) a methylation assay using recombinant substrates and
cell extracts as the source of enzyme activity.

Certain techniques that are central to the analysis of protein methylation have
not been addressed here. Amino-acid analysis of substrates is often used to es-
tablish the type of methylation event catalyzed (12,20). In addition, recent stud-
ies have demonstrated that methylated peptides are good immunogens and
methyl-specific antibody can be produced that track these posttranslational
modifications in the cell (19,21,22).

3.1. Purification of Recombinant Methyltransferase Enzymes

The majority of protein arginine methyltransferases (PRMTs) and the SET
domain-containing lysine methyltransferases are active as glutathione S-trans-
ferase (GST) fusion proteins. Thus, facilitating the use of recombinant enzymes
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to test the substrate specificity of the recombinant enzymes in vitro. Protein
methyltransferases were cloned into pGEX vectors using standard molecular-
biology techniques. The resulting constructs were transformed into competent
bacterial cells (BL21).

1. Inoculate single colony of transformed E. coli into 5 mL of LB broth contain-
ing 50 pg/mL Ampicillin. Grow overnight at 37°C with shaking (250 rpm).

2. Next morning, add the 5 mL overnight bacterial culture to 50 mL of LB

broth containing 50 pg/mL Ampicillin (see Note 1).

Culture at 37°C for 1-2 h until optical density (ODy,) reaches 0.5.

Add 50 pL of 0.1 M IPTG to induce recombinant protein expression.

Culture at 37°C for an additional 4 h shaking (250 rpm).

Centrifuge cells at 3000 g for 10 min at 4°C (The pellet can be stored at

—70°C).

Resuspend pellet in 5 mL of cold 1X PBS.

Sonicate for 20 s with pulses of 0.5 s on and 0.5 s off (amplitude 30%).

Centrifuge at 10,000 g for 15 min at 4°C.

Wash Glutathione sepharose beads once with chilled 1X PBS, then put

30 pL of rinsed beads into a 1.5 mL microcentrifuge tube and add the su-

pernatant from step 9.

11. Rock the sample tubes for 1 h at 4°C.

12. Wash the beads three times with cold 1X PBS.

13. Add 100 pL of freshly made Elution buffer to the beads and rock for 15 min
at 4°C.

14. Centrifuge at 700 g for 5 s and remove the supernatant carefully. The super-
natant contains the active enzyme.

15. Keep the samples at 4°C for 1-2 d or directly use the enzyme (see Note 2).

16. An aliquot of the supernatant should be analyzed to confirm that recombi-
nant protein has been purified. Add 2 pL of 6X protein loading buffer to
10 pL of the purified GST-fusion protein sample, heat at 95°C for 5 min and
run on a 10% SDS-PAGE gel at 100 volts for 1 h using Tris/Glycine run-
ning buffer. Stain with Coommassie Blue staining solution for 30 min, then
destain with 30% ethanol and 10% glacial acetic acid for 1 h (see Fig. 1).

kW

SR

3.2. In Vitro Methylation Assay Using Enzymes and Their Substrates

Both the protein arginine methyltransferases and the SET domain-containing
lysine methyltransferases display a large degree of substrate specificity. Differ-
ent PRMTs can methylate RNA binding proteins, myelin basic protein (MBP),
histones, and growth factors (16,23-26). Lysine methylated proteins include hi-
stones and elongation factor 1A (27,28). In vivo methylation assays are used to
establish whether a newly discovered methyltransferase is active as a GST
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Fig. 1. Purification of recombinant methyltransferase enzymes. Different methyl-

transferases fused to glutathione S-transferase (GST) were expressed in E. coli and batch-
purified. The GST fusion proteins (1-2 ng) were separated by 10% SDS-PAGE and
stained with Coomassie blue. Fusion proteins of the arginine methyltransferase family in-
clude PRMTI, 3, 4, and 6. The SET domain-depending lysine methyltransferase
Suv39H1 is in the last lane. The molecular-mass markers are shown on the left in kDa.

fusion protein, and to determine the specificity of protein methyltransferases.
The substrates used for in vitro methylation reactions can be recombinant pro-
teins (purified as in Subheading 3.1.) or histones purified by acid extraction.
For best results, always use freshly prepared recombinant enzymes.

1.

98]

In a 1.5-mL microcentrifuge tube mix: 1 pg of substrate, 1 ug of recombi-
nant enzyme, and 1 pL of S-adenosyl-L-[methyl-3H]methionine, 3 pL of
10X PBS, and add H,O up to 30 pL.

Mix the tube by tapping, then centrifuge for 3 s.

Incubate sample tubes at 30°C for 1 h.

Stop the reaction by adding 6 uL. of 6X SDS protein sample loading buffer
and heat at 95°C for 5 min.

. Then run 15 pL of the reaction on a 10% SDS-PAGE gel at 100 volts for

1 h using Tris/Glycine running buffer.
The separated samples are then transferred from the gel to a PVDF mem-
brane using a semidry electroblotter.

. The PVDF membrane harboring the immobilized protein samples is then

sprayed with EN3SHANCE three times, wait 10 min between each applica-
tion (see Note 3).

. The PVDF membrane is finally left to fully dry for 30 min and then expose

to X-ray film overnight. Results of an in vitro methylation assay, using five
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Fig. 2. A demonstration of methyltransferase in vitro substrate specificity. Recombi-
nant PRMT1 (1 pg), PRMT3, PRMT4, PRMT6, and Suv39H1 methyltransferases were
incubated with 1 pg of various substrates (Npl3, histone H3, histone H4, PABP1, and
GAR) in vitro in the presence of 0.6 uM [3H]AdoMet for 30 min at 30°C in a final vol-
ume of 30 uL of PBS. The methylated proteins were separated by SDS-PAGE, trans-
ferred to a PVDF membrane, sprayed with EN3SHANCE, and the membranes were ex-
posed to X-ray film for 8 h or overnight (long exp.).

different recombinant enzymes and five different substrates, are depicted in
Fig. 2.

3.3. In Vivo Methylation Assay Using Immunoprecipitation Method

A technique, using tritiated methionine, has been developed that allows the
in vivo labeling of cellular proteins that are methylated (28,29). This assay
relies on the fact that the methyl group on the universal methyl donor
S-adenosylmethionine is derived from free methionine in the cell. Cells are la-
beled with [methyl-3H]-L-methionine in the presence of protein-synthesis in-
hibitor, thus preventing the incorporation of isotope into nascently synthesized
proteins, while allowing the labeling of methylated proteins (see Note 4). This
protocol is described here in combination with an immunoprecipitation step to
determine the in vivo methylation status of a single endogenous protein.

1. Propagate actively growing HeLa cells on a 10-cm culture plate until they
reach 80% confluence.

2. Wash the cells with 1X PBS and add 10 mL of growth medium A.

3. Incubate for 30 min at 37°C in a tissue culture incubator.
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4. Wash the cells once with 10 mL of growth medium B.

5. Add 5 mL of medium B containing 50 pCi of L-[methyl-3H]methionine.

6. Incubate for 3 h at 37°C in a tissue culture incubator.

7. Wash the cells once with cold 1X PBS.

8. Add 500 pL of cold mild lysis buffer.

9. Dislodge the cells from the culture plate with a plastic scraper.

0. Transfer solution into a 1.5-mL microcentrifuge tube and rock for 30 min

at 4°C.

11. Centrifuge at 10,000 g for 10 min and keep the supernatant.

12. While the incubation at step 6 is in progress, wash 20 pL of protein A/G
agarose beads with cold mild lysis buffer. Then add 1 pg of each antibody
in 300 uL of cold mild lysis buffer to the Protein A/G agarose beads.

13. Incubate for 30 min with rocking at 4°C to allow binding of the antibody to
the protein A/G agarose beads.

14. Centrifuge at 700 g for 5 s and discard the supernatant.

15. Add cell supernatant from step 11 to the beads and rock for 2 h at 4°C.

16. Centrifuge at 700 g for 5 s and wash the beads three times with cold mild
lysis buffer.

17. Add 20 pL of 2X protein sample loading buffer and heat at 95°C for 5 min.

18. The immunoprecipitate is separated by SDS-PAGE at 100 volts for 1 h
using Tris/Glycine running buffer.

19. The separated samples are then transferred from the gel to a PVDF mem-
brane using a semidry electroblotter.

20. The PVDF membrane harboring the immobilized protein samples is then
sprayed with EN3SHANCE three times, with a 10-min delay between each
application.

21. The PVDF membrane is finally left to fully dry for 30 min and then expose
to X-ray film overnight.

Results of an in vivo methylation assay are depicted in Fig. 3. The poly(A)-
binding protein (PABP1) is a PRMT4 substrate and is not methylated in
Prmt4—/= cells. The methylation status of the PRMT1 substrate, Sam68, is un-
affected by the loss of PRMT4 activity.

3.4. Using Global-Methylation Inhibitors as a Tool to Study
Protein Methylation

There are two types of small molecule that inhibit the function of AdoMet-
dependent methyltransferases: (1) compounds that are structural analogs of
AdoMet and thus compete for the cofactor binding site, and (2) nucleoside
inhibitors of AdoHcy hydrolase that cause the accumulation of intracellular
AdoHcy levels and ultimately feedback inhibit most methylation reactions.
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Fig. 3. In vivo methylation assay. Proteins in wild-type (+/+) and Prmt4 mutant
(—/—) MEEF cell lines were labeled in vivo with L-[methyl-*H]methionine. Immuno-
precipitations (IP) were performed with tPABP1 (a PRMT4 substrate) and aSam68 (a
PRMT1 substrate) antibodies. The 3H-labeled proteins were visualized by fluorography.
The molecular mass markers are shown on the left in kDa.

Sinefungin is a commonly used AdoMet analogue and adenosine dialdehyde
(AdOx) is often used as an AdoHcy hydrolase inhibitor. Because demethylase
activity is very low or absent in cells (see Note 5), endogenous protein sub-
strates are generally fully-methylated. Cells in culture can be treated with AdOx
to generate hypomethylated protein extracts that are good all-purpose in vitro
substrates for methyltransferases (12,30). Here we describe using AdOXx in in
vivo methylation assays to affirm that tritium labeling is owing to the transfer
of a methyl group by an AdoMet-dependent methyltransferase.

3.4.1. AdOx Treatment of Cultured Cells and In Vivo Protein Methylation

A stock solution of AdOx (0.5 M) is prepared in dimethyl sulfoxide (DMSO).
HelLa cells are grown on a 10 cm culture plate until they are 60% confluent. The
cells are then incubated with AdOx at a final concentration of 20 pM (see
Note 6). After 24 h of AdOx treatment the cells are subjected to an in vivo
methylation labeling. The procedure is the same as described in Subheading 3.3.,
except growth medium A and B are now supplemented with 20 uM AdOx.

3.4.2. Immunoprecipitation Using a.Sam68 Antibodies

The RNA binding protein, Sam68, is a well-described substrate for PRMT1
(31), and is frequently used as a positive control in methylation experiments.
An immunoprecipitation is performed using 0.Sam68 antibodies and the endo-
genous Samo68 is separated by SDS-PAGE, transferred to a PVDF membrane
and subjected to fluorography as described in steps 20 and 21 of Subhead-
ing 3.3. (see Fig 4). After fluorography the same membrane can be washed (see
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Fig. 4. The methyltransferase inhibitor, AdOx, prevents Sam68 methylation in vivo.
HeLa cells were grown for 24 h in the presence of 20 uM AdOx. These cells were then
subjected to an in vivo labeling reaction, in the presence of 20 uM AdOx. An IP was
performed with a Sam68 antibody. The 3H-labeled proteins were visualized by fluo-
rography (right panel). After fluorography, the same membrane was washed and im-
munoblotted with an aSam68 antibody (left panel).

Note 3) and reanalyzed by Western with an 0.Sam68 antibody, to ensure equal
loading.

3.5. Methylation Assay Using Cell Extracts as an Enzyme Source

Protein methyltransferases are being knocked-out in the mouse by homolo-
gous recombination, resulting in the availability of cell lines (ES and MEF) that
are null for specific enzyme activities. These cellular reagents provide us with
a tool to quickly interrogate if a substrate of interest is indeed methylated as well
as query the specificity, or lack of redundancy of a methylation reaction. This
technique uses recombinant substrates fused to GST. While these substrates are
immobilized on glutathione sepharose, an in vitro methylation reaction is per-
formed using cell extracts as a source of methyltransferase activity to transfer a
tritium-labeled methyl group from AdoMet onto GST fusion proteins harboring
the methylatable motifs. Here we demonstrate this approach using PABP1 (a
PRMT4 substrate [25,32]) and Npl3 (a PRMT1/HMTT1 substrate [33,34]). Cell
extracts from Prmt4+*/+ and Prmt4—/— MEF lines were used as the enzyme
source.

1. Purify substrates as in Subheading 3.1. Stop at step 12 and do not elute
samples with elution buffer.
2. Wash the immobilized substrate once with cold PBS.
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An aliquot of the immobilized protein is roughly quantitated by SDS-PAGE
separation and Coomassie staining, using 1 pug, 2 pug, and 10 pg of BSA as
a reference.

Propagate actively growing MEFs on a 10-cm culture plate until they reach
80% confluence.

Wash once with cold 1X PBS.

Add 500 uL of cold 1X PBS.

Dislodge the cells from the culture plate with a plastic scraper.

Transfer solution into 1.5-mL tube.

Sonicate for 10 s with pulses of 0.5 s on and 0.5 s off (amplitude 30%) to
disrupt the cells.

Centrifuge at 10,000 g for 10 min at 4°C.

Transfer the supernatant (300 pL) into the 1.5-mL tube containing 1 nug of
GST-fusion protein immobilized on 20 pL of glutathione sepharose from
step 3.

Add 3 pL of S-adenosyl-L-[methyl-3H]methionine.

Incubate for 2 h at 30°C.

Wash the beads three times with cold 1X PBS.

Add 30 pL of 2X protein sample loading buffer and heat at 95°C for 5 min.
The methylated substrates are separated by SDS-PAGE at 100 volts for 1 h
using Tris/Glycine running buffer.

The separated samples are then transferred from the gel to a PVDF mem-
brane using a semidry electroblotter.

The PVDF membrane harboring the immobilized protein samples is then
sprayed with ENSHANCE three times, with a 10 min delay between each
application.

The PVDF membrane is finally left to fully dry for 30 min and then expose
to X-ray film overnight.

Results of an in vitro methylation assay using cell extracts as an enzyme
source are depicted in Fig. 5.

4. Notes

1.

2.

Certain GST fusion proteins are produced better than others. The induction
volume should be adjust according to the efficiency of recombinant protein
production and has to be determined empirically.

We have found that the majority of the GST-PRMTSs do not retain their activ-
ity after freezing at —70°C. The exception to this rule is PRMT4/CARMI,
which is stable when stored in 10% glycerol at —70°C. Other recombinant
methyltransferases are prepared, stored at 4°C, and used within 2 d.
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Fig. 5. Cell extracts from Prmt4—/— cells are unable to methylate recombinant
PABP1. GST-fusion proteins of PABP1 and Npl3 were left bound to glutathione
sepharose beads and methylated, in the presence of 0.12 uM [3H]AdoMet for 2 h at
30°C, using the wild-type and mutant cell extracts as an enzyme source. After the
methylation reaction the beads harboring the recombinant substrate were washed and
eluted by boiling with protein sample loading buffer. Proteins were run on a gel, trans-
ferred onto a membrane, sprayed with EN3HANCE, and exposed to X-ray film
overnight. The molecular-mass markers are shown on the left in kDa.

3. Traditionally, fluorography for the detection of a tritium signal is performed
by soaking a gel in an enhance solution, drying the gel in vacuo, and then
exposing the gel to film at —70°C. We have found that our signal intensity
is much higher if we transfer the protein onto a PVDF membrane and then
spray the PVDF membrane with EN3HANCE aerosol. This approach also
has the added advantage of allowing the fluorograph to be analyzed by
Western, to ensure equal loading. To do a Western on a PVDF membrane
(postfluorography), simply wash it two times with 100% methanol and two
times in TBST (Tris-buffered saline with 0.1% Tween-20) to remove the
enhance reagent. The washed membrane is then blocked with a skim milk
solution followed by a Western blot analysis.

4. It is important to control for the effectiveness of the protein synthesis
inhibitors. If protein synthesis is not fully inhibited, then tritium-labeled
methionine will be incorporated into newly synthesized proteins and will
distort the assay. To confirm the effectiveness of the protein-synthesis in-
hibitors, one 10-cm culture plate of Hela cells can be incubated for
30 min in growth medium A and then labeled with 5 mL of medium B
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containing 50 pCi of L-[35S]methionine for 3 h. A second plate can be
labeled in the absence of protein synthesis inhibitors. Cells from the two
plates are lysed in protein loading buffer and an aliquot (25 pL/500 pL)
of the protein is separated by SDS-PAGE, and then exposed to X-ray
film overnight.

5. The current thinking is that there is no demethylase to counteract the ac-
tivities of PRMTs and the SET domain-containing lysine methyltrans-
ferases (35). The irreversible nature of N-arginine and N-lysine methylation
results in the steady accumulation of these modifications.

6. It has been established that 20 pM of AdOx effectively prevents protein
methylation in PC12 (36) and RAT1 (37) cells. AdOx is cytotoxic at mi-
cromolar concentrations and AdOx-treated cells stop growing and lose
viability.
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Assaying Lipid Phosphate Phosphatase Activities

Gil-Soo Han and George M. Carman

Summary

Lipid phosphate molecules such as phosphatidate, lysophosphatidate, and diacylglycerol
pyrophosphate play roles as signaling molecules in prokaryotic and eukaryotic cells. The cellu-
lar processes by which lipid phosphate molecules signal may be attenuated through the action
of lipid phosphate phosphatase enzymes. The levels of lipid phosphate phosphatase activities
may be used as a marker of signaling events in the cell. In this chapter we describe enzymatic
assays that are routinely used to measure the activities of phosphatidate phosphatase, lysophos-
phatidate phosphatase, and diacylglycerol pyrophosphate phosphatase. These activities are
measured by following the release of water-soluble radioactive inorganic phosphate from chlo-
roform-soluble radioactive lipid phosphate substrate following a simple chloroform/methanol/
water phase partition.

Key Words: Diacylglycerol pyrophosphate phosphatase; phosphatidate phosphatase; lyso-
phosphatidate phosphatase; lipid signaling.

1. Introduction

Lipid phosphate phosphatases (LPPs) are integral membrane proteins that
catalyze the dephosphorylation of a variety of lipid phosphates, including phos-
phatidate (PA), lysophosphatidate (lysoPA), and diacylglycerol pyrophosphate
(DGPP) (I). These enzymes are Mg2+-independent and N-ethylmaleimide-
insensitive, and the genes encoding them have been identified in diverse or-
ganisms from bacteria to mammals (2,3). LPPs contain a three-domain lipid
phosphatase motif that is essential for catalytic activity (Z,4—6). LPPs have been
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previously classified as type 2 PA phosphatases (PAP2s) to distinguish them
from type 1 PA phosphatases (PAP1s) (7,8). PAP1 enzymes are Mg2+-dependent
and N-ethylmaleimide-sensitive, and they have distinct substrate specificity for
PA. These enzymes have been identified in cytosol and membrane fractions, and
they are thought to play a major role in phospholipid synthesis. However, the
genes encoding them have not yet been identified.

The broad substrate specificity of LPPs on bioactive lipid phosphates suggests
that these enzymes are involved in signaling events rather than in phospholipid
synthesis (9,10). LPPs can play a role in signal transduction by terminating sig-
naling events of lipid phosphates. Because the products of LPPs are also bioac-
tive lipid molecules, they can initiate signal transduction by producing signaling
molecules. The expression of LPP activities is likely to modulate the balance of
signaling molecules, eliciting differential physiological responses in the organism.
In this chapter we describe the methods to measure LPP activity using enzymati-
cally synthesized radioactive PA, lysoPA, and DGPP substrates. These activities
are measured by following the release of water-soluble radioactive inorganic
phosphate from chloroform-soluble radioactive lipid phosphate substrate follow-
ing a simple chloroform/methanol/water phase partition.

2. Materials

Cardiolipin.
DG.
DGPP.
Monoacylglycerol.
PA.
5X DG kinase buffer: 250 mM imdazole-HCl, pH 6.6, 250 mM octyl-B-p-
glucopyranoside, 250 mM NaCl, 62.5 mM MgCl,, 5 mM EGTA, 50 mM
-mercaptoethanol, 25 mM ATP.
7. 5X PA kinase buffer: 200 mM imidazole-HCI, pH 6.1, 50 mM MgCl,,
500 mM NaCl, 0.5 mM EDTA, 2.5 mM DTT.
8. Escherichia coli (E. coli) DG kinase (Sigma, D3065).
9. Catharanthus roseus (C. roseus ) PA kinase (see Note 1).
10. 3 mM PA in 2% Triton X-100.
11. 1 mM PA in 10 mM Triton X-100.
12. 1 mM DGPP in 20 mM Triton X-100.
13. 1% Potassium oxalate in methanol/water (2:3, v/v).
14. Anhydrous chloroform (see Note 2).
15. 0.1 N HCI in methanol.
16. 1 N NH,OH in methanol.
17. 1 M MgCl,.
18. 100 mM NaF.

AR e
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19. 1 mM ATP.

20. [y-32P]ATP (3000 Ci/mmol, 5 mCi/mL).

21. Chloroform/methanol (2:1, v/v) containing 1% of concentrated HCI.

22. Chloroform/methanol/1 N HCI (1:2:0.8, v/v).

23. Scintillation fluid for aqueous samples (e.g., Ecoscint H, National Diag-
nostics LS-275).

24. Thin layer chromatography (TLC) solvent for the purification of PA and
lysoPA: chloroform/methanol/water (65:25:4, v/v).

25. TLC solvent for the purification of DGPP: chloroform/acetone/methanol/
acetic acid/water (50:15:13:12:4, v/v).

26. TLC plates: silica gel 60, 5 X 20 cm.

27. TLC chambers.

28. Polypropylene tubes (17 X 100 mm).

29. Polypropylene tubes with screw caps (17 X 100 mm).

30. Glass tubes (12 X 75 mm).

31. Scintillation vials.

32. Speed-Vac.

3. Methods

The methods described below outline: (1) the preparation of 32P-labeled
phospholipid substrates (PA, lysoPA, and DGPP), (2) assay method, and (3)
data analysis.

3.1. Preparation of Substrates

E. coli DG kinase catalyzes the phosphorylation of both DG and monoacyl-
glycerol as substrates. The 32P-labeled PA and lysoPA are therefore enzymati-
cally synthesized from [y-32P]ATP and DG, and [y-32P]ATP and monoacyl-
glycerol, respectively (11). [B-32P]DGPP is synthesized from PA and
[v-32P]ATP using C. roseus PA kinase (12).

3.1.1. Synthesis and Purification of [32P]PA and [32P]lysoPA

1. Mix 10 pL of diacylglycerol or monoacylglycerol (25 mg/mL) and 1.8 pL.
of cardiolipin (5 mg/mL) in a polypropylene tube, and evaporate to dryness
in a fume hood (for 10-20 min).

2. Add 40 pL of water and 20 pL of 5X DG kinase buffer. Suspend the lipids
thoroughly by vortexing for 5 s.

3. Add 10 pL of DG kinase (4 U/mL) and 30 pL of [y-32P]ATP (5 mCi/mL).
Mix and incubate for 40 min at 30°C.

4. Stop the reaction by adding 0.5 mL of 0.1 N HCI. Add 1.0 mL of chloro-
form and 1.5 mL of 1 M MgCl,.

5. Mix the solutions by gentle vortexing and centrifuge for 3 min at 100 g.
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6. Remove the aqueous phase by aspiration, and add 0.5 mL of 0.1 N HCl in
methanol and 1.5 mL of 1 M MgCl,.
7. Mix the solutions and centrifuge as before.
Remove the aqueous phase and transfer the chloroform phase to a glass tube.
9. Dry the lipids completely in the Speed-Vac (for about 30 min) and resus-

pend in 20 pL of anhydrous chloroform.

10. Spot the chloroform solution on the oxalate-treated TLC plate. Rinse the
tube with 15 puL of chloroform and spot the samples again (see Note 3).

11. Develop the plate in a TLC chamber until the solvent front reaches about
2-3 cm from the top of the plate (for about 2 h).

12. Dry the TLC plates in the fume hood, wrap with plastic film, and expose to
a photographic film or a phosphorimager screen (for 1-5 min).

13. Develop the film, or scan the image and print it to actual size.

14. Align the unwrapped plate with the film or printed image on a light box and
mark the region of [32P]PA or [32P]lysoPA.

15. Moisten the radioactive spot on the TLC plate by using a water sprayer and
place a sheet of weighing paper underneath the plate.

16. Scrape the silica off the plate using a new razor blade and transfer the sil-
ica into a 15-mL polypropylene centrifuge tube.

17. Add 1 mL of chloroform/methanol/1 N HCI (1:2:0.8, v/v) and mix by vig-
orous shaking.

18. Centrifuge for 3 min at 100 g and transfer the supernatant to a new 15-mL
polypropylene centrifuge tube (see Note 4).

19. Repeat steps 16-18, and combine the extractions.

20. Add 0.5 mL of chloroform and 0.6 mL of 0.1 N HCI, and mix by vortexing.

21. Centrifuge for 3 min at 100 g and remove the aqueous phase by aspiration.

22. Add 1 mL of methanol and 1 mL of 0.1 N HCI, mix and centrifuge as before.

23. Remove the aqueous phase and transfer the chloroform phase to a glass tube.

24. Adjust the pH of the chloroform solution to neutral with 1 N NH,OH in
methanol (see Note 5) and dry completely in a Speed-Vac (for about 30 min).

25. Resuspend the radioactive material in an appropriate volume of 1 mM PA
or 1 mM lysoPA in 10 mM Triton X-100 (see Note 6) to adjust the specific
label to 10,000 cpm/nmol. If not for immediate use, store the radioactive
substrates at —20°C.

3.1.2. Synthesis of [B-32PIDGPP

o

1. Add the following reagents in a polypropylene centrifuge tube:

5X PA kinase buffer 20 uL
3 mM PA in 2% Triton X-100 10 pL
1 mM ATP 10 uL
100 mM NaF 5 uL

Water 15 uL
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[v-32P]ATP (5 mCi/mL) 30 ul
PA kinase (4 U/mL) 10 uL
Incubate the reaction mixture overnight at 30°C.

. Add 1.5 mL of chloroform/methanol (2:1, v/v) containing 1% concentrated

HCI, and 0.5 mL of water.
Mix by gentle vortexing and centrifuge for 3 min at 100g.

. Remove the aqueous phase by aspiration, and add 0.5 mL of 0.1 N HCl in

methanol and 0.5 mL of water.
Mix by vortexing and centrifuge as before.

. Remove the aqueous phase by aspiration and transfer the chloroform phase

to a glass tube.

. Follow steps 9-24 as described for synthesis of PA and lysoPA in Sub-

heading 3.1.1.

. Resuspend the dried radioactive DGPP in an appropriate volume of 1 mM

DGPP in 20 mM Triton X-100 to adjust the specific label of [[3-32P] DGPP
to 10,000 cpm/nmol. If not for immediate use, store the radioactive sub-
strates at —20°C.

3.2. Assay

PA, lysoPA, and DGPP phosphatase activities are measured for 20 min at

30°C by following the release of water-soluble [32P]P, from chloroform-soluble
[32P]PA, [32P]lysoPA, and [B-32P]DGPP (10,000 cpm/nmol) in a total volume of
0.1 mL. The principle of all three assays is the same. They differ only in the
substrates used and the assay conditions (e.g., pH) specific for each enzyme. For
example, the yeast LPPI-encoded enzyme has different assay conditions de-
pending on substrates (13). All assays are conducted in triplicate.

3.2.1. PA and LysoPA Phosphatase Assays

1.

Add the following reagents in a polypropylene centrifuge tube:

500 mM Tris-maleate, pH 7.0 10 uL
100 mM B-mercaptoethanol 10 uLL
Water 60 uL

Enzyme (1.0 mg/mL) (see Note 7) 10 pL.

. Add 10 pL of 1 mM [32P]PA (10,000 cpm/nmol) or lysoPA (10,000 cpm/

nmol) in 10 mM Triton X-100 and incubate the reaction mixture for 20 min
at 30°C. Add the radioactive substrate to other tubes in 15-s intervals.

. Stop the reaction by adding 0.5 mL of 0.1 N HCI in methanol. Add 1 mL

of chloroform and 1 mL of 1 M MgCl, (see Note 8).

Mix by gentle vortexing and centrifuge for 3 min at 100 g.

Transfer 0.5 mL of aqueous phase to a scintillation vial and add 4 mL of
scintillation fluid (see Note 9).

Mix by shaking and measure the radioactivity.
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3.2.2. DGPP Phosphatase Assay

1. Add the following reagents to a polypropylene centrifuge tube:
500 mM Citrate buffer, pH 5.0 10 pL

Water 60 uL
100 mM B-mercaptoethanol 10 uL
Enzyme (1.0 mg/mL) 10 uL

2. Add 10 uL of 1 mM [B-32P]DGPP (10,000 cpm/nmol) in 20 mM Triton
X-100 and incubate the reaction mixture for 20 min at 30°C. Add the radio-
active substrate to other tubes in 15-s intervals.

3. Follow steps 3—6 described for PA phosphatase assay in Subheading 3.2.1.

3.3. Analysis of Data

The specific activity of an enzyme is expressed by U/mg protein. One unit of
PA, lyso PA, or DGPP phosphatase is defined as the amount of enzyme that cat-
alyzes the formation of 1 nmol of product per min. Apply the following formula
to calculate the specific activity:

Specific activity (nmol/min/mg protein) = {3.2 (correction factor) X cpm
(corrected for background)} /{specific label (cpm/nmol) X time (min) X pro-
tein volume (mL) X protein concentration (mg/mL)} (see Note 10).

4. Notes

1. PA kinase is not commercially available. PA kinase can be purified from C.
roseus cells as described by Wissing and Behrbohm (12). If pure PA kinase
is not available, membrane preparations from red beet or broccoli can be
used as alternative sources of PA kinase.

2. Anhydrous chloroform is prepared by adding solid sodium sulfate to a
small bottle of chloroform. Shake well and allow the sodium sulfate to set-
tle. This reagent can be used for several weeks.

3. TLC plates are pretreated with potassium oxalate by soaking them for
few seconds in methanol/water (2:3) containing 1% potassium oxalate.
The oxalate-treated TLC plates are dried at room temperature and then
incubated for at least 30 min at 100-115°C to remove the residual mois-
ture. The hot TLC plates are cooled to room temperature in a dessicator
before use.

4. If phase separation occurs and silica is present in the aqueous phase, this is
caused by excess water present in the silica. Add a small volume of
methanol, mix, and centrifuge again.

5. 1 N NH,OH in methanol is stored in the refrigerator and should be used
within 2 wk after its preparation.

6. PA in chloroform (100-200 pL) is transferred into a glass tube and dried
completely in a Speed-Vac (for about 30 min). The dried PA is measured
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0.
10.

and resuspended in an appropriate volume of 10 mM Triton X-100 to the
final concentration of 1 mM. If a chloroform solution of PA is out of the
freezer for longer than a few minutes, it is kept on ice. Before returning to
the freezer, the container is purged with nitrogen gas and sealed. To prevent
light-induced oxidation, the container is wrapped with aluminum foil.

. Crude enzyme preparations used in the assay are generally at a protein con-

centration of 1.0 mg/mL for a final concentration of 0.1 mg/mL. Be sure
that assays are linear with time and protein by varying reaction time and
protein concentration.

If many samples are routinely assayed, a bottle-top dispenser is efficient to
deliver solutions (0.1 N HCI in methanol, chloroform, and 1 M MgCl,).
During the incubation of reaction mixtures, prime the dispenser for proper
delivery.

Make sure that the scintillation fluid is for aqueous samples.

In calculating the specific activity, a correction factor of 3.2 is applied because
0.5 mL out of 1.6 mL (total sample volume) is used for the measurement.
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Assaying Phosphoinositide Phosphatases

Gregory S. Taylor and Jack E. Dixon

Summary

The roles of phosphoinositide second messengers as signaling molecules in a vast array of cel-
lular processes including cell growth, metabolism, vesicular transport, programmed cell death,
and responses to extracellular signals are only beginning to be understood. The recent identifica-
tion of novel phosphoinositide signaling molecules underscores the need for methodology with
which to characterize the enzymes responsible for regulating cellular phosphoinositide levels.
One of the ways in which cells control these lipids is through dephosphorylation by phospho-
inositide phosphatases, which oppose and regulate the actions of phosphoinositide kinases. We
describe herein two rapid and simple assays for characterizing phosphoinositide phosphatases
that can be used to provide a basis for understanding the activity and specificity of these enzymes.

Key Words: Phosphatase; phosphoinositide; phosphatidylinositol; Ymrlp; myotubularin;
PTEN; PTP.

1. Introduction

The role of phosphoinositides as second messengers in cellular signaling
processes has been intensively studied over the last approx 25 yr. Perhaps the
most widely known example of phosphoinositide signaling is the receptor-
mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,) by
phospholipase C to release diacylglycerol, an activator of protein kinase C
(PKC), and inositol 1,4,5-trisphosphate, which causes the release of intracellu-
lar Ca2+. The study of phosphoinositide signaling has recently enjoyed a dra-
matic resurgence owing to the identification of novel inositol lipids that are
critical for a fantastic array of physiological functions that include such diverse

From: Methods in Molecular Biology, vol. 284:
Signal Transduction Protocols
Edited by: R. C. Dickson © Humana Press Inc., Totowa, NJ

217



218 Taylor and Dixon

cellular processes as growth, development, apoptosis, membrane trafficking,
and vesicular transport, as well as signaling in the cell nucleus (I-3). As might
be expected for such important signaling molecules, abnormal phosphoinositide
regulation has also been associated with several human diseases (4,5).

In order to understand the mechanisms by which different phosphoinositides
are able to carry out such a wide variety of signaling tasks, it is necessary to
identify how these lipids are regulated both spatially and temporally. The lev-
els of cellular phosphoinositides can be controlled by at least three types of en-
zymes including phospholipases, phosphoinositide kinases, and phosphoinosi-
tide phosphatases. Of these three groups of inositol lipid-modifying enzymes,
the phospholipases and phosphoinositide kinases have historically enjoyed the
more intensive scrutiny (2,7). However, recent attention has been focused on
the roles of phosphoinositide phosphatases as regulators of signaling lipids
owing to their involvement in human diseases. This interest has been fueled in
part by the discovery that PTEN and myotubularin family protein tyrosine phos-
phatase-like enzymes actually utilize inositol lipids rather than phosphoproteins
as their physiological substrates (§—10). In addition, Sacl domain-containing
lipid phosphatase and inositol polyphosphate 5'-phosphatase families have also
been shown to play essential roles in regulating phosphoinositide-dependent
cellular processes (11,12). These examples provide compelling evidence that a
complete understanding of inositol lipid-signaling pathways will require further
insight into not only the mechanisms by which phospholipases and phospho-
inositide kinases are regulated, but also by which the lipid phosphatases con-
tribute to the overall regulation of cellular phosphoinositide levels. To this end,
we describe herein methods for carrying out the in vitro assay of phospho-
inositide phosphatase activity. We have found these approaches useful not only
for quantitating the specific activities of these enzymes, but also for determin-
ing their substrate preferences among the different phosphoinositide species.

2. Materials
2.1. Fluorescent Phosphoinositide Substrate Assay

1. Fluorescent di-C6-NBD6 synthetic phosphoinositide substrates (PI, PI(3)P,
PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,, P1(4,5)P,, and PI(3,4,5)P; at a concen-
tration of 1 pg/uL in dH,0) (Echelon Biosciences, Salt Lake City, UT).

2. Fluorescent substrate assay buffer composed of 50 mM ammonium acetate

and/or 50 mM ammonium carbonate buffer containing 0.1% (v:v) 2-mer-

captoethanol (Sigma Chemicals, St. Louis, MO).

1.2% Potassium oxalate in dH,O/MeOH (6:4) (Sigma).

4. Chloroform, methanol, acetone, glacial acetic acid, 2-propanol (Fisher Sci-
entific, Pittsburgh, PA).

e
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Speed-Vac concentrator.

Dry bath incubator.

Glass-thin layer chromatography (TLC) tank.

Glass-backed Whatman silica gel TLC plates; 60/&, 250 um thickness,
20 cm X 20 cm (Fisher Scientific).

9. DNA gel UV illumination/camera system.

e A

2.2. Malachite Green-Based Assay for Inorganic Phosphate

1. Di-C,4 synthetic phosphoinositide substrates (PI, PI(3)P, PI(4)P, PI(5)P,
PI(3,4)P,, PI(3,5)P,, PI(4,5)P,, and PI(3,4,5)P; at a concentration of 1 mM
in CHCl,/MeOH (9:1) (single phosphate group), or CHCl,/MeOH/dH,O
(5:5:1) (two or more phosphate groups) (Echelon Biosciences, Inc.).

2. Chloroform, methanol (Fisher Scientific).

3. Dioleoylphosphatidylserine at a concentration of 10 mM in CHCl,/MeOH
(9:1) (Sigma Chemicals).

4. Malachite green assay buffer: 100 mM sodium acetate, 50 mM bis-Tris,
50 mM Tris (pH range from 5.0-8.0) containing 10 mM dithiothreitol (DTT).

5. 20 mM sodium orthovanadate in dH,0.

6. Malachite green reagent (prepared as described in Subheading 3.2.1.)
(Sigma Chemicals).

7. KH,PO, inorganic phosphate standard (40 uM in dH,0).

8. Speed-Vac concentrator.

9. Dry bath incubator.

10. Refrigerated microfuge.

11. Spectrophotometer with microcuvet (50 pL. volume).

12. Probe sonicator: 130 watt ultrasonic cell disruptor with 13 mm probe tip
(PGC Scientifics, Frederick, MD).

3. Methods
3.1. Fluorescent Phosphoinositide Substrate Assay

When testing a putative phosphoinositide phosphatase for lipid phosphatase
activity, we have found it useful to conduct the preliminary assays with fluor-
escent phosphoinositide substrates (13). This procedure is advantageous for an
initial enzymatic characterization because it allows the detection of even low-
level lipid phosphatase activity in a manner that is relatively insensitive to re-
action conditions. This occurs primarily because many lipid phosphatases pos-
sess a high degree of substrate specificity such that the reaction can be allowed
to proceed to a point where, even under nonoptimal conditions, sufficient sub-
strate is hydrolyzed to allow visualization of the reaction product. In addition,
because this technique employs TLC to follow the lipid moiety of the substrate
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rather than inorganic phosphate, it is useful for assessing not only the general
substrate specificity of a lipid phosphatase (i.e., PIP vs PIP, vs PIP;), but also
for determining the specific phosphate group(s) on the inositol ring that are hy-
drolyzed when using multiply-phosphorylated phosphoinositide substrates.
This procedure is carried out as follows:

1.

Prepare a silica-gel TLC plate by completely immersing it in 1.2% potas-
sium oxalate solution. Place the plate in a fume hood until visibly dry, fol-
lowed by drying for 1 h in a baking oven (80-100°C).

. In separate 0.5-mL microfuge tubes, combine 1 pL (1 pg total) of each

phosphoinositide substrate [PI(3)P, PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,,
PI(4,5)P,, or PI(3,4,5)P;] with 17 pL fluorescent substrate assay buffer
(usually from pH 5.0-8.0) and prewarm the samples for 10 min in a dry
bath (usually from 30 to 37°C).

. Initiate the reactions by adding 2 pL. of enzyme (usually from 5 ng to 5 ug

of enzyme per sample) and incubate for 30-60 min.

Terminate the reactions by adding 100 puL acetone and dry the samples
under vacuum in a Speed-Vac concentrator (approx 15-20 min using
“medium” heat setting).

. While the samples are drying, prepare the TLC tank by rinsing it twice with

approx 100 mL of organic mobile phase (chloroform/methanol/acetone/
glacial acetic acid/water, 75:50:20:20:20 v/v) as described by Okada et al.
(14). After rinsing, fill the tank to approx 1 cm deep with mobile phase
(about 150 mL).

Dissolve the reaction products in 20 pL of spotting solution (chloroform/
2-propanol/methanol/glacial acetic acid, 5:5:5:2 v/v) and adsorb (spot)
each sample onto the prepared TLC plate. By spotting each sample across
an area approx 0.5-1 cm wide at the origin, “bands” that are easier to vi-
sualize when compared to “spots” will be obtained. Be sure to also spot a
sample corresponding to approx 1 pg of PI as a standard. Allow the spot-
ted samples to dry completely (5—10 min in a fume hood).

. Develop the thin layer plate in mobile phase until the solvent front has trav-

eled approx three-fourths of the distance from the origin to the top of the
plate. Remove the plate and allow it to dry completely in a fume hood.
Visualize fluorescent phosphoinositides by placing the thin layer plate face
up on a DNA gel ultraviolet (UV) light box. Photographs can be taken with
either a film or digital camera.

To illustrate the procedure outlined previously, we have tested a bacterial re-

combinant budding yeast myotubularin (Ymrlp) His-tagged fusion protein
against fluorescent lipid substrates. We have previously reported that recombi-
nant Ymrlp can effectively dephosphorylate PI(3)P (15). However, recent re-
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Fig. 1. Determination of the substrate specificity of recombinant Ymr1p using fluores-
cent phosphinositides. Phosphoinositide phosphatase assays were carried out with 1 pug of
each fluorescent (NBD6) phosphoinositide derivative for 30 min at 30°C and either buffer
alone (—), or 200 ng Ymrl1p fusion protein (+) as described in the Methods section. The
fluorescent phosphoinositide reaction products are shown following resolution by TLC
and illumination under UV light. The PI and PI(5)P reaction products produced by the ac-
tion of Ymrlp on PI(3)P and PI(3,5)P,, respectively, are indicated by the white arrows at
left and right. The migration positions of the different phosphoinositides are indicated at
right and the origin and solvent front positions are shown at left.

ports have revealed that in addition to PI(3)P, myotubularin family enzymes can
also utilize PI(3,5)P, as a substrate in vitro (16-18). As expected, Ymrlp com-
pletely dephosphorylated PI(3)P to PI (Fig. 1, white arrow at left). In addition,
Ymrlp was also able to quantitatively convert PI(3,5)P, to PI(5)P, demonstrat-
ing that, like other myotubularin family phosphatases, Ymrlp can efficiently
dephosphorylate the D3 position of PI(3,5)P, (Fig. 1, white arrow at right). In
addition, a trace of PI can also be seen in the PI(4)P and PI(5)P (+) lanes, how-
ever, it is approaching the lower limit of detection in this assay and indicates
that these are relatively poor substrates for Ymrlp. The usefulness of this ap-
proach for assessing the substrate specificity of phosphoinositide phosphatases
is clearly shown in Fig. 1. However, additional information, such as enzyme
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specific activity or, in the case of Ymrlp, relative activity between two differ-
ent inositol lipid substrates, is often desirable. To this end, we will describe next
a malachite green-based assay for inorganic phosphate that we have adapted for
use with phosphoinositide phosphatases.

3.2. Malachite Green-Based Assay for Inorganic Phosphate

Although the fluorescent phosphoinositide phosphatase assay described ear-
lier is a useful tool for dissecting the specificity of lipid phosphatases, the pri-
mary drawback of this approach is that it is generally a qualitative rather than a
quantitative assay (13). To obtain a more quantitative assessment of lipid phos-
phatase activity, we routinely employ a malachite green-based assay for inor-
ganic phosphate as a complement to the fluorescent phosphoinositide assay. We
have adapted this method from the procedure of Harder et al. specifically for
use with phosphoinositide phosphatases (19,20). In this method, the enzyme-
catalyzed release of inorganic phosphate from synthetic phosphoinositide sub-
strates is quantitated by comparison to a standard curve of inorganic phosphate
using a colorimetric assay. This procedure is carried out as follows:

1. Prepare the malachite green reagent by adding one volume of 4.2% (w:v)
ammonium molybdate in 4 N HCI to 3 volumes of 0.045% (w:v) aqueous
malachite-green solution. Stir the solution for approx 30 min prior to filtra-
tion through a 0.22 um filter. This solution is stable for several months at
4°C. Just before use, add Tween 20 to a final concentration of 0.01% (v:v).

2. In separate 1.5-mL microfuge tubes, combine an aliquot of each 1 mM
phosphoinositide substrate (PI(3)P, PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,,
PI(4,5)P,, or PI(3,4,5)P;) organic stock solution with a fivefold molar ex-
cess of dioleoylphosphatidylserine (PS). Be sure to prepare an excess of
substrate for the number of samples to be tested. For example, to carry out
10 X 20 pL reactions at a final concentration (apparent) of 100 uM phos-
phoinositide and 500 uM PS carrier lipid, combine enough of each lipid or-
ganic stock solution for 12-15 samples (i.e., 24-30 pL of 1 mM phospho-
inositide, and 12-15 pL of 10 mM PS). This prevents running out of
substrate preparation for the last one or two samples to be tested. Dry the
lipid mixtures in a Speed-Vac concentrator (approx 15-20 min using
“medium” heat setting).

3. Prepare the lipid suspension by adding malachite-green assay buffer
(18 mL per each sample to be tested) and sonication in a water bath with a
probe-type sonicator. This is carried out by immersing the tip of the soni-
cator probe just under the surface in a small (approx 400-mL) glass beaker.
With the sonicator running at maximum output, hold the microfuge tube by
the hinge and immerse the buffer/dried lipid mixture in the water bath di-
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rectly under the probe tip for 30 s. Be sure to move the tube around under-
neath the probe tip to obtain complete dispersal of the lipid mixture. After
sonication, the suspension should have a uniform, pearlescent/translucent
appearance. If large particles or aggregates are visible, continue the soni-
cation until complete dispersal of the lipid suspension is achieved. After the
sonication is complete, transfer 18 pL of substrate preparation to a 0.5-mL
microfuge tube for each sample to be tested and prewarm the samples for
10 min in a dry bath (usually at 30 or 37°C).

4. Initiate the reactions by the adding 2 puL of enzyme (usually from 1-500 ng
of enzyme) and incubate for 2-30 min.

5. Terminate the reactions by adding an equal volume (20 pL) of ice-cold
20 mM sodium orthovanadate followed by centrifugation at 18,000 X g for
10 min at 4°C. Alternatively, the reactions can be terminated by the addi-
tion of 20 pL of 100 mM n-ethylmaleimide. The choice of termination
reagent should be based on which compound is the most efficient inhibitor
of your enzyme. The purpose of the centrifugation step is to sediment the
lipid aggregates, which cause light-scatter and interfere with subsequent
spectrophotometric measurements.

6. Remove 25 pL of the supernatant and combine it with 50 uL. of malachite-
green reagent (containing 0.01% Tween 20) in a new microfuge tube. Mea-
sure the absorbance of the samples at 620 nm.

7. Create a standard curve of inorganic phosphate using the 40 uM KH,PO,
stock solution, which is prepared with KH,PO, that has been thoroughly
dried in a vacuum oven to remove all traces of moisture. The standard curve
consists of 25 uLL samples of inorganic phosphate (0, 100, 200, 400, 600,
800, and 1000 pmol per 25 pL sample) combined with 50 puL. malachite-
green reagent as carried out for the lipid-phosphatase reactions. Typically,
these samples are prepared in triplicate, and the mean absorbance at 620 nm
plotted versus pmol inorganic phosphate per 25 pL sample as shown in
Fig. 2. A line equation can be calculated from most graphing software ap-
plications and is used to determine the total amount of phosphate released
in each lipid phosphatase reaction supernatant. The total phosphate liber-
ated in each sample will be 1.6 times that calculated from the standard
curve because the total sample volume after termination of the reactions is
40 uL (i.e., 25 uL X 1.6 =40 uL).

A typical inorganic phosphate standard curve obtained using this procedure
is shown in Fig. 2. For this standard curve, we have used a fixed total amount
of inorganic phosphate in a volume of 25 pL. because this is identical to the
sample size removed and measured from the actual lipid phosphatase reac-
tions. Alternatively, a concentration-based standard curve can also be used. As
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Fig. 2. Inorganic phosphate standard curve. A standard curve of inorganic phosphate
was prepared from a 40 pM stock solution of KH,PO, as described in Subheading 3.
Samples (25 pL) containing 0, 100, 200, 400, 600, 800, or 1000 pmol inorganic phos-
phate were combined with 50 puL of malachite-green reagent and the absorbance at
620 nm measured. The graph depicts absorbance at 620 nm vs pmol of inorganic phos-
phate per 25 uLL sample. Each data point represents the mean * S.E.M of triplicate de-
terminations. The graph and fitted line was generated using Kaleidagraph™ 3.0 software.

a demonstration of this technique, we have employed it to test the lipid-
phosphatase activity of recombinant Ymrlp utilizing synthetic di-C,-phospho-
inositide substrates. As illustrated in Fig. 3, Ymrlp exhibits comparable activ-
ity toward both PI(3)P and PI(3,5)P, substrates. In addition to corroborating its
specificity toward fluorescent lipid substrates, the malachite green-based assay
for inorganic phosphate also provides quantitative values for the specific activ-
ity of Ymrlp against PI(3)P and PI(3,5)P,. In addition to providing insight re-
garding the relative efficacy of an enzyme toward different phosphoinositide
substrates, the ability to quantitatively determine lipid-phosphatase activity is
also useful for comparison to other bona fide phosphoinositide phosphatases.

4. Notes

1. As with all enzymatic assays, an important consideration when testing
the activity of a putative phosphoinositide phosphatase is the optimiza-
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Fig. 3. Determination of Ymrlp specific activity toward synthetic di-C,4-phospho-
inositide substrates utilizing a malachite green-based assay of inorganic phosphate. The
activity of recombinant Ymrlp (200 ng) was tested against each phosphoinositide/PS
substrate suspension preparation (100 pM/500 uM apparent concentration) in a volume
of 20 uL for 15 min at 30°C. After termination of the reactions with 20 uL. of 20 mM
sodium orthovanadate and centrifugation, 25 pL of each reaction supernatant was added
to 50 puLL malachite-green reagent and the absorbance at 620 nm was measured. Phos-
phate release was calculated using the inorganic phosphate standard curve shown in
Fig. 2. The specific activity values are denoted as moles of phosphate released per
minute per mole of enzyme. Each bar represents the mean of triplicate determinations
+S.EM.
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tion the reaction parameters. We have pointed out that the fluorescent
phosphoinositide substrate assay is relatively insensitive to reaction con-
ditions, because the reaction proceeds essentially to completion. How-
ever, it is still a good practice to optimize the conditions for your en-
zyme of interest. More specifically, time, temperature, pH, and amount
of enzyme are the most convenient parameters to alter. Owing to the
simplicity of this approach, it is relatively easy to repeat the assays as
necessary over a range of time, pH, temperature, or amount of enzyme.
The goal of such optimization is to be able to clearly detect substrate
hydrolysis, but under conditions where nonspecific activity is minimized.
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In the case of the malachite-green assay, it is critical to limit the sub-
strate dephosphorylation to =10% of the total substrate present in the
reaction in order to maintain the reaction kinetics.

Another consideration when carrying out lipid-phosphatase assays is the
specific form in which the substrate is presented. The fluorescent sub-
strates are completely water-soluble, regardless of acyl-chain length or
fluorophore, which may restrict their use in micelle or vesicle prepara-
tions. Moreover, the shorter acyl chain nonfluorescent phosphoinositide
derivatives (di-C, and di-Cg) are also water soluble, which allows their
use in determining kinetic parameters. We generally use the di-C,-NBD6
derivatives in the fluorescent phosphoinositide substrate assay, and both
di-C4 and di-C,4 nonfluorescent derivatives in the malachite green-based
assay. It is most important to test different acyl chain-length derivatives
when using the nonfluorescent phosphoinositides, because we have noted
that there can be differences in specificity between them. For example,
myotubularins do not efficiently dephosphorylate di-Cg-PI(3,5)P, under
the conditions described here, however, they actually exhibit a slight pref-
erence for this substrate over PI(3)P when the di-C,, forms are used.
This is most likely because of an effect of the acyl-chain length on the
conformation of the substrate head group within the lipid-suspension
preparations. It is also worth mentioning that there are many different
methods for the preparation of lipid suspensions that vary parameters
such as lipid content (i.e., PC, PE, PI, cholesterol, and sphingolipids)
and specific ways in which the actual suspension is physically carried
out. Obviously, such parameters may have a profound effect on the ac-
tivity of a lipid-modifying enzyme and many of these methods for prepar-
ing lipid suspensions are perfectly compatible with the malachite green-
based asssay for inorganic phosphate release described here.
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Assaying Phospholipase A, Activity

Christina C. Leslie and Michael H. Gelb

Summary

Mammalian cells contain many structurally and functionally diverse phospholipases A,
(PLA,) that catalyze the hydrolysis of sn-2 fatty acid from membrane phospholipid. Assays are
described for measuring the activity of Group IVA cytosolic PLA,o (cPLAa) and for secreted
PLA,s (sPLA,) that are suitable for purified enzymes and for measuring activity in crude cell
lysates and culture medium. The assay for cPLA,a involves measuring the calcium-dependent
release of radiolabeled sn-2 arachidonic acid from small unilamellar vesicles of phosphatidyl-
choline. Methods are described for distinguishing cPLA,0. activity in cell lysates from other
PLA,s. sPLA, activity is monitored using a fluorimetric assay that measures the continuous
calcium-dependent formation of albumin-bound pyrene fatty acid from the sn-2 position of
phosphatidylglycerol.

Key Words: Phospholipase A,; phospholipid; fatty acid; arachidonic acid; calcium; small
unilamellar vesicles; phosphatidylcholine; phosphatidylglycerol; liposome; pyrene fatty acid.

1. Introduction

Mammalian cells contain multiple structurally diverse forms of phospholi-
pases A, (PLA,) that catalyze the hydrolysis of the sn-2 fatty acid from mem-
brane phospholipid. PLA,s function in dietary lipid breakdown, in phospholipid
acyl-chain remodeling, in lipid-mediator production and in host defense against
microorganisms. There are at least 15 genes in mammals encoding PLA, en-
zymes that comprise three main types: the secreted PLA,s (sPLA,), the Group
IV cytosolic PLA,s (cPLA,), and the Group VI calcium-independent PLA,s
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(iPLA,) (1-3). All cells contain members of each of these types of enzymes,
suggesting that they play distinct functional roles. This chapter describes assays
for measuring the activity of the well-characterized, ubiquitous cPLA,a (group
IVA) that mediates agonist-induced arachidonic-acid release (4), and for meas-
uring the activity of sSPLA,s that are secreted into cell culture medium. The as-
says can be used for purified enzymes or for measuring their activity in crude cell
fractions. The cPLA,a assay involves measuring the hydrolysis of radiolabeled
arachidonic acid from the sn-2 position of phosphatidylcholine, in the form of
small unilamellar vesicles (5). Procedures are described for processing the cells,
preparing the substrate, incubating cell fractions with substrate, terminating the
enzymatic reaction, and separating product. Approaches for distinguishing
cPLA, 0 activity from other PLA, enzymes in cell lysates are outlined. The assay
for measuring SPLA, activity involves monitoring the calcium-dependent for-
mation of albumin-bound pyrene fatty acid from the sn-2 position of phos-
phatidylglycerol. This continuous fluorimetric assay is carried out in a cuvet or a
microtiter plate.

2. Materials
2.1. cPLA,o. Assay

1. Homogenization buffer: 10 mM HEPES, pH, 7.4, 0.34 M sucrose, 10%
glycerol, 1 mM EGTA, 1 mM phenylmethylsulfonylchloride, 1 pg/mL leu-
peptin, 10 pg/mL aprotinin.

2. Dithiothreitol (DTT).

3. 1-Palmitoyl-2[1-14C]arachidonyl-phosphatidylcholine (Perkin Elmer Life
Sciences).

4. 1-Palmitoyl-2-arachidonyl-phosphatidylcholine (Avanti Polar Lipids).

5. CaCl,

6. Dioleoylglycerol.

7. Sodium chloride.

8. Bovine serum albumin (BSA; fatty acid free).

9. Dole reagent: 2-propanol/heptane/0.5 M H,SO,, 20/5/1 (v/v/v).

0. Silica gel LC-SI solid-phase extraction (SPE) tubes (Sulpelco, Belle-

fonte, PA).

11. Visiprep soldi-phase extraction manifold (Supelco).

12. Oleic acid.

13. Probe sonicator with microprobe tip (Braun Instruments).

14. Arachidonyl trifluoromethylketone (Caymen Chemicals).

15. Bromoenol lactone (Caymen Chemicals).

16. Heptane.
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2.2, sPLA, Assay

Ealb o e

O 0 W

BSA (fatty acid free, Sigma).

CaCl,.

EGTA.
1-Hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphoglycerol am-
monium salt (Molecular Probes, Eugene, OR).

Isopropanol.

1-Pyrenedecanoic acid (Molecular Probes).

Sodium chloride.

Toluene.

Tris.

3. Methods
3.1. Assay for Measuring cPLA o Activity

cPLA,« is present in most cells at sufficient amounts to detect its enzymatic

activity in cell lysates. cPLA,a can also be over-expressed in mammalian cells
or in insect cells using baculovirus (6,7). The vesicle assay described here is
suitable for measuring activity of the purified enzyme or for measuring activity
of cPLA,u in crude cell lysates.

3.1.1. Preparation of Cell Lysates

1.

Wash cells twice with homogenization buffer (see Note 1).

2. Resuspend the cells in a small amount of homogenization buffer that will re-

sult in a protein concentration of approx 2 pg/uL after homogenization.

. Sonicate the cell suspension on ice using a microprobe tip for 10 s, two to

four times. Monitor the extent of cell disruption, which is variable depending
on the cell type, after each 10-s burst of sonication by light microscopy.
Centrifuge the lysate at 100,000 g for 1 h at 4°C to separate the soluble (cy-
tosolic) and particulate (membrane) fractions using a Beckman TL100
tabletop ultracentrifuge. Transfer the supernatant to another tube and main-
tain at 0°C. Gently rinse the pellet and sides of the tube with homogeniza-
tion buffer to remove the small amount of remaining cytosol (discard the
rinse), and then resuspend the pellet in a small volume of homogenization
buffer (see Note 2).

. Determine the protein concentration in the cytosol and membrane fractions,

and then add DTT to a final concentration of 1 mM to protect cPLA, from
oxidative inactivation (see Note 3).
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3.1.2. Concentration of Assay Components

The final concentration of components in the assay (50 uL final volume/

reaction) are as follows.

1

AN e

. 30 uM 1-palmitoyl-2-[ 1-14C]Jarachidonyl-phosphatidylcholine (100,000 dpm/

reaction) (see Notes 4 and 5).

9 uM dioleoylglycerol (see Note 6).
150 mM NaCl (see Note 6).

1 mg/mL BSA (see Note 6).

50 mM HEPES, pH 7.4.

1 mM CaCl, (see Note 7).

3.1.3. Preparation of Substrate

1.

Prepare a concentrated stock of substrate by mixing in a glass tube (12 mm
X 75 mm) 1-palmitoyl-2[1-14C]arachidonyl-phosphatidylcholine and unla-
beled 1-palmitoyl-2-arachidonyl-phosphatidylcholine to achieve a ratio of
100,000 dpm/1.5 nmol. Mix enough for several reactions and then add di-
oleoylglycerol at 30 mol% (30% of lipid is dioleoylglycerol and 70% is
phosphotidylcholine) of the phosphatidylcholine concentration (this results
in 0.45 nmol dioleolyglycerol/reaction).

Evaporate the solvents from the lipid mixture under a stream of nitrogen.
Add 50 mM HEPES buffer, pH 7.4, to make a concentrated substrate solu-
tion that is 5-10 times the final assay concentration.

Sonicate the substrate mixture for 4 s on ice using a microprobe (Braun In-
struments) to form small unilamellar vesicles. Count an aliquot of the so-
lution after sonication to determine the efficiency of liposome formation.
Usually >90% of the radioactivity is solubilized. Prepare liposomes fresh
(if they are not used immediately, then store on ice for no more than 4 h).

3.1.4. Incubation Conditions

1

2.
3.

. Aliquot the substrate mixture into assay tubes (round bottom disposable

glass screw cap tubes, 13 mm X 100 mm).

Add the NaCl, albumin and calcium.

Start the reaction by adding the cytosol or membrane fractions (approx
20 pg protein or more depending on the amount of cPLA,o present in the
cells). The final reaction volume after adding all the components is 50 pL.
Incubate at 37°C with shaking for five min.

. Terminate the reaction by adding 2.5 mL of Dole reagent (2-propanol: hep-

tane: 0.5 M H,SO,, 20:5:1, v/v/v) to each tube. After each reaction is termi-
nated with Dole reagent, add 1.5 mL heptane and 1 mL water to each tube.
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5. Add unlabeled oleic acid (20 pg of a 2 mg/mL stock in chloroform) to each
tube to aid in the extraction efficiency.

6. Vortex each tube for approx 20 s and then centrifuge the tubes at 1000 g at
room temperature for 5 min to cleanly separate the two phases. The radio-
labeled fatty acid product is extracted into the heptane phase. The reactions
do not need to be immediately processed at this point but can be refriger-
ated and processed the next day.

7. Remove the upper heptane phase with a pasteur pipet being careful not to
remove any of the lower phase. Pass the heptane phase through an SPE tube
using a Visiprep SPE manifold. Elute the radiolabeled fatty acid with
2.5 mL of chloroform and collect the eluent in scintillation vials. Contam-
inating radiolabeled phospholipid substrate in the heptane phase is not
eluted by chloroform and is retained on the silica gel.

8. Dry the eluent thoroughly under a stream of nitrogen to remove chloroform,
which is a strong quenching agent. Add 0.5 mL heptane, vortex the vials,
and let the vials stand at room temperature for about 10 min to solubilize
the dried radiolabeled fatty acid. Add scintillation fluid, vortex briefly, and
count by liquid-scintillation spectrometry.

9. Control reactions that contain substrate but no enzyme are similarly incu-
bated and processed, and the dpms are subtracted from the experimental re-
sults.

3.2. Methods for Distinquishing cPLA o Activity From Other
PLA, Enzymes

3.2.1. Group VI Calcium-Independent PLA,s (iPLA,)

iPLA,s are widely distributed in tissues and are found in both the soluble and
membrane fractions of cells (8). They are commonly-assayed using micelles of
phospholipid mixed with Triton X-100, however, the vesicle assay described for
measuring cPLA,a activity will also detect iPLA,s (9). To determine if some of
the activity measured using the vesicle assay in crude cell fractions is owing to
iPLA,, omit calcium from the assay and include excess EGTA (1 mM). cPLA,a
and sPLA,s are inactive in the absence of calcium and remaining activity is
likely owing to iPLA,. Additionally, bromoenol lactone (Cayman Chemical) se-
lectively inhibits iPLA,s in the 0.5-5.0 uM range without affecting cPLA, 0 ac-
tivity (10,11) (see Note 8).

3.2.2. Secreted PLA, Enzymes

There are 10 distinct mammalian sPLA, enzymes that are synthesized and
secreted by cells or stored in intracellular granules of secretory cells (2). An
assay for measuring the activity of purified sSPLA,, or sPLA, secreted into
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cell-culture media, is described in Subheading 3.3. The vesicle assay described
for measuring cPLA,0 activity in crude cell fractions is not optimal for meas-
uring sPLA, enzymes, especially if the vesicle assay is carried out in the pres-
ence of 1-2 uM free calcium with phosphatidylcholine substrate (see Note 9),
which is optimal for cPLA,a but suboptimal for SPLA, enzymes. Many sPLA,s
(Groups IB, IIA, IID, IIE, IIF) preferentially hydrolyze anionic phospholipids,
however, Group V and X sPLA,s hydrolyze phosphatidylcholine vesicles and
may be present in crude cell fractions (12).

Although the sPLA,s are rich in disulfide linkages, the susceptibility of these
enzymes to inactivation by treatment with DTT varies widely (12). For exam-
ple, groups IIE, IIF, and X sPLA, retain significant activity even when treated
for 30 min at 50°C with 10 mM DTT, whereas some sPLA,s like Group IIA are
fully inactivated after a 10-min treatment at 37°C (12). DTT sensitivity is a
commonly reported method for evaluating whether the PLA, activity in a cell
lysate is owing to an sSPLA,, but caution is now advised. However, treating cell
fractions with the commercially available inhibitor, arachidonyl trifluo-
romethylketone at a concentration of 10 pM will inactivate cPLA,a but not
sPLA,s (13).

3.2.3. Other Group IV cPLA, Enzymes

Group IVC cPLA,y is constitutively associated with membrane and is cal-
cium-independent because it lacks the C2 domain (14-16). Consequently,
cPLA, 0 can be distinguished from cPLA,y by omitting calcium from the vesi-
cle assay. Group IVB cPLA, is calcium-dependent because it contains a C2
domain, but preliminary characterization of its enzymatic properties suggests
that it does not exhibit specificity for sn-2 arachidonic acid, a characteristic
of cPLA,u (17). Therefore cPLA,a can be distinguished from cPLA,f by
demonstrating that activity in cell fractions is greater (10- to 20-fold) using
vesicles composed of 1-palmitoyl-2-arachidonyl-phosphatidylcholine com-
pared to dipalmitoyl-phosphatidylcholine.

3.3. Assay for Measuring sPLA, Activity

The sPLA, assay described here is a modification of the original procedure
first described by Radvanyi et al. (18). The assay makes use of a phosphatidyl-
glycerol substrate (see Note 9) with a pyrene fluorophore on the terminal end of
the sn-2 fatty acyl chain. When these phospholipids pack into the membrane bi-
layer, the close proximity of the pyrenes, from neighboring phospholipids, causes
the spectral properties to change relative to that of monomeric pyrene (owing to
exciplex formation). BSA is present in the aqueous phase and captures the pyrene
fatty acid when it is liberated from the glycerol backbone owing to the sPLA,-
catalyzed reaction. These features allow for a sensitive SPLA, assay by monitor-
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ing the fluorescence of monomeric, albumin-bound pyrene fatty acid. This fluori-
metric assay monitors product formation continuously in the presence of calcium
(see Note 10), and the sensitivity of the assay approaches that of conventional
fixed time-point assays with radiolabeled phospholipids.

3.3.1. Preparation of Assay Solutions and Substate

1.

Dissolve 1 mg of 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-
phosphoglycerol (PPyrPG) in 1 mL of toluene: isopropanol (1:1) and vor-
tex until all solid dissolves (may require slight warming).

Measure the concentration of PPyrPG in the stock solution by determining
the absorbance at 342 nm in methanol using the extinction coefficient of
40,000 M—1 cm~1. Store the stock solution at —20°C in a vial with a teflon-
lined screw cap (tightly secure the cap in place with parafilm).

. Pipet 200 pL of PPyrPM stock solution into an Eppendorf tube, and com-

pletely remove the solvent with a stream of nitrogen. Add ethanol (1 mL),
and vortex the sample until the lipid dissolves (may require slight warm-
ing). Centrifuge the sample (full speed in a microfuge for 2 min) to remove
a small amount of particulate that may be present. Transfer the supernatant
to a new tube and determine the absorbance of the solution at 342 nm (as
above in step 2). The concentration of PPyrPM should be approx
100-200 uM. Store the ethanol stock solution at —20°C (as in step 2 above).

. Prepare assay buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1 mM

EGTA) and pass the solution through a 0.2—-0.4 micron syringe filter to re-
move dust particles. Use high quality water to make the buffer (i.e., Milli-
Q, Millipore Inc.). Store assay buffer at 4°C.

. Prepare a solution of BSA (fatty acid-free, Sigma) in purified water at a

concentration of 100 mg/mL and filter through a 0.2—0.4 micron syringe fil-
ter. Store in small aliquots at —20°C.
Prepare 1 M CaCl, in purified water and store at 4°C.

. To prepare a working solution of assay cocktail for 30 assays (1 mL each),

add 300 pL of 100 uM PPyrPG in ethanol (or the appropriate volume of a
more concentrated substrate stock) (warm the stock solution in your hands
and vortex it before taking the aliquot) to 29.7 mL of assay buffer. Add the
PPyrPG drop-wise over approx 1 min to the continuously vortexing solution
of assay buffer. This gives a working solution of 1 uM PPyrPG as unilamellar
liposomes. This solution is stable at room temperature for up to 24 h.

3.3.2. sPLA, Assay Procedure

1.

Into a quartz fluorescence cuvette fitted with a small magnetic stir bar, add
0.98 mL of assay cocktail and then add 10 uL of 10% BSA. Finally add the
desired amount of SPLA, (see Notes 11 and 12) to the cuvette. Place the
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cuvette in the fluorimeter. For most accurate kinetics, the cuvette holder
should be thermostatted at 37°C, but reasonably reliable data can be ob-
tained at ambient temperature. Set the fluorimeter excitation wavelength to
342 nm and the emission wavelength to 395 nm. The fluorescence is
recorded for approx 1 min in the absence of calcium to obtain the back-
ground rate. The reaction is initiated by adding 10 uL of 1 M CaCl, stock
solution. The initial reaction velocity is recorded for approx 2—4 min with
magnetic stirring (see Note 13).

3.3.3. Assay Calibration

In order to determine the specific activity from the observed assay slope, the

assay has to be calibrated by adding a known amount of product, 1-pyrenede-
canoic acid, to the complete assay cocktail in the absence of SPLA,.

1

. Prepare a stock solution of 1-pyrenedecanoic acid (Molecular Probes) in

absolute ethanol at a concentration of 50 puM. Store at —20°C in a glass vial
with a teflon-lined screw cap.

Prepare an assay reaction (see Subheading 3.3.1.) with all components
except enzyme. Record the initial fluorescence and the increase in fluo-
rescence after adding 250 pmole of 1-pyrenedecanoic acid to the cuvette.
Use the measured increase in fluorescence per pmole to convert the ob-
served slope measured in the SPLA, assay to umol product produced per
min per mg of sPLA,.

3.3.4. Microtiter Plate Assay of sPLA,

The aforementioned assay with PPyrPG can also be carried out in a 96-well

microtiter-plate using a microtiter plate fluorimeter.

L.

Prepare a stock solution of 3% (w/v) BSA in assay buffer (50 mM Tris,
pH 8.0, 50 mM KCl, 1 mM CaCl,) and filter (see Subheading 3.3.1.). Store
in aliquots at —20°C.

Prepare working solution A (60 pL of 3% BSA plus 940 pL of assay buffer).

. Prepare solution B (1 mL of solution A plus an aliquot of sPLA,, typically

5-2000 ng depending on the specific activity of the sPLA,). Solution B
should be prepared immediately before use to minimize loss owing to ab-
sorption of SPLA, to the tube.

Prepare solution C (4.2 uM PPyrPG in assay buffer, prepared (see Sub-
heading 3.3.1.) for the 1 uM solution).

. Add 100 pL solution A to each well followed by 100 pL solution B to each

well. With a multichannel pipetor, deliver 100 pL of solution C to each well
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to start the reaction (see Note 14). Place the plate in the plate reader to mon-
itor the fluorescence in each well (see Note 15).

4. Notes

1. Protease inhibitor-cocktail tablets are commercially available (Roche
Diagnostics, Mannheim, Germany) and can be used in place of the indi-
vidually added protease inhibitors (phenylmethysulfonylfluoride [PMSF],
leupeptin, aprotinin). However, if the PLA, assay is carried out at calcium
concentrations in the nM-uM range, which requires the use of
calcium/EGTA buffers, use protease inhibitor cocktails without EDTA.

2. Small plastic Pellet Pestles (Kontes Glass Company, Vineland, NJ) are very
useful for resuspending the compact membrane pellet into a homogeneous
suspension. It is important not to vortex the cell fractions, which will sub-
ject cPLA, to oxidation.

3. cPLA,u exhibits calcium-dependent translocation from cytosol to mem-
brane in cells treated with agonists that increase intracellular calcium
(19,20). However, we have found that this membrane association is not sta-
ble and can be reversed if cells are homogenized in the presence of calcium
chelators (21). However, some reports have suggested that there is stable
association of cPLA,o with membrane, although the basis for this is not un-
derstood (22,23). The relative amount of cPLA,a in the soluble and partic-
ulate fraction can be determined by Western blotting using commercially
available antibodies (Santa Cruz Biotechnology). cPLA,a activity associ-
ated with membrane can be measured using the vesicle assay, but it is im-
portant to note that the specific activity can not be directly compared to the
specific activity in the soluble fraction. Because cPLA, o will hydrolyze the
unlabeled phospholipid in the membrane, this effectively dilutes the labeled
substrate in the vesicles, resulting in a lower specific activity.

4. 1-stearoyl-2[1-14C]arachidonyl-phosphatidylcholine (Amersham Biosciences,
Piscataway, NJ) or the sn-1 ether-linked substrate 1-O-hexadecyl-2[1-14C]
arachidonyl-phosphatidylcholine (American Radiolabeled Chemicals) can
also be used as substrates to measure cPLA,a activity. When using a diacyl-
phospholipid substrate, cPLA, 0 will sequentially cleave the sn-2 and then the
sn-1 fatty acid because it has both PLA, and lysophospholipase activity (24,25).
However, cPLA,a cannot hydrolyze the sn-1 aliphatic group from the 1-O-
alkyl-linked substrate, 1-O-hexadecyl-2-arachidonyl-phosphatidylcholine.

5. Arachidonic acid is highly susceptible to oxidation and the arachidonyl-
containing substrates (labeled and unlabeled) should be stored under nitro-
gen. Make a concentrated stock solution of unlabeled 1-palmitoyl-2-
arachidonyl-phosphatidylcholine in chloroform: methanol (90:10) and store
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aliquots at —80°C in glass vials with Teflon-lined caps and with the caps
additionally sealed with Teflon tape. Chloroform is very volatile and any
evaporation will affect the concentration of the stock solution.

6. cPLA,a has unusual kinetic properties on sonicated vesicles, exhibiting an
initial burst of activity that ceases abruptly in about 10-20 min (24,26,27).
This is not owing to depletion of substrate, product inhibition, or irreversible
inactivation of cPLA,o. Rather cPLA,0 becomes “trapped” on the vesicles
as product accumulates. The addition of NaCl and albumin to the reaction
helps to prevent trapping and leads to more linear reaction-progress curves.
The presence of dioleolyglycerol in the vesicle also enhances activity and
improves the reaction progress (26—-28). Dioleolyglycerol acts to perturb the
packing density of the phosphatidylcholine bilayer, thereby allowing greater
ability of cPLA,u to penetrate the bilayer and access the substrate. Diole-
olyglycerol may also help prevent trapping on the vesicle.

7. Calcium is required in the assay to promote binding of cPLA,a to phos-
pholipid vesicles (6,29,30). A final concentration of 1 mM free calcium in
the assay is saturating. To achieve this final calcium concentration, the
amount of EGTA in the homogenization buffer added to the assay (from the
cell fractions) must be taken into account. At 37°C, 1 mol of EGTA chelates
1 mol of calcium. A characteristic of cPLA,a. is that concentrations of cal-
cium in the low micromolar range promote its binding to phospholipid
vesicles (29). To evaluate the effect of physiological concentrations of free
calcium in the vesicle assay, calcium/EGTA buffers are used. A computer
program (available at http://www.stanford.edu/~cpatton/webmaxcSR.htm)
is used to determine the amount of CaCl, to add to the reaction mixture,
containing a known final concentration of EGTA, which will result in free
calcium in the range of 0.1-5 uM. Do not include albumin in the vesicle
assay for measuring cPLA, activity at low micromolar concentrations of
free calcium because it can bind calcium.

8. The inhibitors, arachidonyl trifluoromethylketone and methylarachidonyl
fluorophosphonate, cannot be used to distinguish cPLA,0 and iPLA, be-
cause both enzymes are inhibited at similar concentrations of these com-
pounds (10,31,32).

9. A detailed study of the interfacial kinetic properties of the full set of mam-
malian sPLA,s has revealed that all of these enzyme display relatively high
activity on anionic phosphatidylglycerol vesicles, whereas only the group
V and X sPLA,s also display high activity on phosphatidylcholine vesicles
(12). The use of phosphatidylcholine vesicles is not recommended for de-
tecting SPLA,s in general, because many enzymes such as the human and
mouse group IIA sPLA,s display very low activity on these vesicles owing
to poor interfacial binding to the zwitterionic interface. However, even
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10.

11.

12.

13.

using phosphatidylglycerol, which is the most preferred sPLA, substrate,
the specific activity of the mammalian sPLA,s varies considerably. For ex-
ample, the specific activity of human group IB sPLA, is approx 2000-fold
higher than the specific activity of human group IIE sPLA, (12). The phys-
iological significance of this variation in specific activity for the various
mammalian SPLA,s remains to be understood, and it raises the possibility
that glycero-phospholipids may not always be the physiological substrates
for all of the enzymes. At the present time, phosphatidylglycerol remains
the most generally preferred substrate for mammalian sPLAs.

It is often stated that SPLA,s require millimolar concentrations of calcium
for maximal activity. This is not the case (12). The concentration of calcium
required for optimal enzymatic activity of an SPLA, depends on the enzyme
species and the type of phospholipid substrate used in the assay. This is
because calcium is required for the binding of a single phospholipid mole-
cule in the active site of the SPLA, at the membrane interface and substrate
binding cannot occur if the enzyme is in the water layer. Thus, interfacial
binding of sPLA, to the membrane surface and calcium binding in the ac-
tive site are coupled. For example, human group V sPLA, binds tighter to
phosphatidylglycerol vesicles than to phosphatidylcholine vesicles, and the
observed apparent K-, for this enzyme in the presence of the anionic vesi-
clesis 1 uM, whereas the apparent K-, increases to 225 uM in the presence
of zwitterionic vesicles (12). The statement made in Subheading 3.2.1. that
cPLA, 0 but not SPLA, is maximally active in the presence of 1-2 uM cal-
cium holds as long as phosphatidylcholine is the substrate. In the presence
of phosphatidylglycerol vesicles, the apparent K, varies from about 1 uM
(group V sPLA,s) to about 100 uM (group IIE sPLA,s) (12).

Purified sPLA s readily absorb on the walls of containers at concentrations
below about 10 pg/mL. Highly dilute sPLA, stock solutions, appropriate
for adding nanogram amounts to the PPyrPG assay are best prepared by
fresh dilution into buffer with approx 1 mg/mL BSA. For the most active
sPLA,s (i.e., group IB and IIA), as little as 0.2-0.5 ng of enzyme gives a
readily measured initial velocity. The specific activities of the full set of
human and mouse sPLA,s acting on phosphatidylglycerol vesicles has been
measured (12).

It is also possible to add crude samples containing sSPLA, to the PPyrPG
assay. For example, we have been able to add up to 50 pL of tissue culture
medium containing sSPLA, (from transfected cells) to the assay.

If the amount of sPLA, added to the PPyrPG assay is too high, the reac-
tion-progress curve will display significant curvature, and all of the sub-
strate will be consumed in less than a few minutes. A sufficient amount of
enzyme should be added to give a progress curve that remains linear for the
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14.

15.

first few minutes. It is best to confirm that the initial velocity is proportional
to the amount of enzyme.

The use of a multichannel pipetor allows the reaction to be initiated in all
wells at the same time.

Typically eight wells are assayed at a time (more wells can be assayed if
the plate reader is capable of measuring the fluorescence from multiple
wells several times per minute). At least one well should be reserved for a
minus enzyme control. The plate reader needs to be equipped with the ap-
propriate filters to deliver the desired excitation and emission wavelengths
(see the cuvette assay for wavelengths). The microtiter plate assay can be
calibrated with 1-pyrenedecanoic acid as for the cuvette assay.
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Measurement and Immunofluorescence
of Cellular Phosphoinositides
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Summary

Phosphoinositides are a vitally important class of intracellular-signaling molecules that regu-
late cellular processes, including signaling through cell-surface receptors, remodeling of the
cytoskeleton, vesicle-mediated protein trafficking, and various nuclear functions. Methods for the
analysis of in vivo phosphoinositide concentration, such as the one described in this chapter en-
able quantification of all phosphoinositides from a population of cells. This method involves
metabolic labeling of cells with myo-[2-3H] inositol, followed by lipid extraction, and quantifi-
cation by high-performance liquid chromatography (HPLC). It provides improved efficiency and
reproducibility when analyzing yeast, plant cells, and is applicable to animal cells as well. In ad-
dition, a technique for determining the intracellular location of phosphoinositides is described.
When quantification and localization techniques are used in parallel, an investigator can identify
cell, and even subcellular concentration changes. The technique described in this chapter uses im-
munodetection with antiphosphoinositide antibodies to determine the localization and relative
concentrations of phosphinositides in fixed cells. The availability of antibodies allows an inves-
tigator to perform immunofluorescence and potentially immunoelectron microscopy of phospho-
inositide localization on particular cellular, organellar, or vesicular membranes.

Key Words: Signal transduction; HPLC; animal; plant; yeast cells.

1. Introduction

The potential role of phosphoinositides as intracellular signaling molecules
was first reported half a century ago by Hokin and Hokin (7). Since then, a great
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deal has been learned about the complexity of cellular processes regulated by phos-
phoinositides. The growing list of phosphoinositide-regulated cellular processes
includes signaling through cell-surface receptors (2—4), remodeling of the cy-
toskeleton (5,6), vesicle-mediated protein trafficking (7,8), and various nuclear
functions (9-11). Each process can be simultaneously regulated by one or more
specific phosphoinositides, owing to temporally and spatially restricted formation
of phosphoinositides. In addition to phosphatidylinositol (PtdIns) itself, there are
seven known phosphoinositides in eukaryotic cells with phosphate monoesters at-
tached to the 3, 4, or 5 positions of the inositol ring of phosphatidylinositol:
PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, PtdIns(3,4)P,, PtdIns(3,5)P,, PtdIns(4,5)P,,
and PtdIns(3,4,5)P;. The remodeling of phosphoinositide phosphorylation in
space and time is precisely coordinated via regulated actions of phosphati-
dylinositol and phosphoinositide kinases, phosphoinositide phosphatases, and
phospholipases.

Following synthesis at a specific site of action, phosphoinositides recruit and
bind effector (phosphoinositide-binding) proteins and activate a variety of down-
stream signaling cascades. Unique among the phosphoinositides, PtdIns(4,5)P,
either binds effector proteins and/or serves as a precursor for the second mes-
sengers inositol trisphosphate and diacylglycerol. However, binding to proteins
and altering their localization and/or activity appears to be the primary function
of phosphoinositides. Effector protein relocalization involves specific interac-
tions between phosphoinositides and phosphoinositide-binding domains effector-
protein. Among the 10 or more recognition motifs characterized are the PH
(pleckstrin homology) domains, PX (Phox homology) domains, and FYVE
(Fablp, YOTB, Vacl, EEA1) domains. These phosphoinositide-binding motifs
facilitate relocalization, conformational changes, and activation or inactivation
of numerous downstream-effector proteins. This is significant because hundreds
of eukaryotic proteins contain motifs that are likely to confer phosphoinositide
binding. For example, in the human genome, there are approx 150-200 proteins
containing predicted PH domains.

A number of studies have been conducted to measure the activities of phos-
phatidylinositol kinases in cell extracts to demonstrate the roles of phospho-
inositides in signaling pathways (reviewed in ref. 12). Although these studies
provided evidence for involvement of phosphoinositides and phosphoinositide
kinases in regulatory systems, further analyses were necessary to demonstrate
in vivo formation of specific phosphoinositides. Methods for the analysis of
in vivo phosphoinositide concentrations such as the one described in this chap-
ter enable quantification of all seven phosphoinositides from a population of
cells. This method involves metabolic labeling of cells with myo-[2-3H] inos-
itol, followed by lipid extraction, and quantification by high-performance
liquid chromatography (HPLC). The procedure described here is a modified
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version of the one developed by Cantley et al. (13). It provides improved ef-
ficiency and reproducibility when analyzing yeast and plant cells (14,15) and
is applicable to animal cells as well (16).

In addition to whole-cell and tissue quantification of phosphoinositides,
techniques have been developed to determine the intracellular localization of
phosphoinositides. When quantification and localization techniques are used in
parallel, an investigator can identify whole-tissue, cell, and even subcellular
concentration changes. This is valuable, because phosphoinositide synthesis or
degradation usually does not occur uniformly throughout the cell. Instead, it oc-
curs at distinct membrane sites like the Golgi or plasma membrane.

Localization of specific phosphoinositides in living cells can be determined
using fluorescence microscopy of cells transfected with gene constructs encod-
ing phosphoinositide-binding proteins fused to the green fluorescent protein
(GFP) (17). Colocalization of the GFP fusion and phosphoinositides occurs via
association of the phosphoinositide-binding domain with phosphoinositides.
This powerful technique has been described several times, and will not be cov-
ered here. A less commonly-used approach is the use of fluorescently labeled
rhodamine to visualize PtdIns(4,5)P, in cells, which localizes intracellular and
intranuclear PtdIns(4,5)P, that cannot be detected by the GFP-PH domain con-
structs (18). An alternative method described in this chapter involves phospho-
inositide immunodetection with antiphosphoinositide antibodies (19-23) to
determine the localization and relative concentrations in fixed cells. The avail-
ability of antibodies allows an investigator to perform immunofluorescence and
potentially immunoelectron microscopy of phosphoinositide localization on
particular cellular, organellar, or vesicular membranes.

1.1. Measurement of Phosphoinositides

Analysis of relative phosphoinositide concentrations using HPLC is some-
times called “headgroup analysis,” because chromatographic separation of the
water-soluble moiety of phosphoinositides (glycerophosphoinositol phos-
phates; gPIPs) is done after removal of the hydrophobic acyl chains (deacyla-
tion). Cells are first metabolically labeled with myo-[2-3H] inositol for 12-24 h.
Before lipid extraction, cells are treated with trichloroacetic acid (TCA) to in-
activate enzymes that might degrade phosphoinositides during the extraction
process. [3H]-Labeled phosphoinositides are extracted with organic solvents,
and deacylated by alkaline treatment. The resulting gPIPs are separated using
strong anion-exchange HPLC. Small fractions are collected and radioactivity is
measured by scintillation counting. Here we present protocols for labeling tis-
sue-culture cells (NIH3T3 fibroblasts and 3T3-L1 preadipocytes), yeast (Sac-
charomyces cerevisiae), and plant cells (Arabidopsis thaliana submerged and
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hydroponic cultures). Lipid extracts from these cells are deacylated and ana-
lyzed by HPLC using the same procedure.

1.2. Immunofluorescence of Phosphoinositides

Monoclonal antibodies (MAbs) directed against PtdIns(4,5)P, and PtdIns
(3,4,5)P; have been developed, and immunofluorescence procedures using these
reagents enable the detection of these phosphoinositide species in fixed mam-
malian cells. When combined with the cellular phosphoinositide analyses de-
scribed earlier, this approach allows an investigator to visualize in a cell the precise
location where modulation of phosphoinositide concentrations is occurring. For
the cellular immunolocalization of phosphoinositides, the cells must first be fixed
with a chemical fixative (e.g., formaldehyde) and then permeabilized with a de-
tergent (e.g., Triton X-100). Nonspecific binding sites in the cells are then blocked
by incubating the cells in a solution containing a blocking reagent such as goat
serum. The cells are incubated with the primary antibody directed against
PtdIns(4,5)P, (20,21) or PtdIns(3,4,5)P; (22). The cells are washed with a buffered
salt solution and then incubated with a fluorophore-tagged secondary antibody.
After a final washing to remove nonspecifically bound secondary antibodies, cells
are visualized by epifluorescence or laser-scanning confocal microscopy.

2. Materials
2.1. Growth Media

1. NIH3T3 or 3T3-L1 cells are grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% calf serum.

2. Ayeast nitrogen base medium containing appropriate supplements and car-
bon source is used for the growth of yeast cells. The “drop-out mix” (24)
is prepared without inositol.

3. Arabidopsis thaliana is grown submerged in a medium composed of 0.5X
Murashige and Skoog (MS) and B5 vitamins. Alternatively, plants can be
grown hydroponically on the same medium excluding the vitamins.

4. Falcon 2059 tubes (Becton Dickinson Labware, Lincoln Park, NJ).

5. Disposable cell scrapers (Fisher Scientific, Pittsburgh, PA).

2.2. Radiochemicals

1. myo-[2-3H] Inositol (10-25 Ci/mmol) (American Radiolabeled Chemicals,
(ARCQ), St. Louis, MO; Amersham Biosciences, Piscataway, NJ, ICN Biomed-
ical, Irvine, CA; or PerkinElmer Life Sciences, PerkinElmer, Boston, MA).

2. For HPLC standards, PtdIns(4)P [inositol-2-3H] (ARC). PtdIns(4,5)P,
[inositol-2-3H] (ARC or PerkinElmer).
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3.

[32P] PtdIns(3)P is prepared by in vitro phosphorylation of PtdIns by yeast
PtdIns 3-kinase with [y-32P] ATP, followed by separation by thin-layer
chromatography (TLC) and extraction from the TLC media (15).

[32P] PtdIns(3,4)P, and [32P]PtdIns(3,4,5)P; are prepared by in vitro phos-
phorylation of PtdIns(4)P and PtdIns(4,5)P,, respectively, by mammalian
PI 3-kinase with [y-32P] ATP, followed by TLC purification.

PtdIns(3,5)P, [inositol-2-3H] is produced in vivo by salt-stressed yeast
cells (15,25).

2.3. Chromatography Media

1.

2.

Silica gel 60 TLC plates (0.25 mm thick, Merck no. 5724 or equivalent) are
used to purify [32P]-labeled standards prepared by in vitro phosphorylation.
Strong anion-exchange columns Partisil 5 SAX (4.6 mm X 250 mm) or
Partisil 10 SAX (4.6 mm X 250 mm) (Whatman, Clifton, NJ) are used for
HPLC headgroup analysis.

Ion-exchange columns must be fitted with guard columns (e.g., Phe-
nomenex, SecurityGuard™, Torrance, CA, part no. KJO-4282) containing
SAX inserts (Phenomenex, part no. AJO-431).

2.4. Immunofluorescence Reagents

1.

Coverslips and slides (Fisher Scientific, or Ted Pella, Redding, CA).

2. Purified RC6F8 anti-PtdIns(3,4,5)P; IgM and 2C11 anti-PtdIns(4,5)P, IgM

(Echelon Biosciences, Salt Lake City, UT).

High quality formaldehyde (Ted Pella, Redding, CA).

Fluorophore-tagged (e.g., FITC, Texas Red) antimouse IgM secondary
antibodies are available (Jackson ImmunoResearch Laboratories, West
Grove, PA or Rockland, Gilbertsville, PA).

2.5. Other Chemicals

L.

2.

3.

4.

All eight forms of nonradioactive phosphoinositides, with different acyl-
chain lengths and a variety of reporter groups (Echelon Biosciences).
Additional natural and synthetic phosphoinositides (Avanti Polar Lipids,
Alabaster, AL; Matreya State College, PA; and Calbiochem, San Diego, CA).
Organic solvents and all other chemicals can be purchased from several
commercial sources (see Subheading 4.) for methylamine.

Scintillation cocktail must be miscible with aqueous solutions in order to
provide consistent results when counting fractions.

2.6. Lipid Handling

Lipid extracts and deacylated lipids should be dried under a stream of nitro-

gen gas or in a Speed-Vac concentrator (Thermo Savant, Holbrook, NY). Dried
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lipids should be re-suspended using an bath sonicator such as Bransonic table-
top cleaners (Branson Ultrasonics, Danbury, CT). A TLC tank is used for stan-
dard preparation by in vitro phosphorylation.

2.7. HPLC

Headgroup analysis can be performed with a Beckman System Gold HPLC
with 32 Karat software (Beckman Coulter, Fullerton, CA) or equivalent. The
system should be equipped with pumps for dual solvent delivery, an ultraviolet
(UV) detector, and a fraction collector. The fraction collector is fitted with a
rack for liquid-scintillation vials. Alternatively, an on-line radioactivity detec-
tor (e.g., B-RAM, INUS, Tampa, FL) can be used to detect separated gPIPs, in
lieu of fraction collection and scintillation counting.

2.8. Microscopy

Epifluorescence or laser scanning confocal microscopes are used to examine
cells labeled with fluorescently tagged antibodies. For the work presented in this
chapter, cells were examined using a Nikon TE-300 inverted microscope inter-
faced with a Bio-Rad MRC 1024 confocal system (Bio-Rad Laboratories,
Hercules, CA). Images are collected using 60X oil-immersion objective. De-
pending on the fluorophore, appropriate excitation wavelengths and emission
filters are used.

3. Methods
3.1. Labeling and Lipid Extraction of Yeast Cells

1. A synthetic medium containing 5 uCi/mL of myo-[2-3H] inositol is inocu-
lated with a small amount of fresh culture to give an Ay, of 0.01. A5 mL
culture is sufficient for each sample.

2. Cells are grown with shaking (200 rpm) until the A, is 0.6-1.0, typi-
cally 14-20 h at 30°C.

3. Growth is terminated by addition of TCA (final concentration 5%), fol-
lowed by incubation on ice for 1 h in polypropylene tubes (Falcon 2059).
This treatment prevents degradation of lipids by lipases during manipula-
tion of the cells (26). It is important to avoid excessive exposure to TCA
(higher concentrations, higher temperatures, or prolonged periods), be-
cause lipids can be degraded by the acid (26).

4. Cells are harvested by centrifugation, and washed twice with 1 mL of H,O.

The washed pellet can be stored at —80°C or used directly in step 6.

6. This procedure relies on a solvent for extraction that is very effective for
yeast cells (26) and can be used for other cells as well (15,16). The extrac-
tion solvent contains 95% ethanol/H,O/diethyl ether/pyridine/conc. NH,OH

e
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8.

(15/15/5/1/0.018 v/v). This solution without H,O (called EEP solvent) can
be prepared for use in a series of experiments for a few days, but long-term
storage of EEP solvent is not recommended.

. Washed yeast cells (5 mL of culture in late-log phase growth) are suspended

in 0.5 mL of H,O and 0.75 mL of EEP solvent is added. Extraction is con-
ducted at 57°C for 30 min with occasional mixing. While the mixture is still
warm, cell debris is removed by centrifugation for 5 min at 5000 g at room
temperature. The supernatant fluid is dried under a stream of N, or in a
Speed-Vac concentrator with appropriate traps.

Extracted lipids can be stored at —80°C or immediately deacylated.

3.2. Labeling and Lipid Extraction of Mammalian Cells

1.

2.

@

10.

11.

For labeling NIH 3T3 fibroblasts or 3T3-L1 preadipocytes, cells should be
grown to at least 60% confluency in 75 cm? flasks.

Cells are washed and then labeled for 36 h with myo-[2-3H] inositol
(20 pCi/mL) in inositol-free DMEM + 10% calf serum.

. After 24 h, the medium should be removed and replaced with a fresh myo-

[2-3H] inositol-containing medium. At this point, if growth-factor stimula-
tion (e.g., with PDGF to activate PI 3-kinase) is part of the experiment, cells
are serum deprived for 2 h in inositol-free and serum-free DMEM contain-
ing 0.2% BSA and 10 pCi/mL myo-(2-3H)-inositol, followed by platelet-
derived growth factor (PDGF) (50 ng/mL) stimulation and harvest.

. For cell harvest, ice-cold TCA is added to the medium in the flasks to a final

concentration of 10%. The flasks containing the 10% TCA are incubated on
ice for 1 h with the cells immersed in the solution.

Cells are released from the flasks by gently scraping with a disposable cell
scraper followed by pipeting them into 15- or 50-mL conical screw-cap
centrifuge tubes.

Centrifuge the samples for 5 min at 5000 g.

. Remove supernatant fluid and add 5 mL of a 5% TCA, 1 mM EDTA solu-

tion to the pellets.

. After the cells are resuspended, they should be centrifuged as above and the

supernatant removed. Pellets can be stored at —80°C, or lipids can be ex-
tracted immediately.

. Lipids are extracted from the cell pellet by resuspending cells in 0.75 mL

chloroform/methanol/HCI (40/80/1 v/v) and vortexing the cells vigorously
every 60 s for 15 s. Cells must be kept on ice between vortexing.

Add 0.25 mL of chloroform and 0.45 mL of 0.1 M HCI to the cells and vor-
tex the tube.

Samples are centrifuged at 5000 g for 2 min, and the bottom, organic layer
is transferred to another tube for continued processing.
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3.3.
1.

3.4.
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Ammonia (50 pL. of a 1 M solution) is added to the cells and the solutions
in the tubes are dried in a Speed-Vac concentrator or under nitrogen. The
samples can then be deacylated (see Subheading 3.4.) or stored at —80°C
prior to deacylation.

Labeling and Lipid Extraction of Plant Cells

Two-week-old A. thaliana plants grown in a liquid medium (0.5X MS basal
salt mixture, pH 5.8) containing B5 vitamins are submerged in 1 mL of the
same medium with reduced myo-inositol (10 uM) and 50 pCi/mL of myo-
[2-3H] inositol. Labeling is accomplished in 1.6-mL microcentrifuge tubes
for 20 h on a gyratory shaker (80 rpm) at 22-26°C. Alternatively, seeds can
be germinated and plants grown hydroponically in 0.5X MS basal salt mix-
ture, pH 5.8. Labeling of the hydroponically grown plants is achieved by
placing the roots in a 2.0 mL cup containing the 0.5X MS medium and
100 uCi/mL of myo-[2-3H] inositol.

Growth of radiolabeled A. thaliana plants is terminated by addition of TCA
(final conc. = 5%) followed by incubation on ice for 1 h.

. Plantlets are washed 5 times with 10 mL of H,O (room temperature) and

transferred into a 5-mL Dounce tissue grinder after resuspension in 0.5 mL
of H,O, and 0.75 mL of EEP solvent. Tissues are homogenized and trans-
ferred into microcentrifuge tubes and incubated at 57°C for 30 min.

Cell debris is removed by centrifugation and the supernatant is dried under
a stream of N, or in a Speed-Vac concentrator.

Deacylation of Glycerolipids

Lipids are deacylated by the method of Serunian et al. (13) with minor mod-

ifica

tions. All the procedures are carried out in 1.6 mL or 2-mL plastic micro-

centrifuge tubes.

1.

Dried lipids are resuspended in 0.5 mL of methylamine reagent (42.8% of
25% methylamine, 45.7% of methanol, 11.4% of n-butanol) by bath soni-
cation, incubated at 53°C for 50 min, and dried in a Speed-Vac concentra-
tor (see Note 1).

. Deacylated lipids are suspended in 0.75 mL H,O by sonication and then ex-

tracted 3 times with 0.5 mL n-butanol/petroleum ether/ethyl formate
(20/4/1 v/v) or until the aqueous phase is no longer cloudy. The aqueous
phase is dried in a Speed-Vac concentrator and suspended in 200 pL of H,O.

. A small portion (10-20 pL) of each sample is used to determine the radio-

activity by liquid-scintillation counting. For preparation of loading samples
for HPLC, standardization can be done using the [3H] counts, which is a
close approximation of the content of PtdIns (phosphoinositides are minor
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components). Alternatively, cell number, protein contents, or lipid phos-
phate radioactivity could be used for the same purpose.

3.5. Headgroup Analysis

1. It is useful to include AMP, ADP, and ATP in each sample in order to mon-
itor the column performance by UV absorption. Typically, a portion of each
sample (1.5-2.5 X 100 cpm) is mixed with 40 nmoles each of AMP, ADP,
and ATP. Glycerophosphoinositol monophosphate species [gPI(3)P, gPI(4)P,
and gPI(5)P] elute between AMP and ADP, glycerophosphoinositol bis-
phosphate species [gPI(3,5)P,, gPI(3,4)P,, and gPI(4,5)P,] elute between
ADP and ATP, and gPI(3,4,5)P; elutes after ATP.

2. Phosphoinositides are resolved with the following mobile phase of ammo-
nium phosphate (pH 3.8; flow rate of 1 mL/min; see Notes 2—4).

a. Gradient I for separation of gPI(3)P, gP1(4)P, gPI(3,4)P,, gP1(3,5)P,, and
gPI(4,5)P,
5 mL of 10 mM
40 mL of a linear gradient, 10 mM to 0.7 M
2 mL of a linear gradient, 0.7 to 1 M
3mLof 1 M
b. Gradient II for separation of gPI(3)P, gPI(4)P, gPI(3,4)P,, gPI(3,5)P,,
gPI(4,5)P,, and gPI(3,4,5)P;
5 mL of 10 mM
60 mL of a linear gradient, 10 mM to 0.8 M
2 mL of a linear gradient, 0.8 to 1 M
3mLof 1 M

Fractions are collected every 0.3 min (0.3 mL/fraction), mixed with 2 mL of
water-miscible scintillation cocktail, and counted in a liquid scintillation
counter (see Notes 5 and 6).

3.6. HPLC Standards

1. [3H]-Labeled standards obtained from commercial sources are mixed with
small amounts of non-radioactive carrier lipids (any phospholipids) and
deacylated (see Subheading 3.4.). In vitro phosphorylation of PtdIns,
PtdIns(4)P, and PtdIns(4,5)P, is performed as previously described (27).

2. Desired substrates are sonicated in 20 mM HEPES, pH 7.5, and mixed with
60 uM ATP, 0.2 mCi/mL [y-32P] ATP, 10 mM MgCl,, and appropriate en-
zyme sources in a total volume 50 pL. The mixture is incubated for 5 min
or longer, depending on the enzyme sources, at room temperature.
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. The reaction is terminated by the addition of 80 uL. 1 M HCI and the lipids

are extracted with 160 pL of chloroform/methanol (1/1). The lower organic
phase is dried and re-dissolved in chloroform for TLC.

. Entire samples are spotted onto silica gel 60 TLC plates that have been pre-

treated with trans-1,2-diaminocyclohexane-N, N,N',N'-tetraacetic acid, and
developed with a solvent containing 75 mL of methanol, 60 mL of chloro-
form, 45 mL of pyridine, 12g of boric acid, 7.5 mL of H,0, 88 % (v/v) 3 mL
of formic acid, 0.375g of 2,6-di-fert-butyl-4-methylphenol, and 75 pL of
ethoxyquin (28). (Note: It is necessary to dissolve the boric acid in water
prior to the addition of organic solvents.)

. After development, TLC plates are completely dried and exposed to X-ray

films for 1-2 h at room temperature to identify the phosphoinositide spots
(carried-over [y-32P] ATP stays at the origin).

The spots of desired products can be identified by comparison to non-
radioactive phosphoinositides run on the same TLC system and stained
by iodine vapor. The TLC plate is overlaid on the X-ray film, and the
area on the TLC plate corresponding to the radioactive products is marked.

. The silica matrices are carefully scraped off from the TLC plates and col-

lected in 1.5-mL tubes. It is advisable to remove the silica surrounding the
marked spots first, and then recover the spots.

. Lipids are extracted from the matrices with a solvent containing chloro-

form/methanol/H,O (16/16/5). The extracted phosphoinositides are mixed
with carrier lipids and deacylated (see Subheading 3.4.).

. The enzyme used for preparation of PtdIns(3)P is obtained by ammonium

sulfate precipitation (25-30%) of yeast cytosol from a strain overexpress-
ing the PtdIns 3-kinase Vps15p/Vps34p complex (strain TVY614 [29] car-
rying pJSY324.15 [30] and pPHYS52 [31]).

Similarly, mammalian cell extracts may also be used for preparation of Pt-
dIns(3,4)P, and PtdIns(3,4,5)P;. The most effective extracts are prepared
from tissue-culture cells transfected with an expression vector for the p110
subunit of PI 3-kinase (32).

Immunolocalization of Phosphoinositides

NIH3T3 cells at logarithmic stage on coverslips are serum-starved over-
night and stimulated with insulin (100 ng/mL) or PDGF (50 ng/mL).
Growth factor stimulation is typically done for 1-15 min.

. Reactions are stopped by washing the cells with cold tris-buffered saline

(TBS) and cells are processed for immunofluorescence.

. Cells on glass coverslips are fixed with 2% formaldehyde (in cell media)

for 20 min, and then permeabilized with 0.5% Triton X-100 in TBS for
15 min at room temperature.



Cellular Phosphoinositides 253

7000 |
5250 |
3500 |
1750 t

ol

1750

Radioactivity (cpm)

7000 |
5250

3500

1750 t
0 L

7000
5250 |
3500

A
P PI(4,5)P2
&~ g g
/
gPI3)P
e
M gP[(3,i,5)Pa
B
gPl(4)P
(
gPI3)P
gPI(4,5)P2
Cc
gPit4)P PI{4,5)P:
L gPI(3)P gPI{4,5)P
gPI3,5)P:
T

10 20 30 40 50 60
Elution volume (ml)

Fig. 1. HPLC chromatograms of glycerophosphoinositols from mammalian, plant,

and yeast cells. The NIH3T3

fibroblast cells (A) were stimulated with platelet derived

growth factor (PDGF) for 5 min prior to harvest and analysis of glycerophosphoinosi-
tols (Gradient II). Plant cells (B) and yeast cells (C) were subjected to 0.25 M NaCl for
30 min and 1.0 M NaCl shock for 20 min, respectively, prior to lipid extraction and
headgroup analysis (Gradient I). Then lipids were extracted, deacylated, and glyc-
erophosphoinositols analyzed by HPLC using a Partisil 10 SAX column and gradients
described in the text. Fractions were collected, counted in a scintillation counter, and

counts in each fraction were

plotted. gPI(3)P is glycerophosphoinositol 3-phosphate,

gPI(4)P is glycerophosphoinositol 4-phosphate, and all other glycerophosphoinositols

are likewise designated.
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Fig. 2. Immunofluorescence detection of PtdIns(4,5)P, and PtdIns(3,4,5)P; in
PDGF-stimulated 3T3 L1 preadipocytes. Cells were stimulated with PDGF (50 ng/mL)
for 5 min and then prepared for immunofluorescence detection of phosphoinositides as
described in the text. The control cells (left panel) were not incubated with antiphos-
phoinositide antibody. Cells that were probed with anti-PtdIns(3,4,5)P; antibody (mid-
dle panel) displayed primarily cytosolic and membrane staining, and those probed with
anti-PtdIns(4,5)P, antibody (right panel) displayed primarily nuclear staining.

4. After blocking with 10% goat serum in TBS, either RC6F8 MAb (anti-
PtdIns(3,4,5)P; antibody) ascites (1:50 dilution) or 2C11 (anti-PtdIns(4,5)P,
antibody) ascites (1:5000 dilution) is added and incubated at room temper-
ature for 1 h.

5. After washing three times with the blocking solution, fluorophore-labeled
antimouse IgM (1:2000 dilution) is added and incubated at room tempera-
ture for 1 h.

6. Cells are washed three times with deionized water and observed using a
laser scanning confocal microscope or fluorescent microscope.

4. Notes

1. For deacylation of lipids, we have experienced variations in efficiencies
depending on the source of methylamine. It is advised to test deacylation
with nonradioactive phospholipids, followed by TLC.

2. Ammonium phosphate (used for HPLC mobile phase) contains surprisingly
large quantities of impurities. It is necessary to remove the impurities by
filtration through nitrocellulose membranes (0.45 pm). Once prepared, the
buffers are easily contaminated by molds. It is not recommended to store
ammonium phosphate solutions for an extended period.

3. The samples applied onto the HPLC columns contain some H,O-insoluble
materials as well as small amount of lipids that are carried over through ex-
tractions. After repeated uses, columns start to lose resolution. When the
number of counts in the fractions in-between the gPI(3)P and gPI(4)P peaks
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is above background (loss of baseline resolution), the guard column should
be replaced with a new one.

4. A new SAX column should be conditioned first by running left-over sam-
ples or nonradioactive samples. For unknown reasons, a significant portion
of sample is so tightly bound to a new column that it never elutes. We have
also observed that a very small portion of bound species remains bound
throughout the gradient even at 1 M ammonium phosphate. When the same
gradient is run without injecting a sample, sometimes small glycerophos-
phoinositol peaks elute. To avoid any interference from a previous column
run, we typically apply two “cleaning cycles” of 10 mL linear gradient of
10 mM to 1 M ammonium phosphate between each HPLC run.

5. Recently, a nonradioactive method was reported (33). In this method, gPIPs
are separated by anion-exchange HPLC and detected by conductivity mea-
surements. Although the apparent resolution of this procedure is not as
high, it is less expensive and avoids the use of radioactive materials. In ad-
dition, a sensitive mass assay for PtdIns(3,4,5)P; has been reported, but this
only works with this phosphoinositide and requires an isotope-dilution
method with deacylation and analysis of the Ins(1,3,4,5)P, head group (34).
A third approach is the use of matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), which has been used
for the detection and quantification of phosphoinositides (35).

6. Phosphoinositides from cell extracts and in vitro enzyme-catalyzed reac-
tions may also be analyzed by competitive displacement reactions using
tagged and/or labeled PH domains as probes. Stable complexes are formed
between a biotinylated target lipid and an appropriate PH domain, and phos-
phoinositides present in samples are detected by their ability to compete for
binding to the PH domain. The complexes are detected using time-resolved
FRET (36). This concept has been independently used to develop a competi-
tive fluorescence polarization (FP)-based assay amenable to high throughput
screening. The FP assay has been used to determine activity of phosphoinosi-
tide 3-kinase (PI 3-K) and the type-II SH2-domain-containing inositol
5-phosphatase (SHIP2) (37). This assay is based on the interaction of specific
phosphoinositide binding proteins with fluorophore-labeled phosphoinosi-
tide and inositol phosphate tracers. The enzyme reaction products are de-
tected by their ability to compete with the fluorescent tracers for protein
binding, leading to an increase in the amount of free tracer and a decrease in
polarization values. The antilipid and competitive assay methodologies offer
new opportunities in detection of phosphoinositide abnormalities in cancer
cells, discovery of new anticancer agents targeted at inhibition of PI 3-
kinase, and targeted monitoring of the effects of these agents in vivo (38).



256 Hama et al.

Acknowledgments

The authors wish to thank the American Cancer Society and NIH (Grant
NS29632 to G.D.P.) for support of work at Utah State University and the
University of Utah, and Echelon Biosciences, for providing reagents in our
laboratories.

References

1 Hokin, M. R. and Hokin, L. E. (1953) Enzyme secretion and the incorporation of
P-32 into phospholipids of pancreas slices. J. Biol. Chem. 203, 967-977.

2 Carpenter, C. L. and Cantley, L. C. (1996) Phosphoinositide kinases. Curr. Opin.
Cell Biol. 8, 153—-158.

3 Stoyanov, B., Volinia, S., Hanck, T., et al. (1995) Cloning and characterization of a
G protein-activated human phosphoinositide-3 kinase. Science 269, 690-693.

4 Stephens, L. R., Eguinoa, A., Erdjument-Bromage, H., et al. (1997) The G beta
gamma sensitivity of a PI3K is dependent upon a tightly associated adaptor, p101.
Cell 89, 105-114.

5 Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science 279, 509-514.

6 Yin, H. L. and Janmey, P. A. (2003) Phosphoinositide regulation of the actin cy-
toskeleton. Annu. Rev. Physiol. 65, 761-789.

7 De Camilli, P, Emr, S. D., McPherson, P. S., and Novick, P. (1996) Phosphoinosi-
tides as regulators in membrane traffic. Science 271, 1533-1539.

8 Czech, M. P. (2003) Dynamics of phosphoinositides in membrane retrieval and in-
sertion. Annu. Rev. Physiol. 65, 791-815

9 Irvine, R. F. (2002) Nuclear lipid signaling. Sci. STKE 2002, RE13.

10 Irvine, R. F. (2003) Nuclear lipid signalling. Nat. Rev. Mol. Cell Biol. 4, 349-361.

11 Martelli, A. M., Tabellini, G., Borgatti, P., et al. (2003) Nuclear lipids: new func-
tions for old molecules? J. Cell Biochem. 88, 455-461.

12 Toker, A. (2002) Phosphoinositides and signal transduction. Cell Mol. Life Sci 59,
761-779.

13 Serunian, L. A., Auger, K. R., and Cantley, L. C. (1991) Identification and quan-
tification of polyphosphoinositides produced in response to platelet-derived growth
factor stimulation. Methods Enzymol. 198, 78-87.

14 Stock, S. D., Hama, H., DeWald, D. B., and Takemoto, J. Y. (1999) SEC14-
dependent secretion in Saccharomyces cerevisiae. Nondependence on sphingolipid
synthesis-coupled diacylglycerol production. J. Biol. Chem. 274, 12979-12983.

15 Hama, H., Takemoto, J. Y., and DeWald, D. B. (2000) Analysis of phosphoinosi-
tides in protein trafficking. Methods 20, 465-473.

16 DeWald, D. B. (2003) Measurements of cellular phosphoinositide levels in 3T3-L1
adipocytes. Methods Mol. Med. 83, 145-154.

17 Balla, T., Bondeva, T., and Varnai, P. (2000) How accurately can we image inosi-
tol lipids in living cells? Trends Pharmacol Sci. 21, 238-241.

18 Holz, R. W., Hlubek, M. D., Sorensen, S. D., et al. (2000) A pleckstrin homology
domain specific for phosphatidylinositol 4, 5- bisphosphate (PtdIns-4,5-P2) and



Cellular Phosphoinositides 257

fused to green fluorescent protein identifies plasma membrane PtdIns-4,5-P2 as
being important in exocytosis. J. Biol. Chem. 275, 17,878—17,885.

19 Fukami, K., Matsuoka, K., Nakanishi, O., et al. (1988) Antibody to phosphatidyli-
nositol 4,5-bisphosphate inhibits oncogene-induced mitogenesis. Proc. Natl. Acad.
Sci. USA 85, 9057-9061.

20 Thomas, C. L., Steel, J., Prestwich, G. D., and Schiavo, G. (1999) Generation of
phosphatidylinositol-specific antibodies and their characterization. Biochem. Soc.
Trans. 27, 648—652.

21 Osborne, S. L., Thomas, C. L., Gschmeissner, S., and Schiavo, G. (2001) Nuclear
PtdIns(4,5)P, assembles in a mitotically regulated particle involved in pre-mRNA
splicing. J. Cell Sci. 114, 2501-2511.

22 Chen, R., Kang, V. H., Chen, J., et al. (2002) A monoclonal antibody to visualize
PtdIns(3,4,5)P; in cells. J. Histochem. Cytochem. 50, 697-708.

23 Niswender, K. D., Gallis, B., Blevins, J. E., et al. (2003) Immunocytochemical de-
tection of phosphatidylinositol 3-kinase activation by insulin and leptin. J. His-
tochem. Cytochem. 51, 275-283.

24. Burke, D., Dawson, D., and Stearns, T. (2000) Methods in Yeast Genetics 2000: A
Cold Spring Harbor Laboratory Course Manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York.

25 Dove, S. K., Cooke, F. T., Douglas, M. R., et al. (1997) Osmotic stress activates
phosphatidylinositol-3,5-bisphosphate synthesis. Nature 390, 187-192.

26 Hanson, B. A. and Lester, R. L. (1980) The extraction of inositol-containing phos-
pholipids and phosphatidylcholine from Saccharomyces cerevisiae and Neurospora
crassa. J. Lipid Res. 21, 309-315.

27 Stack, J. H., DeWald, D. B., Takegawa, K., and Emr, S. D. (1995) Vesicle-mediated
protein transport: regulatory interactions between the Vps15 protein kinase and the
Vps34 PtdIns 3-kinase essential for protein sorting to the vacuole in yeast. J. Cell
Biol. 129, 321-334.

28 Walsh, J. P, Caldwell, K. K., and Majerus, P. W. (1991) Formation of phos-
phatidylinositol 3-phosphate by isomerization from phosphatidylinositol 4-phos-
phate. Proc. Natl. Acad. Sci. USA 88, 9184-9187.

29 Vida, T. A. and Emr, S. D. (1995) A new vital stain for visualizing vacuolar mem-
brane dynamics and endocytosis in yeast. J. Cell Biol. 128, 779-792.

30 Stack, J. H., Herman, P. K., Schu, P. V,, and Emr, S. D. (1993) A membrane-
associated complex containing the Vps15 protein kinase and the Vps34 PI 3-kinase
is essential for protein sorting to the yeast lysosome-like vacuole. EMBO J. 12,
2195-2204.

31 Herman, P. K. and Emr, S. D. (1990) Characterization of VPS34, a gene required
for vacuolar protein sorting and vacuole segregation in Saccharomyces cerevisiae.
Mol. Cell Biol. 10, 6742—6754.

32. Katagiri, H., Asano, T., Ishihara, H., et al. (1996) Overexpression of catalytic sub-
unit p/10alpha of phosphatidylinositol 3- kinase increases glucose transport activ-
ity with translocation of glucose transporters in 3T3-L1 adipocytes. J. Biol. Chem.
271, 16,987-16,990.



258 Hama et al.

33 Nasuhoglu, C., Feng, S., Mao, J., et al. (2002) Nonradioactive analysis of phos-
phatidylinositides and other anionic phospholipids by anion-exchange high-per-
formance liquid chromatography with suppressed conductivity detection. Anal.
Biochem. 301, 243-254.

34 van der Kaay, J., Batty, I. H., Cross, D. A., et al. (1997) A novel, rapid, and highly
sensitive mass assay for phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P5)
and its application to measure insulin-stimulated PtdIns(3,4,5)P; production in rat
skeletal muscle in vivo. J. Biol. Chem. 272, 5477-5481.

35 Muller, M., Schiller, J., Petkovic, M., et al. (2001) Limits for the detection of
(poly-)phosphoinositides by matrix-assisted laser desorption and ionization time-
of-flight mass spectrometry (MALDI-TOF MS). Chem. Phys. Lipids 110, 151-164.

36 Gray, A., Olsson, H., Batty, I. H., et al. (2003) Nonradioactive methods for the assay
of phosphoinositide 3-kinases and phosphoinositide phosphatases and selective de-
tection of signaling lipids in cell and tissue extracts. Anal. Biochem. 313, 234-245.

37 Drees, B. E., Weipert, A., Hudson, H., et al. (2003) Competitive fluorescence po-
larization assays for the detection of phosphoinositide kinase and phosphatase ac-
tivity. Comb. Chem. High Throughput Screen 6, 321-330.

38. Prestwich, G. D., Chen, R., Feng, L., et al. (2002) In situ detection of phospholipid
and phosphoinositide metabolism. Adv. Enzyme Regul. 42, 19-38.



18

Measuring Dynamic Changes in cCAMP Using
Fluorescence Resonance Energy Transfer

Sandrine Evellin, Marco Mongillo, Anna Terrin, Valentina Lissandron,
and Manuela Zaccolo

Summary

cAMP is a ubiquitous second messenger that controls numerous cellular events including
movement, growth, metabolism, contraction, and synaptic plasticity. With the emerging concept
of compartmentalization of cAMP-dependent signaling, a detailed study of the spatio-temporal
intracellular dynamics of cAMP is required. Here we describe a new methodology for monitor-
ing fluctuations of cAMP in living cells, based on the use of a genetically encoded biosensor. The
regulatory and catalytic subunits of the main cAMP effector, the protein kinase A (PKA), fused
with two suitable green fluorescent protein (GFP) mutants is used for measuring changes in flu-
orescence resonance energy transfer (FRET) that correlate with changes in intracellular cAMP
levels. This method allows the study of cAMP fluctuations in living cells with high resolution
both in time and in space.

Key Words: cAMP; biosensor; protein kinase A (PKA); signal transduction; green fluorescent
proteins; cell imaging; fluorescence resonance energy transfer (FRET).

1. Introduction

cAMP dependent signals represent one of the major intracellular-transduction
pathways and are involved in numerous cellular events including movement,
growth, metabolism, contraction, and synaptic plasticity (1). Most of cAMP cel-
lular effects are mediated by protein kinase A (PKA), an holotetramer composed
of two regulatory (R) and two catalytic (C) subunits. Activation of PKA by
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cAMP induces a conformational change in the R subunits and, consequently, the
dissociation of the C subunits from the R subunits (2). The liberated C subunits
both phosphorylate a large variety of cytoplasmic substrates and diffuse into the
nucleus, where they modify transcription processes by phosphorylating several
transcription factors (3,4). cAMP, therefore, is capable of transmitting a large
variety of different signals, but how such diversity is encoded by a single sec-
ond messenger is still largely to be explained. In recent years, evidence has been
accumulating that the specificity of response to a given stimulus is conferred
not only by a tight regulation of the temporal dynamics of the signaling mole-
cules, but also by a precise spatial organization of the signaling pathways (5).
In particular, the view is emerging that cAMP/PKA mediated signaling is highly
compartmentalized: PKA is anchored via A kinase anchoring proteins (AKAPs)
to specific subcellular structures and cAMP itself can be generated in discrete
pools that, in turn, can selectively activate defined PKA subsets (6-10).

1.1. Imaging of cAMP in Single Living Cell

Commonly, total cellular cAMP levels are measured in cell lysates with ra-
dioimmunoassays. Such an approach offers very poor temporal resolution and no
spatial resolution and is therefore inadequate to study the fine details of the cAMP
dependent signaling pathway (11,12). An approach to image the dynamics of free
cAMP in single living cells is based on microinjection of fluorescein-labeled
PKA C-a subunits and rhodamine-labeled PKA RI-f subunits (13). Such ap-
proach relies on fluorescence resonance energy transfer (FRET), a physicochem-
ical phenomenon whereby the excited state energy of a donor fluorophore can be
transferred to an acceptor fluorophore, which can then emit its own characteristic
fluorescence (14-17). With FRET, the intensity of the donor’s fluorescence emis-
sion decreases and concomitantly there is an increase in the acceptor’s emission
intensity. For FRET to occur, the acceptor must absorb at roughly the same wave-
lengths as the donor emits. Moreover, FRET depends on the antiparallel align-
ment of the donor and acceptor fluorophores electric dipoles and is highly sensi-
tive to the donor-acceptor distance (between 10 A and 100 A). In fact, FRET
efficiency decreases with the sixth power of the distance between donor and ac-
ceptor, and therefore a minimal perturbation of the spatial relationship between
the two fluorophores can drastically alter the efficiency of energy transfer. As a
consequence, FRET is one of the few tools available for measuring nanometer
scale distances and changes in distances, both in vitro and in vivo. The fluores-
cein- and rhodamine-labeled probe for cAMP has not found a wide application,
owing to some technical drawbacks: it requires microinjection of a very large
protein complex (approx 170-kD) and such a procedure is not applicable to all
cell types. Moreover, a high amount of the cAMP-biosensor needs to be injected,
resulting in unequal distribution of the probe and in toxicity. A further problem is
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Fig. 1. RII-CFP and C-YFP constructs. Schematic representation of the cDNA en-
coding the GFP-tagged PKA subunits. Gray box, six-histidine tag, black box, peptide
linker, RII, regulatory B-subunit, type II, C, catalytic a-subunit.

the tendency of the probe to aggregate and precipitate. More recently, a new gen-
eration of cAMP-biosensors was generated that is totally genetically encoded
(18). To generate such a sensor, the RII-f3 subunit and the C-a subunits of PKA
were fused respectively to the cyan (CFP) and yellow (YFP) mutants of the green
fluorescent protein (GFP). CFP and YFP are two fluorophores with excitation and
emission spectra suitable for FRET. In addition, a peptide linker was introduced
between the GFP moieties and the PKA subunits in order to increase the chance
that CFP and YFP come close enough for FRET to occur (see Fig. 1). Upon trans-
fection, a molecularly homogeneous probe is generated and cAMP-induced dis-
sociation of the two PKA-subunits translates into a drop of FRET efficiency. At
low cAMP levels, when PKA is in its inactive state, excitation of the donor RII-
CFP at 430 nm leads to emission of CFP at 480 nm (see Fig. 2). As the two fluo-
rophores are in near proximity, part of the excited state energy of CFP is non-
radiatively transferred to YFP, which then emits at 545 nm. On the contrary, at
high cAMP concentration, R and C subunits dissociate from each other and FRET
between CFP and YFP is no more possible, therefore excitation of CFP at 430 nm
leads to emission at 480 nm only. FRET changes can be measured as the ratio of
donor to acceptor emission intensity and correlate with cAMP changes.

2. Materials
2.1. Cell Culture and Transfection

1. Cells: CHO.
2. DNA constructs: pCDNA3 RII-CFP and pCDNA3 CAT-YFP.



Fig. 2. Schematic representation of the genetically encoded FRET-based biosensors. Gray arrows indicate fluorescence excitation
and black arrows indicate fluorescence emission. Excitation and emission peak wavelengths are stated. In conditions of low cAMP,
the GFP-tagged PKA is in its inactive holotetrameric conformation and FRET is maximal. When cAMP increases, it binds to the reg-
ulatory subunits and the catalytic subunits are released abolishing FRET.
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8.

Transfection reagents: FuGENEG6 (Roche).

Serum-free culture medium.

TE buffer: 10 mM Tris-HCI, pH 7.4, and 1 mM EDTA, pH 8.0.
Tissue-culture plate, 6-well.

Glass coverslips (good quality required, 24-mm diameter CoverGlass, cat.
no. 406/0189/50, VWR International).

Coverslip holder.

2.2. Imaging System for FRET

A N e

—
=

Microscope: Olympus IX50.

Monochromator: Polychrome IV (T.I.L.L. Photonics, GmbH, Germany).
Oil-immersion objective: 100 X PlanApo; 1.30 NA (Olympus; see Note 1).
455 nm dichroic mirror: 455DCLP (Chroma).

CFP emission filter: 480DF30 (Chroma).

YFP emission filter: 545DF35 (Chroma).

Beam splitter device: MultiSpec Micro-Imager™ (Optical Insight).
Digital camera: PCO SensiCam QE.

Computer: PC Pentium 4 processor, 800 MHz. 512 Mb SDRAM 40 Gb
hard disk.

. Image acquisition and processing software: TILLvisION v3.3 (T.I.L.L.

Photonics, GmbH, Germany), MetaFluor (Universal Imaging, West
Chester, PA), or “Imagel]” (see Subheading 4.1.).

3. Methods

Here we described a typical experiment in which the change in the intracel-

lular levels of cAMP, generated in CHO cells by forskolin, are monitored by
measuring FRET changes.

3.1. Cell Culture and Transfection

The aim of the first part of the experimental procedure is to express the probe

in the cells of interest.

Transfection methods vary depending on the cell type. We routinely use Fu-

Gene6 transfection reagent.

1.

2.

First day: Plate the cells onto glass coverslips and grow them to 50-60%
confluence (see Note 2).

Third day: Transfect the cells with the cDNA encoding for the two sub-
units of the probe. For each 24-mm glass coverslips, mix 1.5 micrograms
of each cDNA, 6 pLL FuGene6 and 100 pL of serum-free DMEM. Incu-
bate the DNA-FuGene6 mix for 15 min and subsequently add the mix to
the cells.
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3. Fifth day: Inspect the cells at the fluorescence microscope (see Note 3).
Mount the coverslip on a sealed holder (or chamber) and bath the cells in
HEPES-buffered medium or saline (see Note 4).

3.2. Cell Imaging

A convenient way to estimate FRET changes is to calculate the donor fluo-
rescence to the acceptor fluorescence ratio changes. In this way a rise in cAMP
(leading to dissociation of PKA subunits and therefore to reduced FRET be-
tween CFP and YFP) translates into a rise in the ratio value. CFP to YFP ratio
changes are calculated by collecting the emitted fluorescence within two spec-
tral windows centered respectively on the donor’s (CFP, 480 nm) and acceptor’s
(YFP, 545 nm) emission peaks, upon selective excitation of the donor fluo-
rophore only (430 nm). A setup for FRET imaging is shown schematically in
Fig. 3. The system is composed of a light source for excitation at 430 nm, a
dichroic mirror that reflects the excitation beam to the sample expressing RII-
CFP and C-YFP and that transmits the light emitted by the sample to a digital
camera. The two fluorophores individual emissions are further defined using
bandpass emission filters. CFP is typically excited between 430 and 440 nm.
Such excitation can be obtained either with a software-controlled monochro-
mator or with a mercury or xenon bulb and an appropriate band pass filter (e.g.,
430DF30; see Note 5). In both cases, a software-controlled shutter is necessary
in order to limit the illumination of the sample only to the time required for
image acquisition, thus minimizing bleaching of the fluorophores and photo-
damage of the sample.

Collection of individual CFP and YFP emission can be achieved in two ways.
The first possibility is to use a software-controlled filter wheel that mounts the
two bandpass filters appropriate for collecting CFP and YFP emission signals
(e.g., 480DF30 for CFP and 545RDF35 for YFP). This configuration presents
some flexibility because, as other filters can be added to the wheel, the same setup
can be used for imaging several fluorescent indicators. On the other hand, a short
delay between the acquisition of the cyan and yellow emission signals will occur,
owing to the time required for the wheel to shift from one filter position to the
other (see Fig. 3 and Note 6). Such delay introduces an artefact, as a consequence
of the fact that the CFP/YFP ratio image is calculated using numerator and

Fig. 3. FRET imaging setup. Schematic representation of a typical setup used to per-
form FRET imaging. Black thick lines indicate fluorescence excitation (430 nm). Thin
full and dotted lines indicate fluorescence emission for CFP (480 nm) and YFP (545
nm), respectively. Light gray and dark gray circles represents the specific bandpass
emission filters for CFP and YFP, respectively.
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denominator intensity values that are not acquired at the same time. Such artefact
is particularly relevant when fast kinetics for cAMP changes are expected. Also, a
very obvious misalignment artefact can be generated when imaging cells that
move during the experiment (such as contracting myocytes), resulting in the ac-
quisition of CFP and YFP images that are not perfectly superimposable for ratio
calculation. A possible alternative to the filter wheel is the use of a beam splitter.
With such a device, it is possible to acquire simultaneously CFP and YFP emis-
sions on the two halves of the camera sensor, by means of a 505 nm dichroic mir-
ror (505LDX) that splits emitted light into two spectrally separate, independent
beams. The reflected beam (wavelengths <505 nm) and the transmitted beam
(wavelength >505 nm) are then further defined by the bandpass-emission filters
480DF30 and 545DF35 to give, respectively, CFP and YFP emission images on
the detector. For image acquisition, a high sensitivity, low intrinsic noise, digital
camera must be used, in order to decrease integration time. A scientific-grade,
cooled charge-coupled-device (CCD) digital camera, 12 bit, is normally the
choice.

3.2.1. Set Protocol

The aim of the experiment is to record a series of images of CFP and YFP emis-
sion intensities in a time-course and the following parameters have to be defined:

1. Setthe exposure time. This corresponds to the time in which the sample is il-
luminated and the camera acquires CFP and YFP emission signals. One
should aim at generating images with signal to background ratio >3. Indica-
tively, exposure time is normally between 50 ms and 300 ms (see Note 7).

2. Set the delay time. This corresponds to the time between two consecutive

illuminations of the sample. During this time, the shutter controlling the in-

cident light has to be closed in order to minimize bleaching of the fluo-
rophores. The duration of the delay time depends on the kinetics expected.

We generally use delay times >500 ms (see Note 8).

Set the number of acquisitions.

4. Set the camera binning. Binning 2 or 4 is normally the choice. A higher bin-
ning increases the intensity of the signal at the expense of resolution.

3.2.2. Run Protocol

et

During this phase of the experiment, the chosen cell is excited at the appro-
priate wavelength and the emitted CFP to YFP fluorescence is collected by the
camera. Most types of software allow a live display of the mean fluorescence
intensities for each fluorophore. A typical time course of CFP and YFP emis-
sion intensities, acquired upon stimulation of the transfected cell with forskolin,
is illustrated in Fig. 4D.
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Fig. 4. Imaging of cAMP kinetics in living cells. CHO cells co-transfected with RII-
CFP and C-YFP. (A) RII-CFP image obtained by exciting at 480 nm and collecting
emission through the cyan channel. (B) C-YFP image obtained by exciting at 480 nm
and collecting emission through the yellow channel. Images shown in (A) and (B) were
acquired 100 s after the addition of 20 uM forskolin to the sample. (C) Pseudocolor ratio
image (480 nm/545 nm) calculated by dividing the intensity values of the cell in (A)
and (B). (D) Kinetics of mean fluorescence intensities of CFP and YFP, calculated in
the square region of interest (ROI) shown in (A) and (B) and recorded before and after
addition of forskolin. These values were used to calculate the mean fluorescence emis-
sion ratio (480 nm/ 545 nm) shown in (E).

3.2.3. Image Processing and Data Analysis

The collected images must be software-processed. Aim of the processing step
is to generate a new image representing the pixel by pixel ratio of CFP and YFP
emission images.
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If the system is equipped with a beam splitter: Split and align CFP and YFP
images, in order to obtain two distinct and superimposable images. If the
system is equipped with a filter wheel, CFP and YFP image acquisition are
already in two separate stacks.

Subtract the background noise to each of the collected images. Such oper-
ation removes the out-of-the-cell fluorescence and the intrinsic electronic
noise of the camera, reducing artifacts and increasing the dynamic range of
the measure (see Note 9).

. Calculate the ratio between CFP and YFP images. The value of each pixel

in the ratio image corresponds to the CFP/YFP ratio in the corresponding
pixels of the raw images (see Fig. 4C and Note 10). Such ratiomeric im-
ages are normally displayed in pseudocolor, according to a user-defined
lookup table that assigns to each ratio value a different color. Draw regions
of interest (ROIs) in the cell compartment of interest, in order to measure
the average ratio kinetics within that region, as shown in Fig. 4C, and E.

4. Notes

1.

Care must be taken in the choice of the objective: Regardless of the magnifica-
tion, one should choose a high-quality-high-numerical aperture (>1,1 NA)
objective, in order to achieve optimal collection of fluorescence emission.

. Cell concentration should be such that cells are not confluent when the ex-

periment is performed. Confluent cells may downregulate their surface re-
ceptors and, as a consequence, may not respond to hormonal stimuli. For
adherent cells, enough time should be allowed for the cells to settle on the
coverslip, for optimal efficiency; therefore, we normally transfect the cells
36-48 h after plating.

. Virtually any epifluorescence microscope can be used for FRET imaging.

An inverted microscope is usually preferable, because a top-open experi-
mental chamber is more accessible for addition of compounds to the sam-
ple. An upright microscope can also be used, but it requires a closed ex-
perimental chamber making the setup less flexible.

Culture medium containing phenol-red is not recommended because it is
autofluorescent and measuring FRET in such medium would therefore in-
crease the background.

. A new xenon or mercury bulb generates a more intense light beam, as com-

pared to bulbs that have been used for several hours. This can cause very
rapid photobleaching and photodamage of the sample. To minimize damage,
itis appropriate to use a neutral density filter in the excitation beam path.

In the case of a set up equipped with a filter wheel, it is possible to mini-
mize the delay between the acquisition of the cyan and yellow emission sig-
nals by mounting the emission filters next to each other.
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7. The exposure time depends on the fluorescence intensity of the sample. One

10.

should tend to select for observation cells that are bright enough to allow
<300 ms exposure time. Higher exposure time and the consequent over
illumination of the cell induces a quicker irreversible photodestruction
(bleaching) of the fluorophores.

Faster acquisition rate can be difficult to achieve. Indeed fast repetitive
illumination of the sample accelerates bleaching and may induce a change
in the fluorescent properties of the fluorophores (photoisomerisation) that
can lead to artefacts.

Background fluorescence is owing to intrinsic noise of the camera and to
cells’ autofluorescence. Background subtraction is particularly important if
the analyzed cell presents a low fluorescence level. In this case a large pro-
portion of the total signal is owing to background signal that will not
change during the experiment. Because background intensity may be dif-
ferent in the cyan and yellow channels, this results in artefactual ratio values.
The CFP/YFP ratio is a pure number, the absolute value of which depends
strictly on the experimental conditions and setup. The ratiometric meas-
urement corrects, within a certain limit, for uneven distribution of the probe
or changes in the focal plane.

4.1. On-Line Links

MultiSpec Micro-Imager™ E-mail: techsupport@optical-insights.com
Olympus web-site: http://www.olympus.com
TILLvisION web-site: http://www.till-photonics.de/software

E-mail: service @till-photonics.com

T.I.L.L. Photonics web-site: http://www.till-photonics.de

E-mail service: service @till-phoyonics.de

Chroma: http://www.chroma.com
Omega Opticals: http://www.omegafilters.com
Imagel: http://rsb.info.nih.gov/ii/
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In Vivo Detection of Protein—Protein Interaction
in Plant Cells Using BRET

Chitra Subramanian, Yao Xu, Carl Hirschie Johnson,
and Albrecht G. von Arnim

Summary

The emerging technique of bioluminescence resonance energy transfer (BRET) allows us to
detect protein interactions in live cells and in real time, thus providing a new window into cellu-
lar signal transduction processes. We present experimental protocols for expressing fusion pro-
teins between luciferase and fluorescent proteins that are the basis for BRET measurement, as
well as for measuring and imaging BRET in a variety of cell types. Despite our focus on plant
cells, the techniques described here are easily adaptable to other cell systems that have yet to ben-
efit from the BRET technique.

Key Words: Bioluminescence; protein—protein interaction; live imaging; Arabidopsis; yellow
fluorescent protein; Renilla luciferase; coelenterazine.

1. Introduction

Protein interactions are important for coordinating cellular signaling events as
well as metabolic functions in any cell. Numerous techniques have been devel-
oped to detect and study protein—protein interactions either in vitro or in vivo.
Among the more widely used in vitro methods are co-immunoprecipitation, fil-
ter binding, surface plasmon resonance spectroscopy, and pull-down assays ().
Unfortunately, it is often difficult to verify one underlying premise for such in
vitro assays, namely, that the interacting proteins are extracted or present in their
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native state. Among the in vivo methods, the yeast two-hybrid assay has become
immensely popular because it lends itself to the selection of interacting proteins
from a library of partner proteins. However, even this elegant and powerful tech-
nique has its drawbacks. For example, the interaction is tested only in the
nucleus of a yeast cell. Moreover, interactions that depend on cellular compart-
mentalization or on more than two interaction partners are not always detectable
by this method. Finally, the yeast two hybrid assay is based on reporter-gene ex-
pression as an indirect readout. The exquisite sensitivity afforded by this feature
also renders the assay less than quantitative and prone to false positive results.

A number of in vivo assays are variations on the theme of fragment com-
plementation (2-4). These assays may be less sensitive and thus less prone to
false-positive results than assays including a reporter gene. However, fragment
complementation may not provide a real-time readout of the interaction.

Interaction assays based on direct and physical resonance energy transfer be-
tween two compatible interaction partners can eliminate some of the disadvan-
tages of indirect two-hybrid based methods. Bioluminescence resonance energy
transfer (BRET) is a nondestructive in vivo assay for the real time detection of
protein interactions (5). In the jellyfish Aequorea victoria, the blue luminescence
of the “donor” protein aequorin is quenched by resonance energy transfer to an
associated “acceptor” protein, green fluorescent protein (GFP), followed by
emission of a photon according to the emission spectrum of GFP (6).

In general, BRET is defined as radiationless energy transfer between a lu-
ciferase donor and a fluorescent protein acceptor. BRET was first developed
into a tool for protein interaction studies by fusing one partner protein to the
blue light-emitting luciferase from the sea pansy Renilla (RLUC) and a second
partner protein to yellow fluorescent protein (YFP); (5,7). BRET is detected
only when RLUC and YFP are brought into close proximity by a protein inter-
action between their covalently attached fusion partners (Fig. 1).

Since its establishment in Escherichia coli, BRET has been applied elegantly
in mammalian cells to monitor protein—protein interactions in vivo (8), in par-
ticular to follow temporal changes in the ligand-dependent conformation,
dimerization, or early signal-transduction events of G—protein coupled recep-
tors (9-18). However, applications of BRET in mammalian cells beyond the
G-protein coupled receptors are rare (19).

In principle, BRET is closely related to fluorescence resonance energy trans-
fer (FRET) between fluorescent proteins such as cyan fluorescent protein (CFP)
and YFP, with the exception that the photon donor for FRET is a fluorescent pro-
tein (e.g., CFP) rather than a luciferase (20). For both BRET and FRET alike, the
acceptor needs to be located within about S0A of the photon donor and the emis-
sion spectrum of the donor must overlap with the excitation spectrum of the
acceptor. Both FRET and BRET are suitable for real time in vivo measurements
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Fig. 1. Schematic of BRET. Proteins X and Y do not interact; therefore, YFP cannot
be excited by the luminescence of RLUC. Proteins A and B interact, bringing the RLUC
and YFP within the critical distance and allowing YFP to be excited by the lumines-
cence of RLUC.

of protein interaction. However, there is one key difference between BRET and
FRET. FRET requires an excitation light source, whereas BRET does not.
Instead, BRET requires a substrate. In the case of RLUC, this substrate is
coelenterazine, which is nontoxic and membrane permeable. This difference has
important consequences (21). First, the excitation light source needed for FRET
may cause photobleaching or phototoxicity, as well as autofluorescence and un-
intended biological effects owing to cellular photoreceptors. Second, not only
the photon donor (often CFP), but even the photon acceptor (often YFP) may be
partially activated by the excitation light source, contributing to background sig-
nal. Therefore, solid quantitative imaging skills and expensive instrumentation
are needed to collect reliable FRET data under in vivo conditions. For compari-
son, no excitation light is needed for BRET. In fact, BRET is measured in a
background of complete darkness. Thus, all photons emitted by the YFP accep-
tor originate from the luciferase and are indicative of BRET.

We have adapted the BRET technique to investigate cellular-signaling events
in plants in response to light and the circadian clock (see Table 1). Most plant
cells possess phytochrome and cryptochrome photoreceptors, which could com-
plicate FRET-based interaction assays. Moreover, we were interested to explore
the utility of BRET among soluble cytosolic and nuclear proteins, i.e., outside
the arena of plasma membrane-associated receptors. Finally, FRET has been
used for imaging, and we are intent on expanding similar BRET applications by
developing imaging protocols for BRET.

Here we present proof of concept for BRET interaction in plant cells on the
basis of data from two proteins, the cyanobacterial clock protein, KaiB, for which
BRET data had been collected in E. coli (5), and the light-regulatory basic leucine
zipper (bZip) transcription factor, HYS (22). BRET data suggest that both pro-
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Table 1. BRET Expression Vectors and Plasmids

Genbank

Construct Name Remarks Accession #
35S:RLUC Renilla luciferase (RLUC), bluescript AY 189980

(Stratagene) vector with 35S promoter

and terminator
35S:EYFP Enhanced yellow fluorescent protein (EYFP)  AY 189981
35S:Ala-RLUC Alanine linker (AAAPVAAAAAA)-RLUC AY 189982

(see Note 5)
35S:RLUC-Ala RLUC-Alanine linker (AAAARS ) AY 189983
35S:Ala-EYFP Alanine linker (AAAPVAAAAAA)-EYFP AY 189984
35S:EYFP-Ala EYFP-Alanine linker (AAAARS ) AY 189985
35S:RLUC-EYFP The RLUC coding region is fused to EYFP
35S:RLUC-KaiB KaiB is a cyanobacterial clock protein

35S:EYFP-KaiB
35S:RLUC-Ala-HY5 HYS5 is an Arabidopsis bZip protein
35S:EYFP-Ala-HYS

pBin19-RLUC Renilla luciferase (RLUC) expression
cassette in a T-DNA transformation vector
pBin19-hRLUC Humanized RLUC ¢cDNA

teins homodimerize in plant cells (Fig. 2). HYS is nuclear-localized, whereas
KaiB is both nuclear and cytoplasmic, confirming that the utility of BRET in eu-
karyotic cells is not restricted to membrane-associated cell-surface receptors.

We also found that human codon-optimization improves the expression of
RLUC in Arabidopsis. Furthermore, using a covalent fusion of RLUC and YFP
as a positive control, we established BRET assay conditions in three different
plant cell settings, namely, transiently transformed onion epidermis, stably
transformed tobacco bright-yellow (BY-)2 suspension culture cells and stably
transgenic Arabidopsis thaliana plants (Fig. 3 and Table 2). Finally, we demon-
strate that BRET data can be collected by imaging entire live seedlings with a
cooled CCD camera (Fig. 4). Hence, BRET is a promising technique to moni-
tor in vivo protein interaction in a variety of plant systems.

2. Materials
2.1. Plasmids, Vectors, and Strains
1. pRL-null (Promega, Madison,WI) contains the Renilla luciferase (RLUC)
coding region.
2. pEYFP (CLONTECH Laboratories Inc., Palo Alto, CA) contains the cod-
ing region of enhanced YFP.
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Fig. 2. BRET in onion epidermal cells. (A) BRET graph showing interaction of
RLUC (R)-HYS5 with YFP (Y)-HYS. HY5-RLUC with YFP-HY5 does not show BRET.
RLUC-HYS5, HY5-RLUC, and RLUC are negative controls, whereas RLUC-YFP is a
positive control showing BRET between RLUC and YFP. (B) The top panel shows nu-
clear enrichment of YFP-HY5. The bottom panel shows the localization of RLUC-YFP
in both cytoplasm and nucleus. RLUC-YFP (64.5 kDa) presumably equilibrates be-
tween nucleus and cytoplasm by diffusion. The nuclei are highlighted with arrows in
the brightfield images on the right. (C) BRET graph showing homodimerization of
cyanobacterial KaiB protein. Note the dependence of BRET on the ratios of expression
plasmids used. Also note the absence of BRET upon co-expression of unfused RLUC
and YFP proteins (see Notes 12 and 15).
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Fig. 3. BRET in tobacco BY-2 cells. (A) Fluorescence of BY-2 cells expressing YFP
or RLUC-YFP. (B) Luminescence and yellow to blue ratio of RLUC and RLUC-YFP
from about 0.1 mL of cells taken from three independently transformed cell lines. Con-
trol shows untransformed cells. RLUC-YFP is the positive control and RLUC is the
negative control where no BRET is observed.

3. hRLUC (Packard/Perkin-Elmer) is a human codon-optimized version of
the RLUC cDNA.

4. pT7/RLUC-KaiB and pT7/EYFP-KaiB contain translational fusions of
kaiB to RLUC and YFP, respectively (5).

5. pUC-HYS5 contains the HY5 cDNA (22).

6. pBinl19 (23) binary T-DNA transformation vector (Genbank accession, cat.
no. U12540;).

7. pPZP222 (24) binary T-DNA vector (Genbank accession Cat. no. U10463).

2.2. Reagents, Buffers, and Media

1. Murashige-Skoog (MS) medium: 4.4 g/LL of MS salts (Sigma, St. Louis,
MO cat. no. M5524), 0.5 g/l (3 mM) MES buffer, pH 5.7, 1% sucrose,
0.8% bacto agar.

2. Coelenterazine (BioSynth, Naperville, IL or Biotium, Hayward, CA):
100 uM stock solution (see Note 1).
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Table 2. Comparison of Native (RLUC) and Humanized RLUC (hRLUC)
in Arabidopsis Seedlings?

Transgene Line Blue Yellow Ratio
hRLUC #1 127.5 83.5 0.66
#2 229 13.8 0.60
#3 9.5 6.3 0.66
RLUC #1 4.84 3.19 0.66
#2 4.68 293 0.63
#3 0.25 0.16 0.62
RLUC-YFP #1 1.81 3.70 2.04
#2 1.72 3.73 2.16
#3 1.56 2.73 1.75
None (control) 0.02 0.01 —

aAbsolute luminescence values (averaged from four 10 s readings) and yellow to
blue ratios are shown for three independent transgenic lines with a range of expression
levels. Note: BRET signal from the RLUC-YFP fusion protein (see Note 14).

. LB Medium: 10 g/L bacto-tryptone, 5 g/L. Bacto-yeast extract, 10 g/L.
NaCl, pH 7.0.

. Infiltration medium: 4.3 g/L. MS salts, 5% sucrose, 44 nM benzylaminop-
urine, 0.01% Silwet L-77 detergent (pH 5.6 with KOH).

. BY2 medium: 4.3 g/LL MS salts, 0.1 g/L thiamine, 10 mg/L myo-inositol,

0.21 g/L KH,PO,, 0.2 pg/mL 2,4-D, 3% sucrose (pH 5.6 with KOH).

Eppendorf plasmid DNA prep kit (Eppendorf, Hamburg, Germany).

Tungsten particles (Sigma, Aldrich, St. Louis, MO).

. Silwet L-77 (Lehle Seeds, Round Rock, TX).

2.3. Apparatus

2.

3.
4.

3.

. Turnerdesigns TD20/20 luminometer with the Dual-Color Accessory™
(see Note 2).

Cooled (—50°C) charge-coupled device (CCD) camera (TE/CCD512BKS,
Princeton Instruments, Trenton, NJ) (see Note 3).

Epifluorescence microscope.

PDS-He biolistic particle gun (Bio-Rad, Hercules, CA).

Methods

3.1. Construction of BRET Gene Fusions

Recombinant expression plasmids were generated to express protein fusions

to RLUC or YFP under the control of the cauliflower mosaic virus 35S promoter
and terminator (Table 1). The expression vectors are derived from a previous
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Fig. 4. BRET imaging in transgenic Arabidopsis expressing RLUC or RLUC-YFP.
(A) Upper panels, 10-d-old seedlings photographed with a regular camera in bright-
field. Middle and bottom panels, same seedlings as above imaged for 180 s with a
CCD camera through interference filters transmitting light of 480 nm (middle panels)
or 530 nm (bottom panels). (B) Relative average 530 nm/480 nm ratios of the quan-
tified luminescence intensity in the seedling images from (A).

series designed to express GFP fusion proteins (25). The 35S:RLUC-YFP con-
struct is a fusion of RLUC and YFP with a short peptide sequence (RDPRVP-
VAT) in between. In this case, the RLUC and YFP are in close proximity to
serve as a positive control for BRET (5). 35S:RLUC was used as a negative con-
trol. In order to test for homo/hetero-dimerization between protein partners, fu-
sion proteins were created either as N-or C-terminal fusions to RLUC or to
EYFP (see Notes 4 and 5). Fusion proteins were co-expressed transiently in
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onion epidermal cells or stably in transgenic Arabidopsis thaliana or tobacco
BY-2 suspension culture cells.

3.2. Co-Transformation and Co-Expression of Fusion Proteins

Both green and unpigmented plant tissues are suitable for BRET experi-
ments. However, it is critical that the pigmentation level is the same between
tissue co-expressing the RLUC-and YFP-tagged proteins and tissue expressing
the RLUC-only control. It is important to include the RLUC-tagged protein
alone as a negative control in every experiment.

3.2.1. Onion Epidermis

1. High-quality DNA of the expression plasmids is obtained using the Eppen-
dorf Mini Prep Kit.

2. 500 ng of each DNA (RLUC fusion and YFP fusion) are coated onto tung-
sten particles. For each bombardment 20 pL of the coated tungsten parti-
cles are bombarded into a single layer of onion epidermal cells using the
PDS-He biolistic particle gun (see Note 6).

3. For biolistic transformation of expression plasmids into onion epidermal
cells, the inner epidermis of an onion scale is peeled and placed on a petri
plate containing MS medium (see Note 7).

4. The bombardment is performed according to the procedure provided with
the particle gun from Bio-Rad.

5. The transformed onion epidermis is incubated at room temperature in dark-
ness overnight.

6. YFP expression is confirmed by examining the yellow fluorescence on an
epifluorescence microscope as shown in Fig. 2B.

7. The RLUC expression is measured using a TD-20/20 luminometer
(Fig. 2A, 2C; see Subheading 3.3. for details; also see Note 8).

3.2.2. Arabidopsis

1. In order to perform luminescence assays in Arabidopsis the expression cas-
sette is first transferred to a binary vector, for example pBin19 or pPZP222
(Table 1).

2. Agrobacterium strain GV3101 is transformed with the binary vector con-
taining the transgene, which is then transformed into Arabidopsis (see
Note 9).

3. Transformed seedlings are selected by their ability to grow on antibiotic
medium (kanamycin or gentamycin). YFP expression is checked by fluo-
rescence microscopy.

4. Seedlings are tested for expression of RLUC using the TD20/20 lumi-
nometer as shown in Table 2.
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3.2.3. Tobacco BY-2 Cells

1.

b

0.

3.3.
3.3.

1.

Agrobacterium harboring the appropriate plasmid is grown to an ODg, of
1.0 in LB in the presence of appropriate antibiotics, namely kanamycin for
pBin19 and spectinomycin for pPZP222 T-DNA vectors.

. For each transformation 5 mL of 3-d-old BY-2 cells are transferred to an

empty petri dish.

5 uL of 20 mM acetosyringone is added and swirled gently to mix.

Two transformations are set up for each plasmid containing the transgene.
25 pL or 100 pL of Agrobacteria are added to each petri dish. The petri dish
is wrapped with parafilm and incubated at 27°C for 2 d.

The cells are transferred to a fresh tube and washed three times with 10 mL
of BY2 medium. A final wash is done with 10 mL of BY2 medium con-
taining 500 pg/mL of carbenicillin or 125 pg/mL of cefotaxime to control
Agrobacterium growth.

1 mL of the cell suspension is plated on to petri plates containing BY2
medium and carbenicillin/cefotaxime and other appropriate antibiotics
(kanamycin for pBin19 and gentamycin for pPZP222 T-DNAs).

. The petri plates are wrapped with parafilm and incubated at 27°C for

10-14 d.

. Transformed calli are transferred to fresh antibiotic plates and checked for

YFP (Subheading 3.2.1., step 6) and RLUC expression (Fig. 3).
BRET is measured using the TD-20/20 luminometer as shown in Fig. 3B.

BRET Assays
1. Luminescence Assays in Plant Cells

Once YFP expression has been confirmed, the tissues are examined for
BRET. The tissue is placed in an Eppendorf tube or a 12 X 50 mm round
bottom polypropylene tube.

. In case of onion epidermal cells, the tissue is immersed in 900 pL of dis-

tilled water. Half-strength MS medium (2.15 g/ MS salts) containing
0.02% Silwet L-77 is used for Arabidopsis seedlings. For tobacco BY-2
cells, a small amount of cells from the calli is aseptically removed and sus-
pended in 500 pL of BY2 medium.

. Freshly diluted coelenterazine is added to a final concentration of 1 uM (see

Note 10).

. The luminescence is measured in the TD-20/20 luminometer with the dual-

color accessory (see Note 2).

. Four individual pairs of luminescence readings are collected through blue

and yellow filters (see Notes 8, 10, and 11).
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6.

Background readings are obtained using untransformed tissue in the pres-
ence of coelenterazine substrate. The average background value is typically
between 0.02-0.05 for the blue filter and 0.00-0.01 for the yellow filter.

. BRET is determined by calculating the yellow to blue ratio from the back-

ground-subtracted readings (for data see Figs. 2A, 2C, and 3B; see Sub-
heading 3.3.2.).

3.3.2. Calculations for BRET

1.

2.

Four pairs of readings are taken for each tissue sample and average back-
ground is subtracted from each individual reading (see Note 13).

The BRET ratio is calculated by taking the sum of background corrected
yellow (Y) readings and dividing them by the sum of background corrected
blue (B) readings. (see Note 14)

BRET = [X (Y sample Ybackground) 11z ( Bsample - B background)]

Results in onion cells indicate homodimerization of HY5 and KaiB
(Fig. 2A, 2C). In the case of a BRET interaction the yellow to blue ratio is
usually between 0.8 and 1.1. For comparison, the yellow to blue ratio for
the negative control, i.e. the RLUC fusion alone, lies between 0.55-0.69.
This variation may be owing to subtle differences in the pigmentation of
the host tissue samples. It is important to note that RLUC and YFP do not
interact with each other; only if the fusion protein interacts with its partner
the RLUC and YFP are in close proximity to perform BRET. The positive
control is the RLUC-YFP fusion, which gives a yellow to blue ratio of 1 to
1.3 (see Notes 12 and 15).

Results in Arabidopsis seedlings suggest that about fivefold higher luci-
ferase levels can be achieved with a human codon optimized version of
RLUC (Perkin-Elmer, Table 2).

. Results in tobacco BY-2 cells confirm that BRET is detectable in this cell

type (Fig. 3). The yellow to blue ratios in BY-2 cells are usually lower than
in onion epidermis, perhaps owing to the slight pigmentation of the cells.

3.3.3. BRET Imaging In Vivo

1.

Transgenic Arabidopsis seedlings expressing RLUC or RLUC-YFP are
grown in the light for 10 d and transferred to a 35-mm Petri dish contain-
ing 1 mL of MS salts with 3 pM of coelenterazine.

Seedlings are imaged in darkness with a cooled-CCD camera through ei-
ther a 475-485 nm or a 525-535 nm interference filter. For comparison,
seedlings are photographed under regular brightfield conditions (Fig. 4A).

. The 530/480 nm luminescence ratio in different parts of the seedlings is

calculated. We used custom software created by Dr. Takao Kondo (CCD
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focus [26]). Many image-analysis programs should be adequate for this
purpose (Fig. 4B).

4. Notes

1. The substrate coelenterazine is sensitive to light and oxygen. Coelenter-
azine is dissolved in ethanol to a final concentration of 250 pM. Small
aliquots are made and dried in a Speed-Vac. Each tube is gently flushed
with N, gas to remove the O, and stored at —80°C until further use. Prior
to the assay the substrate is redissolved in a small volume of ethanol and
distilled water is added for a final concentration of 100 pM.

2. The TD20/20 Luminometer is sensitive to 0.1 femtogram of luciferase and
has a wide dynamic range of greater than 105. The Dual-Color Accessory™
contains alternative filters, a blue band-pass filter (333-463 nm) with a >90%
transmittance over a bandwidth of 370-410 nm, and a yellow long-pass fil-
ter (520 nm and greater) with a >80% transmittance above 550 nm. These fil-
ters together capture about 10% of the total luminescence. Alternatively,
plate-reading luminometers that have been designed for BRET include the
Fusion (Perkin-Elmer/Packard), the Mithras (Berthold Technologies, Oak
Ridge, TN), and the PolarStar (BMG Lab Technologies, Durham, NC).

3. We used 475-485 nm and 525-535 nm interference filters (Ealing Electro-
Optics, Holliston, MA) to detect blue and yellow luminescence, respectively.

4. In order to test BRET between two protein partners, one has to construct
the partner proteins as either RLUC or YFP fusions. When constructing
N-terminal fusions to RLUC/YFP, the stop codon in the cDNA to be tagged
must be removed. Care must be taken that the fusion partners are in frame.
Errors during synthesis of oligonucleotides intended for subcloning are a
common source of unintended frameshifts. It is advisable to create both
N-and C-terminal fusions of RLUC or YFP and both partner proteins in
order to test all possible combinations of heterodimers (eight combinations)
or homodimers (four combinations). This increases the probability of a tight
juxtaposition between RLUC and YFP, which is crucial for efficient BRET.
However, sometimes BRET cannot be observed in any of the possible com-
binations even though the two proteins may be well-established as interac-
tion partners using other methods; perhaps the optimal distance between
RLUC and EYFP still cannot be achieved owing to steric hindrance or pro-
tein-folding problems. As shown in Fig. 2A, only one of the two combina-
tions that we tested for HYS homodimerization showed BRET.

5. 35S:RLUC-Ala and 35S:EYFP-Ala add four to nine alanine residues in be-
tween the RLUC or YFP and the fusion protein partner in an attempt to min-
imize the risk of steric hindrance within and among hybrid fusion proteins.
Genbank accession numbers for the BRET vectors are given in Table 1.
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6.

10.

11.

12.

Following standard procedure, tungsten particles are prepared by suspend-
ing them at 50 mg/mL in 100% ethanol. The slurry is sonicated for 30 min-
utes and washed with ethanol four times. The particles are stored in —20°C
as 1-mL aliquots until further use. Before the bombardment the aliquot of
tungsten particle is vigorously vortexed for 15 min. Per bombardment,
20 pL is placed into a separate Eppendorf tube and washed twice with
water. 500 ng of DNA in up to 5 uL TE is added along with 20 uL 2.5 M
CaCl, and 8 uL. 0.1 M spermidine, free base. The sample is incubated on
ice for 15 min and then washed three to five times with 100% ethanol. The
DNA-coated tungsten particles are dried onto a plastic disk (macrocarrier,
Bio-Rad). Until bombardment, the disk is kept in a petri dish containing a
filter paper and some drying agent.

. The onion is cut into four quarters and the inner and outer most leaves

(scales) of the onion bulb are discarded. Using a fine pair of forceps the
inner epidermis is peeled and placed, inside up, on a petri plate containing
MS medium. The petri plate is kept covered until bombardment to prevent
drying.

. The luminometer is set to read after a 3-s delay in case of onion and BY-2

cell samples and a 20-s delay in case of Arabidopsis to allow the decay of
delayed chlorophyll autofluorescence in green tissues. For each data point,
four pairs of luminescence readings are taken through blue and yellow fil-
ters. The integration time is set to 10-s in each case.

For Arabidopsis transformation, we routinely transfer RLUC fusions into
pPZP222 (which confers plant gentamycin-resistance) and YFP fusions into
pBIN19 (plant kanamycin-resistance) to facilitate selection of double-trans-
formed Arabidopsis. Strain GV3101 is transformed by electroporation (ca-
pacitance 50 microFarad; load resistance 150 Ohm; gap width 1 mm) and
transformants are selected on LB plates containing kanamycin (pBin19) or
spectinomycin (pPZP222), as well as gentamycin and rifampicin.

It is important to add the coelenterazine substrate immediately before tak-
ing the reading in case of onion epidermal cells as the time when the lumi-
nescence peaks varies from sample to sample (5-30 min). Moreover, some
interactions could be transient and so results could be flawed if there is a
delay between the treatment and analysis of the sample.

Before measurement, it is advisable to keep the samples in darkness or very
dim light, because bright light can excite delayed chlorophyll fluorescence
that might obscure the true luminescence signal.

Transient transformation with equal amounts of RLUC- and-YFP fusion
plasmid may still result in unequal amounts of expression of each protein,
in part owing to differences in the expression or stability of the proteins in
the cell. The optimal ratio should be determined empirically. In the case of
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13.

14.

15.

16.

RLUC-kaiB and YFP-kaiB fusions we found that RLUC:YFP ratios of 3:1,
1:1 and 1:3 yielded BRET with 40, 90, and 100% relative efficiency
(Fig. 2C). When working with transgenic plants one could optimize the
dosage of the BRET-tagged genes. For example, given F1 hybrid plants het-
erozygous (+/—; +/—) for the two genes of interest, their selfed F2 progeny
will contain individual plants with three different dosages of the two genes
(1:2, 1:1, and 2:1).

Luminescence typically drifts over time in part because the luciferase is un-
stable in the presence of substrate. If the drift is substantial, data points may
be extrapolated to the same time point for blue and yellow readings.
There are several ways to calculate the magnitude of BRET. According to
the “BRET ratio” recommended by Angers and coworkers (8), the BRET
signal of the “RLUC-only” control is set to near zero. Instead, we simply
express BRET as the ratio of background corrected yellow (Y) and blue (B)
luminescence readings.

BRET is primarily an in vivo technique for learning more about protein in-
teractions that have previously been identified by other methods. However,
this does not preclude utilizing BRET to screen for new interactions (5,21).
In our experience only about 10% of protein pairs tested have shown
BRET, even though in vitro or yeast two-hybrid interaction data had been
collected for the majority of these pairs.

Supporting website at http://fp.bio.utk.edu/vonarnim/BRET.html
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Revealing Protein Dynamics by Photobleaching
Techniques

Frank van Drogen and Matthias Peter

Summary

Green fluorescent proteins (GFPs) are widely used tools to visualize proteins and study their
intracellular distribution. One feature of working with GFP variants, photobleaching, has recently
been combined with an older technique known as fluorescence recovery after photobleaching
(FRAP) to study protein kinetics in vivo. During photobleaching, fluorochromes get destroyed ir-
reversibly by repeated excitation with an intensive light source. When the photobleaching is ap-
plied to a restricted area or structure, recovery of fluorescence will be the result of active or pas-
sive diffusion from fluorescent molecules from unbleached surrounding areas. Fluorescence loss
in photobleaching (FLIP) is a variant of FRAP where an area is bleached, and loss of fluorescence
in surrounding areas is observed. FLIP can be used to study the dynamics of different pools of a
protein or can show how a protein diffuses, or is transported through a cell or cellular structure.
Here, we discuss these photobleaching fluorescent imaging techniques, illustrated with examples
of these techniques applied to proteins of the Saccharomyces cerevisiae pheromone response
MAPK pathway.

Key Words: Fluorescence recovery after photobleaching (FRAP); fluorescence loss in pho-
tobleaching (FLIP); GFP; fluorescence; kinetics; dynamics; microscopy.

1. Introduction

Green fluorescent proteins (GFPs), identified in the jellyfish Aequora
victoria, are widely used tools to tag proteins and study their intracellular dis-
tribution (1,2). A wide variety of techniques have been developed to study the
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three-dimensional distribution of GFP-tagged proteins in cells and organisms
and color variants of GFP have been developed to observe several proteins at the
same time (3,4). Microscopes have also been enhanced to facilitate time-lapse
experiments (5). During the last few years one feature of GFP variants, photo-
bleaching, has been combined with an older technique known as fluorescence re-
covery after photobleaching (FRAP) to study protein kinetics in vivo (6).

Photobleaching is a phenomenon in which fluorochromes can be destroyed
irreversibly by repeated excitations with an intensive light source. When the
photobleaching is applied to a restricted area, generally achieved by using a
laser, recovery of fluorescence in this area will be the result of active or passive
diffusion from fluorescent molecules from unbleached surrounding areas. When
a distinct subcellular structure is bleached, recovery will represent passive or
active transport of fluorescent molecules to the bleached structure (8). Although
photobleaching destroys the fluorochrome of the bleached protein, the rigid
structure of GFP itself is not compromised. Hence, when a protein fused to GFP
is shown to be functional and behaving like the wild-type protein, photo-
bleaching will not change its properties.

Fluorescence loss in photobleaching (FLIP) is a variant of FRAP where an
area is bleached, and loss of fluorescence in surrounding areas is observed. FLIP
can be used to study the dynamics of different pools of a protein or can show
how a protein diffuses, or is transported through a cell or cellular structure.

FRAP historically has been used to study the dynamics and mobility of mem-
brane components labeled with fluorophores, or fluorescent antibodies in vari-
ous cells and artificial membranes. FRAP with GFP fusion proteins was initially
also used to study membrane proteins (8). However, photobleaching techniques
using GFP-tagged proteins are now used to show kinetic properties of proteins,
the exchange between different cellular departments and changes in mobility.
For example, we have used FRAP and FLIP to study the dynamics of MAPK
signaling cascades, including nuclear turnover and dynamics between mem-
brane associated pools and the nucleus (9-11). Others have used FRAP to study
recruitment of proteins to centrosomes during the cell cycle (12,13), or to study
cytoskeletal architecture and arrangements (14). In a very elegant study, the El-
lenberg lab used different GFP variants, one of which was bleached, to show
chromosomal positioning in nuclei (15).

2. Materials

Expression vectors with GFP.

o-GFP-antibody or antibody specific for the protein of interest.

cDNA of protein of interest.

Oligonucleotide primers.

Molecular biology reagents (restriction enzymes, T4 DNA ligase, etc.).

ARl e
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6. Material for minipreps (see ref. 16 or one of the many commercially avail-
able kits).
7. Appropriate growth medium for system used.
8. Microscopy slides and coverslips.
9. Microscope suitable for photobleaching experiments. (We used a Zeiss
LSM510 confocal laser scanning microscope.)
10. Cycloheximide.
11. Formaldehyde.

3. Methods

The methods described here outline the construction of the GFP fusion vec-
tor (Subheading 3.1.), the control of expression and functionality of the GFP
fusion construct (Subheading 3.2.), optimization of detection with a confocal
laser-scanning microscope (Subheading 3.3.), fluorescence recovery after pho-
tobleaching (Subheading 3.4.), and fluorescence loss in photobleaching (Sub-
heading 3.5.). These methods will be illustrated with the examples of the yeast
MAPK Fus3p and Kss1p.

3.1. GFP-Fusion Proteins

Vectors with the different GFP variants are available from different sources;
care should be taken to choose a vector with optimal codon usage for the partic-
ular organism used. Although all GFP variants (GreenFP, CyanFP, YellowFP,
RedFP, etc.) can be used in photobleaching experiments, the procedures are de-
scribed here are essentially for Enhanced-GFP (EGFP) (see Note 1). EGFP has
two mutations that improve its characteristics. First, a phenylalanine to leucine
mutation at position 64 reduces temperature sensitivity (17), whereas mutating
the serine at position 65 to a threonine increases fluorescence intensity and pro-
tein stability (18). The choice of the promoter to drive expression of the fusion
product is dependent on a number of variables; in general it is desirable to choose
a promoter, which results in levels close to the levels of the endogenous protein
of interest under the circumstances studied if expression from such a promoter is
sufficient for visualization (see Note 2).

The cDNA sequence of interest should be cloned in frame with GFP. The GFP
sequence can either be 5 or 3 of the cDNA, and will lead to an amino-terminal or
a carboxyl-terminal localization of GFP, respectively (see Notes 3 and 4).

3.1.1. Vector Construction

Throughout this chapter examples of previously described experiments will
be presented, mainly using two MAPK from the budding yeast Saccharomyces
cerevisiae.
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GGA TCC CCC GGG CTG CAG GAATTC ATG TCT AAA GGT GAATTATTCACT ...

Fig. 1. A schematic drawing of pMJ200 GFP-fusion plasmid (19). Expression of the

GFP

-fusion protein from this Saccharomyces cerevisiae and Escherichia coli shuttle

plasmid is driven by the inducible GALI promoter. The polylinker facilitates in frame
cloning of the sequence of interest, the yeast codon optimized EGFP (see ref. 31) will
be fused to the carboxy-terminus of the protein of interest.

. The coding sequences of these MAPK, Fus3p and Ksslp (without their

STOP codons), were amplified by polymerase chain reaction (PCR) intro-
ducing a 5' BamHI restriction site and a 3 EcoRI restriction site, the EcoRI
site was positioned such that there is no frame shift between the MAPK and
GFP.

The PCR-fragments and vector pMJ200 (see Fig. 1 and ref. 19) were di-
gested with BamHI and EcoRI and the different fragments isolated from an
agarose gel. The two PCR fragments were ligated into the vector.

The constructs were transformed into Escherichia coli DH5a cells (16).
These cells were plated on Luria broth (LB) containing 50 ug/mL ampi-
cillin (amp) and incubated at 37°C for 12 h.

. Single colonies were selected and grown overnight in LB+amp. The

plasmid DNA was then isolated using a standard miniprep method, and
presence of the insert was checked using restriction enzymes and se-
quencing (16).
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3.2. Control of Expression and Functionality of the
GFP-Fusion Construct

A number of methods can be used to show the expression and functionality
of the GFP-fusion construct. Not all the methods described here might be ap-
plicable or necessary to confirm expression of the construct of interest.

1. Expression of the GFP construct can easily be detected using a normal
fluorescence microscope using an excitation wavelength around 488 nm
and an appropriate emission filter to detect fluorescence.

2. Comparing the localization of the GFP-fusion product with the immuno-
fluorescence localization of the endogenous protein can rule out the influ-
ence of the GFP tag on localization or relative subcellular distribution of
the protein.

3. To prevent artifacts caused by cleavage, it is recommended to confirm by
western blot that the size of the expressed product is equal to the sum of
the sizes of GFP (27 kD) and the protein of interest. a-GFP antibodies are
available from different commercial sources; however, most of these anti-
bodies display numerous background bands.

4. Immunoprecipitations can prove the fusion product is still able to interact
with essential components or is still incorporated in its physiological com-
plex with a normal stoichiometry.

5. The proof of physiological behavior of the GFP fusion product can be ob-
tained by checking its ability to function similar to the endogenous, un-
tagged protein. In lower eukaryotic systems, this is mostly achieved by de-
termining the ability of the GFP-fusion protein to complement a deletion
strain or conditional mutant. This is more difficult in higher eukaryotes, es-
pecially if there are no null lines available. An alternative to endogenous
complementation is in vitro assays for functionality.

The two proteins used as examples throughout this chapter, Fus3p and Kss1p,
are two partially redundant MAPK functioning in the pheromone response path-
way in haploid Saccharomyces cerevisiae (20,21). A schematic overview of this
MAPK cascade is given in Fig. 2A. Briefly, binding of pheromone to a seven-
transmembrane receptor activates a trimeric G-protein, which leads to the re-
cruitment of the scaffold protein SteSp as well as the recruitment and activation
of a PAK-like kinase (Ste20p) (22) which in turn activates Stellp (an MEKK)
(23). Stellp activates the MEK Ste7p, which is upstream of the two MAPK.

A yeast strain in which both the FUS3 and KSS/ genes have been deleted by
homologous recombination is not able to activate the pheromone response
pathway, and consequently is not able to mate. Introduction of either Fus3p or
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Fig. 2. Yeast pheromone response pathway is functional with GFP-tagged proteins. (A) Overview of the S. cerevisiae pheromone-re-
sponse pathway. The budding yeast has two different haploid forms (a and o) that are able to conjugate and form diploids (a /o). Each hap-
loid form secretes a specific pheromone, which can be recognized by cells of the opposite mating type, inducing the pheromone-response
pathway. This MAPK module is activated by peptide pheromones in haploid cells and induces a number of downstream responses prepar-
ing cells for mating. (B) Mating assay with Afus3Akssl cells. Haploid cells of the MAT a mating type deleted for FUS3 and KSS/ by
homologous recombination bearing the described plasmids were mixed with MAT a cells. Both MAT a cells and MAT o cells miss a num-
ber of autotrophic markers, in such a fashion that diploids formed by conjugation of both types will be autotrophic for all markers. Hence,
when plated on minimal medium, only cells that have successfully mated and formed diploids will be able to grow. Afus3AkssI cells are
not able to mate, unless complemented by expressing Fus3p-GFP or Kss1p-GFP. Cells expressing Fus3pTI180A/Y182F-GFP, which is a mu-
tant that cannot be activated and is thus not able to activate downstream events, are not able to mate.



Revealing Protein Dynamics 293

Ksslp alone is sufficient to reconstitute the pathway, and cells are no longer
sterile. To confirm the functionality of GFP-tagged Fus3p and Kss1p fusion pro-
teins, they were introduced in a kss/ Afus3 A strain and their ability to activate
the pheromone response pathway in response to the appropriate stimulus was
determined (Fig. 2B).

3.3. Optimalization of Signal Detection

At the present time, the only convenient way to perform photobleaching ex-
periments is with the use of a laser-scanning confocal microscope (LCSM). Be-
cause the acquisition of images with a confocal microscope is different from
that with a standard wide-field microscope, a brief introduction to confocal mi-
croscopes is given in this section, followed by several considerations that have
to be taken in account when optimizing image acquisition with the LCSM for
the live imaging necessary for photobleaching experiments.

3.3.1. Laser-Scanning Confocal Microscopes

A conventional wide field fluorescence microscope illuminates the entire
sample for image collection. This facilitates the use of film cameras or CCD
cameras to collect the data, or the field can be viewed by eye. Although lenses
focus on one horizontal section, signals from above and below this focal plane
will be captured during data collection. Although there are (mathematical)
means of correcting this, the stray light has a negative influence on image qual-
ity. In contrast, in confocal microscopy a beam of laser light is scanned onto the
sample. Because the laser beam is focused in one plane, the image produced by
scanning the sample represents one optical section (24,25).

LSCMs are generally built onto a conventional light microscope, but a laser
is used as a light source and generally sensitive photomultiplier tubes (PMTs)
are used for data collection. The key characteristic of confocal microscopy is
the use of pinholes to eliminate out-of-focus light (26). As depicted in Fig. 3,
the beam emitted by the laser passes through a pinhole before being focused
onto the sample by an objective lens. The fluorescence emitted by the sample
passes through the objective lens and is focused on a second pinhole, which it
has to pass through before reaching the PMT. This arrangement with pinholes
prevents light emitted above or below the focal plane from being detected by
the PMT. The signal detected by the PMT is converted into a gray value for the
specific point. In general, mirrors are used to scan the sample in the X and Y
planes, whereas either a moveable stage or a moveable lens is responsible for
movement in the third dimension.

3.3.2. Image Acquisition

Most modern confocal microscopes are equipped with both a laser source,
and a mercury bulb. Although it is possible to look at the slide to find a region
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Fig. 3. Overview of the light path in a LSCM. The pinhole prevents fluorescence
emitted outsite of the focal plane from reaching the PMT. See text for details.

of interest and focus using the scanning laser, most users find it more conven-
ient to use the eyepieces and conventional illumination to find a region of in-
terest in the sample. However focusing is best achieved using the scanning laser,
because minor differences between the optimal focal plane of the eyepieces and
the PMTs might occur.

Optical sections are normally scanned more then once, and the signal for
each individual point is averaged to improve the signal to noise ratio. Signal
intensity is normally represented as an 8- or 16-bit value (256 or 4096 gray val-
ues). Although storage of a 16-bit image takes more memory, this is generally
recommended for photobleaching experiments, because it represents a greater
sensitivity.

Resolution can be adjusted in two different ways on a confocal laser-scan-
ning system. Obviously, the choice of lens (magnification and numerical ap-
perature) influences resolution as in any microscopy system. Another way of
improving resolution is through the ability of LSCMs to zoom in on an image
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without changing the objective lens. The zoom is controlled by the scanning
mirrors, which are able to increase or decrease the area that is targeted by the
laser. However, an improved resolution directly and linearly correlates with in-
creased photobleaching, whether this improvement is achieved by changing the
objective or by zooming in on the sample. A useful advantage of the fact that
the movements of the laser are controllable is the fact that users can define one
or more regions of interest in the field that can be scanned. This means the time
to make one image is reduced, and also protects regions that are not illuminated
by the laser from inappropriate bleaching.

Regardless of whether an 8- or a 16-bit mode of gray-tone representation is
used, it is recommended to adjust the settings and parameters of the micro-
scopes in such a fashion that images are collected at the full dynamic range.
Most LSCMs have a mode that facilitates this by representing areas generating
no signal as green pixels and areas saturating the detector as red pixels. While
laser intensity is kept as low as feasable, the detector sensitivity, gain, and black
levels should be adjusted until there are a few red and a few green pixels in the
images, indicating the full dynamic range (4069 gray colors in the 16-bit mode)
is used.

3.3.3. Reduction of Intrinsic Photobleaching

Paradoxically, one of the main objectives during photobleaching experiments
is to reduce inappropriate bleaching during measurements. In this respect, mi-
croscope settings might differ slightly from those used to collect static images.
When static images are collected, or even during the collection of a Z-stack, the
quality of the final image is important and generally a significant amount of
bleaching is tolerated. However, during photobleaching experiments, during a
shorter or longer time period, a series of images is collected of the same cells
and fluorescence intensities are compared through time. Ideally, the fluores-
cence intensity should not be influenced by the scans made during these time
series. Furthermore, photobleaching experiments are by definition performed
on live specimens on which intensive laser light might have adverse effects
(mainly owing to heat stress and possibly oxidative damage caused by the ex-
cited fluorochromes). Thus, the aim should be to use the least amount of laser
power to quickly collect high quality-data.

As stated in Subheading 3.3.2., an optical section is generally scanned more
then once, followed by signal averaging to improve the signal to noise ratio. Al-
though a high signal to noise ratio is obviously desirable during photobleach-
ing experiments, reducing the number of scans per image to a maximum of four
or less is an effective means to prevent intrinsic photobleaching. Other methods
that allow reduction of laser intensity for image acquisition are the increase of
detector sensitivity and gain. When bleaching still cannot be sufficiently
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prevented, or when the signal to noise ratios are too low, it might be advisible
to increase expression levels of the GFP-tagged protein, or alternatively fuse
more then one GFP tag in tandem to the protein of interest.

3.4. Fluorescence Recovery After Photobleaching

This section is divided into three parts. First, data collection during FRAP
experiments is described, including the recommended microscopy settings and
procedures. The second part of this section deals with standard data analyses,
and, finally, advanced data analysis and a number of possible control experi-
ments are presented.

3.4.1. Data Collection

1. When microscope settings have been optimized for photobleaching ex-
periments, a specimen can be selected for bleaching. To reduce variables
as much as possible, try to choose cells that have approximately the same
properties (size and orientation) and fluorescence intensity within the ex-
periment. Although the procedures described here are for single cell analy-
sis, FRAP can be performed on more then one cell simultaneously (see
Note 5). An example of a typical FRAP experiment is depicted in Fig. 4.

2. To reduce the time needed to perform the scans, and to reduce the size of
the file with the collected data, it may be preferable to choose a region of
interest around the cell.

3. The subcellular area to be bleached is chosen. Most modern LSCMs have
the ability to define a number of regions of interest (ROIs); the region con-
taining the complete cell can be defined as ROI-1 and the one containing
the structure that will be bleached as ROI-2 (see Note 6).

4. Generally, the number of bleach iterations (number of times the laserbeam
passes each point in ROI-2) and both the laser output and transmission can
be chosen.

5. During image acquisition, the laser output is normally kept as low as pos-
sible, both to prevent bleaching and to prolong laser lifetime. Because it has
been reported that fast switches in output levels are detrimental to the laser,
it is recommended to increase the transmission but not the output. The best
solution is to find an optimum between increased transmission and an in-
creased number of iterations (see Note 7). The fluorescence levels imme-
diately after the bleaching procedure should be between 15% and 30% of
the initial fluorescence (Fig. 4).

6. Other parameters to be set are the number of initial scans before the bleach-
ing and the time lapse between scans (both before and after bleaching).
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a. The initial (prebleach) scans are used to calculate the fluorescence in-
tensity before bleaching, which is arbitrarily set to 100% (Fig. 4B, D).
Because there are always fluctuations in fluorescence intensity, more
than one scan should be made, with the highest value representing 100%
fluorescence intensity.

b. The time lapse between scans—that is, between datapoints during the
recovery—is dependent mainly on recovery rate and, once again, on in-
trinsic bleaching. When maximum recovery is reached within a minute,
it is optimal to perform one or more scans per second. When recovery
is a matter of minutes, larger delays between scans can be chosen (see
Note 8). Ideally the recovery period should be covered by 50-100 dat-
apoints, with the consideration that less points cause less inappropriate
bleaching and more points generally gives rise to better quality data.

3.4.2. Standard Data Analysis

1. Generally, the data collected during a FRAP experiment will initially be pre-
sented as a stack of images, a subset of an example is shown in Fig. 4C. Each
point (x,y) represents a gray value (when using a 16-bit mode: 0-4095). The
data-analysis programs of most LSCMs (in the case of our example, a Zeiss
LSMS510) offer the possibility to select areas by drawing an ROI around it,
and calculating the average fluorescence intensity (see Note 6).

2. The values obtained from the procedure described in step 1 can be shown
as a table or a line chart, or they can be exported as a data file to general
spreadsheet programs such as Microsoft Excel.

3. In the spreadsheet program, the relative fluorescence values of all points as
a percentage can be calculated, relative to the point with the highest ab-
solute fluorescence, and plotted in a chart (Fig. 4B, D).

4. To compare recovery rates of different experiments, the time required to
reach half the recovery (t,,,) can be calculated. First, the intensity at T, is
determined according to equation 1:

Lipy = ((y — Lo /2) + I, (1)

where I, is the intensity at which half the recovery has occured, I, rep-
resents the fluorescence intensity immediately after bleaching and I, is the
terminal, or maximum intensity reached after bleaching (Fig. 4B). The time
between bleaching and the point at which I, is reached is 1, ,.

Because FRAP experiments are performed on single cells, a relatively
high variability between measurements might occur, and it is necessary
therefore to carry out a large number of experiments and use statistical
analysis to show variation between measurements. Experiments done on
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Fus3p-GFP as published in (9) and shown in the examples used here were
repeated a minimum of 15 times, t,,, was calculated for each individual ex-
periment, and the standard deviation was determined.

3.4.3. Advanced Data Analysis

There are a number of “obligatory” control experiments that always should
be performed when doing FRAP; furthermore, it is possible to do a number of
additional experiments to confirm the data obtained. These experiments are de-
scribed here.

1. Although in general all possible measures are taken to avoid intrinsic
bleaching, fluorescence intensity from a sample that is not bleached, but
otherwise has undergone the same treatment as bleached samples, can be
shown. Except for the elimination of the bleaching step, all other imaging
and data collection procedures obviously should be kept identical. When
unavoidable intrinsic bleaching is severe (the final fluorescence intensity
being 10-20% lower then the initial intensity), the percentage of bleaching
per data point can be calculated for the control, and measured values in the
bleached samples can be adjusted accordingly.

2. When recovery time is longer, i.e., several minutes, there is the possibility
that new protein synthesis accounts for part of the measured recovery. In-
hibition of protein synthesis, for example via addition of cycloheximide,
rules this possibility out. However, the time it takes GFP to fold properly,
(a prerequisite for fluorescence) is notoriously long (around 30 min to 1 h),
and is not inhibited by cycloheximide. Sufficient time should be taken into
account between the addition of the protein-synthesis inhibitor and the
FRAP experiment.

3. After photobleaching, full recovery is rarely obtained. This is owing to two
main reasons. First, there is often an immobile fraction of the GFP-tagged

Fig. 4. Nuclear FRAP experiment of Kss1p-GFP. (A) Schematic representation of
the performed FRAP experiment. The GFP-signal is specifically photobleached in the
nucleus (rectangle), and recovery of nuclear fluorescence (circle) is measured in a time-
dependent manner. (B) Parameters in a standard FRAP experiment. The intensity of nu-
clear GFP-fluorescence is plotted as a function of time in seconds. The recovery of half-
maximum nuclear fluorescence (t,,,) is determined as indicated. The arrow marks the
time of photobleaching. (C) The nucleus of a vegetatively growing wild-type cell ex-
pressing Kss1p-GFP (prebleach) was photobleached (t = 0; bleach) as depicted in (A).
The cell was photographed at the times indicated (in s). (D) Recovery of Kss1p-GFP in
wild-type cells was measured by nuclear FRAP (diamonds). Nuclear recovery was
quantified as described in the text, and shown as (t,,,) with its standard deviation. As a
control, the fluorescence intensity of a nucleus that was not bleached is shown (squares).
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protein that is not able to move freely throughout the cell. When the pool
of fluorescent molecules in the cell is orders of magnitude larger than the
amount of molecules bleached, repetition of the bleaching experiment on
the same area should yield a recovery rate of 100% (with I, of experiment
2 being equal to I, of experiment 1). Secondly, depending on the experi-
ment, the number of molecules bleached can represent a substantial frac-
tion of the total cellular amount. In these cases, full recovery will never be
possible. Repetition of bleaching experiments on these cells will give a
lower I, (compared to I;, of the first experiment) after each round. Fur-
thermore, when fluorescence intensity of the complete cell is determined,
it will show a decrease after the bleaching step. However, in both situations
T,,, should remain constant when experiments are repeatedly done on the
same cell or area.

4. A standard negative control is mildly fixing the cells, or crosslinking the
cellular proteins with for example formaldehyde. Because protein move-
ment is prohibited, no recovery should be observed in these cases.

5. Cells are three-dimensional structures, whereas a confocal microscope only
illuminates and bleaches a single horizontal plane within a cell. Vertical
movement of GFP-tagged proteins in and out of the focal plane is therefore
a concern. The use of small, or at least flat cell types can partially alleviate
this problem. Collecting a number of z-sections immediately after photo-
bleaching should confirm that the fluorescence intensity of the structure of
interest is indeed reduced and that no variations exist within the structure.
The collection of z-sections can be repeated a number of times during re-
covery to make sure no variation in fluorescence intensity occurs.

3.5. Fluorescence Loss in Photobleaching

Whereas FRAP experiments concentrate on recovery of fluorescence in the
cellular structure that has been bleached, FLIP experiments look at the relation
between pools of fluorescent molecules in different cellular compartments.
When there is an exchange between pools, bleaching of pool 1 will eventually
lead to a reduction in fluorescence intensity of pool 2 (Fig. SA). Instead of
bleaching with one relatively long, intensive laser pulse as applied for FRAP,
short pulses are given repeatedly during a FLIP experiment. A number of scans
are made to collect data between each of two pulses. First, this will lead to a
more gradual reduction of fluorescence intensity at the bleached structure. Sec-
ond, when there is an exchange of fluorescent molecules with another structure,
fluorescence intensity will decrease at this structure as well.

1. During FLIP, an ROl is chosen around one or more cells of interest (ROI-1).
2. Subsequently, the region which is to be bleached is chosen (ROI-2).
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Fig. 5. Nuclear FLIP with membrane recruited Fus3p-GFP. (A) Schematic overview
of a FLIP experiment. The area that is bleached is shown as a rectangle, the area of
measurement is shown as a circle. On the right, an image of Fus3p-GFP that is artifi-
cially recruited to the membrane by expressing a CTM-fusion of the scaffold protein
SteSp. (B) The decrease of fluorescence intensity in the nucleus, after repeated bleach-
ing Fus3p-GFP at the membrane demonstrates that Fus3p dissociates from Ste5p and
translocates to the nucleus (diamonds). As a control, nuclear fluorescence in a cell not
undergoing bleaching is shown (squares).

3. A third ROI is chosen at the area where loss of fluorescence will be meas-
ured (Fig. 5A).

4. A number of scans is made to be able to determine prebleach fluorescence
intensities.

5. The bleaching cycle is started. We generally used one short bleach pulse,
followed by four scans before the next pulse was given, with a delay of one
second between scans or bleach pulses.

6. After data collection, a spreadsheet program is used to calculate relative flu-
orescence intensities and their decay during time at ROI-3 (Fig. 5B).
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7. As a control, relative fluorescence intensities at a structure of interest that
is not bleached can be determined.

4. Notes

1. Screens done on randomly mutated GFPs, as well as rational introduced
mutations in the fluorochrome, have given rise to a number of variants with
different excitation and emission spectra. The most common of these are
blue fluorescent protein (BFP) (Tyr%¢— His, excitation peak 384 nm, emis-
sion peak 448 nm) (27) cyan fluorescent protein (CFP) (Tyr66— Trp, ex-
citation peak 434 nm, emission peak 476 nm) (27), and yellow fluorescent
protein (YFP) (Ser>—Gly and Thr203 — Tyr, excitation peak 514 nm,
emission peak 527 nm) (28). Variants fluorescent in the red wavelength
range have not been identified, however, red fluorescent proteins (RFPs)
have been isolated from other organisms, the best known of which is DsRed
(excitation peak 558 nm, emission peak 583 nm) (29,30).

There are two reasons why EGFP is the fluorochrome of choice. First,
owing to the nature of the photobleaching experiments, using the most pho-
tostable variant (at present EGFP) will facilitate more accurate measure-
ments. Second, most conventional confocal microscopes will be equipped
with an argon laser, with an output wavelength of 488 nm, and filters most
suitable for working with GFP. However, under certain circumstances
experimental design could require the use of one of the other variants (for
example when photobleaching is used as a control during fluorescent reso-
nance energy transfer), which should not cause major problems. In general,
the procedures described here can be followed when the change in excita-
tion and emission wave-lengths are taken into account.

2. Although expression levels as close to physiological as possible for the pro-
tein of interest are recommended, there are a number of considerations.
When expression of the (GFP-fusion) product is toxic, an inducible system
should be considered. The main concern, however, is the detectability of
the GFP-fusion protein during the FRAP and FLIP experiments. If the prod-
uct is hard to detect, the laser intensity during measurements will need to
be increased, resulting in more intrinsic bleaching and less accurate data
collection (see also Subheading 3.3.); this might lead to the necessity of
using a stronger promoter. As an alternative, the protein of interest could be
tagged with multiple copies of GFP, increasing the signal accordingly.
However, this leads to a significant increase in the size of the protein, which
might influence its behavior.

3. Some proteins are not functional when fused to GFP (or any other tag)
whether it is an amino-terminal or carboxyl-terminal fusion. Under these
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circumstances, it can be considered to place the GFP sequence “internally.”
When the domain structure of the protein is known or predicted, the GFP
sequence can be cloned between different domains that do not need to be
proximal in order to function.

4. Expression of fusion products from certain promoters might lead to the
transcription of two proteins. Often this is caused by presence of two start
sites in the beginning of the sequence, relatively close to the promoter. This
could occur when GFP is present 5’ of the protein of interest, or when the
protein of interest is relatively small. Deleting or mutating the ATG of the
second part of the sequence might prevent the transcription of two differ-
ent proteins under these circumstances. However, in most cases, deletion of
the second start site is not necessary.

5. When recovery times are relatively long compared to the time it takes to
scan or bleach the sample, two or more cells within the same ROI can be
chosen or more than one ROI can be defined to collect data from more then
one cell. Because different bleach ROI also can be defined, different cells
in the ROI(s) can be bleached simultaneously. On the other hand, having
more then one cell in the field facilitates direct comparison of fluorescence
levels in bleached and unbleached cells during data collection (see Sub-
heading 3.4.3.).

6. When recovery occurs extremely quickly, it is necessary to take a large
number of data points in a small amount of time. In the system we used,
a Zeiss LSMS510, the laserbeam is directed from left to right, and from
top to bottom over the sample, and mirrors regulate the on/off status of
the laser. We noticed that choosing an irregular ROI-shape (in contrast
to a rectangular ROI-shape) increased the time to scan an area signifi-
cantly. Therefore, in all experiments shown we chose rectangular shapes
for all ROIs. Furthermore, we noticed that scanning an area of 500 X
200 pixels took less time than scanning an area of 200 X 500 pixels,
apparently because the laser moves from left to right over the X-axis,
and is then moved up one pixel on the Y axis and scans again from left
to right.

7. As an example: during the experiments with Fus3p our Krypton/Argon
laser was consistantly used at 25 mW output. During normal image cap-
ture/data collection, it was used at 0.1% transmission with four iterations.
For the purpose of bleaching, the transmission was increased to 25% trans-
mission and 20 iterations of the ROI were generally required to reduce flu-
orescence levels as desired.

8. For samples that reached a maximum recovery within 2 min, but were sen-
sitive to bleaching, we chose a staged time-lapse schedule. This reduces
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Table 1 Example of Staged Time-Lapse Schedule

Delay
between

Description Time scans Number of scans
Initial scans —4.0t01.0s 1.0s 4
Bleach 0.0s — —
Recovery phase | 0.0t05.0s 0.5s 11
Recovery phase II 6.0t0 10.0 s 1.0s
Recovery phase III 10.0 to 30.0 s 25s 8
Recovery phase IV 30.0 to 120.0 s 50s 16

bleaching to a minimum and still ensures sufficient sensitivity, especially
during the initial stages of the recovery. An example of such a staged sched-
ule is given in Table 1.
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Assaying Cytochrome c Translocation During Apoptosis

Nigel J. Waterhouse, Rohan Steel, Ruth Kluck, and Joseph A. Trapani

Summary

Translocation of proteins from the mitochondrial intermembrane space to the cytoplasm is a
critical event during apoptosis. There are several methods for assaying this event cited in the lit-
erature. In this chapter, we highlight separation of cytosolic and mitochondrial fractions of cul-
tured cells using digitonin as the method for measuring cytochrome c release that, in our hands
has been the simplest and most reproducible.

Key Words: Cytochrome c; apoptosis; fractionation; outer membrane permeabilization;
mitochondria; digitonin.

1. Introduction

It has been known for many years that Bcl-2 family members regulate apop-
totic cell death (7). It is now known that this is done at least in part by regulat-
ing specific permeabilization of the mitochondrial outer membrane (2—4). Pro-
apoptotic Bcl-2 family members induce mitochondrial outer membrane
permeabilization (MOMP) resulting in the release of several proteins from the
mitochondrial intermembrane space (MIS). Anti-apoptotic Bcl-2 family mem-
bers antagonize the pro-apoptotic family members to block the permeabiliza-
tion event.

Of the proteins released, cytochrome ¢, second mitochondrial activator of
caspases (SMAC)/Diablo, and HtrA,/Omi have been shown to participate in the
activation of caspases; the proteases that orchestrate apoptotic cell death. On
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entering the cytosol, cytochrome ¢ forms a protein complex with apoptotic pro-
tease activating factor-1 (APAF-1) and the zymogen form of caspase-9 (5). For-
mation of this complex, “the apoptosome,” brings several pro-caspase-9 mole-
cules within sufficient proximity to allow auto-activation (6). SMAC/Diablo
and htRA2/Omi deregulate caspases by displacing endogenous caspase in-
hibitors, the inhibitor of apoptosis proteins (IAPs) (7-11) allowing unfettered
caspase activation. MOMP is therefore a critical event in apoptosis and as such
the measurement of this event is a component of many studies on cell death.

MOMP can be assayed in several ways. In many instances, measuring loss of
the mitochondrial transmembrane potential (AWm) provides an indicator of
MOMP as the electrochemical potential across the mitochondrial inner membrane
is lost as a consequence of cytochrome c release (12). However, this loss of A¥Ym
is only transient in the absence of caspase activation, such that in cells with cas-
pase-9 or APAF-1 deficiency, measuring loss of A¥m may not yield an accurate
indication of MOMP (12). By far the most common method to detect MOMP is
by following the translocation of proteins from the MIS to the cytosol. Although
there is debate as to whether all MIS proteins are co-released, cytochrome c ap-
pears to be the most abundant and easily detectable of the MIS proteins.

Detection of mitochondrial cytochrome c release is accomplished by Western
blot of cellular fractions, by immunocytochemistry or by following cytochrome ¢
fused to green fluorescent protein (GFP) (13—15). Immunocytochemistry gives an
accurate representation of the number of cells with translocated cytochrome c, al-
though in suspension cells or in cells with a low cytoplasmic to nucleus ratio, it
can be difficult to distinguish between cytosolic and mitochondrial cytochrome c.
Measurement of translocated cytochrome c-GFP obviously requires transfection
of the fusion protein into cells, which is not always possible. Analysis of cy-
tochrome c release by Western blot of cellular fractions is relatively simple and
can be achieved in many primary and transformed populations of cells. This tech-
nique therefore remains one of the most widely applicable ways to assay for cy-
tochrome c release. This chapter describes the digitonin method of isolating mi-
tochondrial and cytosolic fractions from cultured cells for analysis of cytochrome
c release by Western blot or flow cytometry.

2. Materials

1. Apoptotic stimulus (e.g., granzyme B/Perforin (16,17), heat shock (18),
irradiation (19), cytotoxic drugs (12).

2. Plasma membrane permeabilization buffer: 200 pg/mL digitonin, 80 mM
KCl in PBS (see Notes 1 and 2).

3. Total cell lysis buffer: 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM
EGTA, 2 mM EDTA, 0.2% Triton X-100, 0.3% NP-40, 1X Complete™
Protease Inhibitor (Bohringer Mannheim).
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4. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCI, 1.15 g Na,HPO, -

7H,0, 0.2 g KH,PO,/L, pH approx 7.3.

Paraformaldehyde (4 % in PBS).

6. Blocking buffer: 3% Bovine serum albumin (BSA), 0.05% saponin in PBS
(make fresh).

7. V-bottomed 96-well plate.

Anti-cytochrome ¢ (clone 6H2.B4, BD Pharmingen, San Diego, CA).

9. Anti-cytochrome c antibody (clone 7H8.2C12, BD Pharmingen, San

Diego, CA).

10. Electrophoresis apparatus for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

e

o

3. Method

The methods below outline: (1) efficient isolation of cytosol from mito-
chondrial fractions, and (2) detection of cytochrome ¢ by Western blot or fluo-
rescence-activated cell sorting (FACS).

3.1. Isolation of Cytosolic and Mitochondrial Fractions

Early studies used physical disruption (homogenization) of the plasma mem-
brane followed by differential centrifugation to separate cytosolic and mito-
chondrial fractions.

However, using homogenization, it is difficult to disrupt a large percentage of
the cells while ensuring that all mitochondria remain intact, generally resulting in
relatively few cells being analyzed. More recently, it has been shown that lytic
molecules such as digitonin or streptolysin O disrupt plasma membrane at lower
concentrations than are required to lyse mitochondrial outer membrane. Treat-
ment of cells with plasma membrane-permeabilization buffer (containing digi-
tonin) allows diffusion of cytosolic proteins out of cells. Separation of the cytosol
from the mitochondria can then be obtained by a single centrifugation step.

1. Resuspend 1 X 106 cells in 100 pL of ice-cold plasma-membrane-perme-
abilization buffer and incubate on ice for 5 min (see Notes 3—6).

2. Centrifuge lysates (800 g for 5 min at 4°C).

3. Store the supernatant (cytosolic fraction) at —70°C (for Western blot, see
Subheading 3.2.). Do not discard the pellet.

4. Continue to Subheading 3.2. for Western blot or Subheading 3.3. for FACS.

3.2. Detection of Cytochrome c by Western Blot

With this procedure about 80% of the cytochrome c is released from HelLa
cells treated with 1 uM Actinomycin D for 12 h, with ultraviolet (UV) light
(80 mJ/m2) and incubated for 6 h, with 230 ng/mL Trail for 2 h or with Jurkat
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cells treated with 40 uM Etoposide for 8 h, 500 nM Actinomycin D for 8 h or
500 nM Staurosporine for 8 h.

1. Resuspend the pellet from Subheading 3.1., Step 2 in 100 pL of ice-cold
total cell lysis buffer and rock gently at 4°C for 10 min.

2. Centrifuge the lysate (10,000 g for 10 min at 4°C).

Store the supernatant (mitochondria/nuclear/membrane fraction) at —70°C.

4. Load pellet fractions (Subheading 3.2., Step 3) and cytosolic fractions
(Subheading 3.1., Step 3), normalized for protein content, on a 12 or 15%
SDS-PAGE gel and transfer the proteins to nitrocellulose (see Notes 7-9).

5. Detect cytochrome ¢ (12.3 kDa) with anticytochrome c clone 7H8.2C12
using standard immunoblotting protocol.

e

3.3. Detection of Cytochrome c by FACS Analysis

1. Resuspend the pellet from Subheading 3.1., Step 2 in 100 pL of parafor-
maldehyde and incubate for 20 min at room temperature.

2. Place the suspension in individual wells of a 96-well plate and wash the

pellet three times in PBS (see Note 10).

Incubate the pellet in blocking buffer for 1 h at room temperature.

4. Resuspend the pellet in anticytochrome c clone 6H2.B4 diluted 1:200 in

blocking buffer and incubate overnight at 4°C.

Wash the pellet three times in blocking buffer.

6. Resuspend the pellet in phycoerythrin (PE) labeled secondary antibody di-
luted 1:200 in blocking buffer and incubate for 1 h at room temperature.

7. Wash the pellet and analyze by flow cytometry detecting PE fluorescence
in the FL-2 channel of a flow cytometer (see Notes 11 and 12). Cells that
have undergone cytochrome c release will have low PE fluorescence.

e

e

4. Notes

1. This buffer should be made fresh. We use digitonin from Sigma. We make
a 20 mg/mL stock of digitonin by adding PBS just before it is needed and
heat the mixture at 95°C until dissolved.

2. Atleast 80 mM KCl is required in the buffer to allow cytochrome c that has
been released from mitochondria to dissociate from membranes. KCl is
present in cytoplasm at approx 137 mM.

3. The amount of permeabilization buffer should be titrated for each cell line
such that at least 95% of cells are permeabilized. This can be monitored
by staining small aliquots of the permeabilized cells with trypan blue.

4. Ensure that the concentration of digitonin is not lysing mitochondria. Un-
treated, intact cells should exhibit only background cytochrome c release,
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10.

I1.

12.

e.g., reduced fluorescence by FACS or a faint band in the cytosolic frac-
tions assayed by Western blot.

. The number of cells assayed can be varied as long as the digitonin con-

centration is titrated according to Notes 3 and 4.

. In permeabilized cells, Ca2+ will access mitochondria and induce perme-

ability transition and swelling. EDTA should therefore be added to the per-
meabilization buffer if the cells were treated in media containing high Ca2+.

. The abundance of cytochrome ¢ in many cells makes it easy to detect by

Western blot, however this also means that small changes may appear sig-
nificant. It is therefore essential to assay both the cytosolic and mitochon-
drial fractions.

. Because Western blotting shows an averaged result from a population of

cells, it is not possible to determine whether all the cytochrome c is cyto-
plasmic in a small percentage of cells or all cells have partially redistributed
their cytochrome c. Immunocytochemistry/FACS-based analysis (Sub-
heading 3.3.) is recommended to quantitate the percentage of cells having
undergone cytochrome c release.

. Western blotting may not be possible in cells that have very low levels of

cytochrome c (e.g., primary T cells [20]). In the event of low yields of cy-
tochrome c in the cytosolic fractions, we have successfully concentrated the
proteins from this fraction by acetone precipitation. High levels of digi-
tonin, however, can interfere with precipitation.

We have found that V-shaped bottoms in 96-well plates facilitates pellet
washing without losing samples.

Using the immunocytochemistry/FACS-based analysis, cells can be visual-
ized by fluorescence microscopy for confirmation.

The FACS-based assay will only be useful in cells that have sufficient lev-
els of cytochrome c such that the fluorescence of stained vs unstained cells
is easily distinguishable.
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