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Preface

Ever since its first definition, proteomics has been referred to as the study of
the full set of proteins encoded by a genome, and qualitative and quantitative
comparisons of proteomes under different conditions to further unravel bio-
logical processes. Initially, proteomics was mainly a technology-driven field,
centered on two-dimensional gels/mass spectrometry and LC-MS/MS
approaches, which offered the ability to detect hundreds of proteins in a single
analysis. Proteomics has since evolved into a wide-ranging discipline that
includes a plethora of technologies and approaches whose subject is the study
of proteins. However, as proteomics is entering into the realms of clinical and
diagnostic applications, the enabling techniques are coming under an increased
level of scrutiny. Significant weaknesses in some technological aspects have
thus become apparent. As a result, new and improved proteomics techniques
are being developed and propagated.

It is the intent of New and Emerging Proteomic Techniques to present some
of the newer and still developing proteomics tools and techniques that enable
enhanced protein analyses. The techniques span the entire spectrum of top-
down and bottom-up approaches, and in their sum offer a clear example of how
proteomics has embraced essentially all techniques that contend with protein
analysis. From microarrays and gels, to chromatography and affinity separa-
tions, the proteomics techniques described in this book are addressing every
aspect of the human proteome, both quantitative and qualitative. The methods
of protein detection utilized are also very diverse, ranging from fluorescence
and resonance light scattering, to surface plasmon resonance and mass spec-
trometry. Furthermore, several chapters describe a combination of two or more
distinct techniques, resulting in enabling approaches for proteome analysis.
There are also three chapters that describe advanced bioinformatics approaches,
as they are becoming increasingly important in the analysis of the complex
proteomics data.

New and Emerging Proteomic Techniques is aimed at both beginners and
more experienced practitioners in the field of proteomics. Beginners will find
it very useful to have such a diverse set of techniques assembled in a single
book, serving as a valuable reference when choosing a technique that can
address a specific proteomics question. For experienced proteomics research-
ers, the book offers protocols and know-how from the pioneers and the expert
users of each of these techniques, with details that are usually not found in a
typical research publication. We are well aware that there are other proteomics



approaches that are not represented in this book. However, we feel that the
fifteen chapters included describe some of the most promising new and emerg-
ing proteomics techniques, and hope that at least some of them will become
proteomics mainstays in the years to come.

Finally, we would like to thank all of our colleagues who kindly contributed
their time and expertise for the assembly of New and Emerging Proteomic
Techniques.

Dobrin Nedelkov
Randall W. Nelson

vi Preface
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On-Chip Protein Synthesis for Making Microarrays

Niroshan Ramachandran, Eugenie Hainsworth, Gokhan Demirkan, 
and Joshua LaBaer

Summary
Protein microarrays are a miniaturized format for displaying in close spatial density hundreds

or thousands of purified proteins that provide a powerful platform for the high-throughput assay
of protein function. The traditional method of producing them requires the high-throughput pro-
duction and printing of proteins, a laborious method that raises concerns about the stability of the
proteins and the shelf life of the arrays. A novel method of producing protein microarrays, called
nucleic acid programmable protein array (NAPPA), overcomes these limitations by synthesizing
proteins in situ. NAPPA entails spotting plasmid DNA encoding the relevant proteins, which are
then simultaneously transcribed and translated by a cell-free system. The expressed proteins are
captured and oriented at the site of expression by a capture reagent that targets a fusion protein
on either the N- or C-terminus of the protein. Using a mammalian extract, NAPPA expresses and
captures 1000-fold more protein per feature than conventional protein-printing arrays. Moreover,
this approach minimizes concerns about protein stability and integrity, because proteins are pro-
duced just in time for assaying. NAPPA has already proven to be a robust tool for protein func-
tional assays.

Key Words: Protein microarrays; functional proteomics; protein expression; protein purifica-
tion; microarray surface chemistry.

1. Introduction
The recent development of functional protein microarrays has stirred excite-

ment in the proteomics community (1–7). The power of this approach is that, by
spotting many proteins on a single array surface, many biochemical activities
can be studied simultaneously. These activities include identifying interacting
proteins, examining the selectivity of drug binding, finding substrates for active
enzymes, and looking for unintended drug interactions. Typically, the array is
probed with a labeled query molecule to identify interactions with proteins on
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the array (Fig. 1). For example, a labeled candidate kinase inhibitor might be
used to screen an array of kinases to determine which kinase(s) the inhibitor
binds directly. In order to build protein microarrays, one needs the content to
spot on the array and an appropriate binding chemistry to capture the protein.
These components must be optimized to produce and present proteins of good
integrity and stability. The goal is to preserve the functionality of the protein in
order to minimize false-negatives. Here we will address the issues pertaining to
building functional protein microarrays.

1.1. Issues for Protein Array Production

1. Availability of array content. Assembling the proteins for printing on the array
remains a major challenge for most researchers, because recombinant expression
of proteins in the numbers anticipated for protein microarrays relies on the avail-
ability of large collections of cDNAs in protein expression-ready formats. It also
requires methods to produce and purify the proteins. Although several collections
of cDNAs are available, the methods and robotic equipment required for the high-
throughput (HT) expression and purification of thousands of proteins remain out-
side the realm of most laboratories (8–10).

2. Protein integrity. Ensuring that properly folded proteins can be produced and cap-
tured remains a challenge. Proteins are more likely to fold naturally if heterologous

Fig. 1: Rapid screening of target protein arrays. A labeled query molecule can be
used to screen an array of target proteins to identify potential interactor(s).
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systems can be avoided and if proteins are synthesized in a milieu as close to their
natural setting as possible. For example, mammalian proteins are more likely to
fold naturally in mammalian (or at least animal) cells. Yet, many expression sys-
tems are too cumbersome and expensive to allow thousands of proteins to be eas-
ily processed. Bacterial cells, which are readily adapted to HT protein expression,
can be counted on to produce only 50% of mammalian proteins (10).

3. Protein stability. Proteins are notoriously fragile, raising concerns about the sta-
bility of the isolated proteins before and after they have been arrayed on a glass
slide. We expect some proteins to remain relatively stable, with good shelf life,
whereas others display greater lability and are unable to withstand prolonged
array conditions. Moreover, it is difficult to determine which of the proteins
remain active at the time of the assay. In general, to ensure proper assay condi-
tions and minimize false-negatives, it is best to use the array soon after the pro-
tein is synthesized.

4. Microarray surface chemistry. Several surface chemistries have been developed
and validated for microarray platforms, particularly for DNA microarrays. The
chemistry for binding DNA is simple compared with the chemical demands neces-
sary to immobilize functional protein. DNA molecules, which are all negatively
charged, bind to surfaces based on charge alone, enabling positively charged arrays
such as a polylysine-coated slides to bind all DNA. In contrast, proteins display a
staggering range of hydrophobicity and charge, making it a challenge to find a sin-
gle method that provides good binding for most, let alone all, proteins. Factors to
consider include:
a. Generality of binding: ability to bind all proteins that will be spotted on the array.
b. Binding capacity: maximum amount of protein captured per feature.
c. Efficiency of capture: fraction of spotted protein that is captured on the array.
d. Orientation: specific vs random orientation. Proteins can be immobilized either

in an orientation-specific manner (e.g., by binding via either an N-terminus or a
C-terminus tag) or in random orientations (e.g., by chemical attachment). Ran-
dom rather than specific orientations may allow many areas of the protein to be
exposed, increasing accessibility to the protein. Although this may increase the
likelihood of an interaction, there have been no significant differences observed
between these approaches (11); it may be necessary to evaluate this on an exper-
iment by experiment basis.

e. Distance from surface: some attachment methods allow for a spacer (e.g., a large
polypeptide tag) that separates the protein from the array surface; other methods
(e.g., chemical attachment) bring the proteins in direct contact with the array
surface. Increasing the distance between the protein and the array surface might
alleviate some of the steric hindrance caused by the surface and potentially
increase accessibility to the protein.

f. Native or denatured protein: surface chemistry can be formulated to contain
hydrophobic or hydrophilic residues. Given that many proteins have a
hydrophilic exterior and a hydrophobic interior, the choice of the surface chem-
istry could support the binding of nondenatured or denatured protein (12).
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Early demonstration of the feasibility of printing proteins on a microscopic
surface has been promising. To demonstrate that spotted proteins maintain their
functional integrity upon immobilization, well characterized and specific inter-
actions among proteins, lipids, and small molecules, as well as enzyme-substrate
screens, were recapitulated with proteins on the arrays (1,3,6,7,11,13–20). Even
in light of these achievements, the widespread use of this technology has
remained limited, largely as a result of the labor-intensive protein production, the
quality of proteins expressed in heterologous systems, and the stability of the
proteins during storage. To address these persistent concerns, we developed a
self-assembling protein microarray method.

1.2. Nucleic Acid Programmable Protein Array

To circumvent the need to express, purify, and spot the protein, this approach
prints the plasmids bearing the genes on the array and the proteins are synthe-
sized in situ. The genes are configured such that each expressed protein con-
tains a polypeptide tag used to capture the protein to the array surface. The
proteins are expressed using a cell-free transcription/translation extract, which
can be selected to match the source of the genes (e.g., rabbit reticulocyte lysate
for mammalian genes), thus enabling the proteins to be expressed in a more
native milieu. The use of appropriate cell-free extracts helps to encourage nat-
ural folding and, at least in the case of reticulocyte lysate, is highly successful
at expressing most proteins. In addition, some natural posttranslational modifi-
cations occur in these extracts and/or can be induced by using supplemented
lysates (21,22).

Arranging the genes so that each has an appropriate capture tag is facilitated
by using vectors with recombinational cloning sites. Coding regions inserted in
recombinational cloning systems, such as the Invitrogen Gateway system or
Clontech Creator system, can be readily moved into expression vectors that
append the appropriate tag(s) to the coding regions. The transfer reactions
themselves are simple, highly efficient, error-free, and automatable. The assem-
bly of large collections of genes in these systems is currently in progress
(10,23–27).

A significant advantage of the nucleic acid programmable protein array
(NAPPA) approach is that it eliminates concerns about protein stability. Pro-
teins on the array are not produced until the array is ready for use in experi-
ments; that is, they are made just in time. Prior to activation with the cell-free
transcription/translation extract, the arrays are stable and can be stored dry on
the bench for months.

Using this approach in a recent study, 30 human DNA replication proteins
were expressed and captured on NAPPA microarrays (28). The yield of cap-
tured protein was 400–2700 pg/feature, which was 1000-fold more than con-
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ventional protein-spotting arrays, 10–950 fg/feature (11). Arrays were used to
determine protein-protein interactions (recapitulating 85% of the previously
known interactions), to map protein interaction domains by using partial-length
proteins, and to assemble multiprotein complexes.

2. Materials
2.1. Equipment

1. Arrayer with solid pins, humidity control.
2. Microarray scanner.
3. Programmable chilling incubator.
4. SpeedVac.
5. Centrifuge: Sorvall RC12, Eppendorf 5417C, IEC Centra GP8.
6. Ultraviolet (UV) light, UVP UVLMS-38, set at 365 nm.

2.2. Preparation of the Slides

1. Glass slides (VWR 48311-702).
2. Solution of 2% aminosilane (Pierce 80370) in acetone. Make up 300 mL just

before use.
3. Stainless steel 30-slide rack (Wheaton), handle removed.
4. Glass staining box (Wheaton).
5. Lock & Lock 1.5 cup boxes (Heritage Mint Ltd., ZHPL810).
6. Prepare a 50 mM dimethyl suberimidate·2 HCl (DMS) stock solution: 1 g of DMS

linker (Pierce 20700) in 40 mL dimethylsulfoxide (DMSO). Store at –20°C.
7. To coat slides with linker only (used if NAPPA strategy is to spot avidin/strepta-

vidin along with plasmid DNA and anti-glutathione S-transferase [GST] antibody):
2 mM DMS in phosphate-buffered saline (PBS), pH 9.5 (see Note 1).

Or
8. To coat slides with avidin/streptavidin (used if NAPPA strategy is to spot only plas-

mid DNA and anti-GST antibody): 2 mM DMS, plus avidin (Cortex CE0101) at 1
mg/mL or streptavidin (Cortex CE0301) at 3.5 mg/mL, in PBS, pH 9.5. For mate-
rial in either step 7 or 8, make fresh at the time of coating, otherwise the DMS
linker may hydrolyze over time (see Note 1).

9. Cover slips (VWR 48393–081).
10. Bioassay dishes with dividers (Genetix x6027).

2.3. DNA Preparation

1. The plasmid DNA is prepared in 300-mL cultures usually grown in Terrific Broth
media. The DNA preparation is derived from Sambrook et al. (29) and is summa-
rized below.

2. Solution 1 (GTE): 50 mM glucose, 25 mM Tris-HCl (pH 8.0), 10 mM ethylenedi-
amine tetraacetic acid (EDTA), pH 8.0, and 0.1 mg/mL RNAse. Store at 4°C.

3. Solution 2: 0.2 N NaOH with 1% sodium dodecyl sulfate (SDS).
4. Solution 3: 3 M KOAC; add glacial acetic acid until pH is 5.5.



6 Ramachandran et al.

5. 250-mL conical Corning centrifuge bottle.
6. Glass fiber 0.7-µm filter plate, long drip (Innovative Microplate F20060).
7. 96-well deep-well block (Marsh AB-0661).

2.4. Preparation of Samples and Arraying

1. Plasmid DNA (prepared in Subheading 2.3.).
2. Microcon YM-100 (100 kDa) tube (Millipore), or DNA binding plate: 100 kDa 96-

well filter plate (Millipore plasmid plate).
3. BrightStar Psoralen-biotin kit (Ambion 1480). Just before use, prepare psoralen-

biotin: dissolve the contents (4.17 ng) of the kit in 50 µL DMF (also in kit).

Or

4. EZ-Link Psoralen-PEO-Biotin (Pierce 29986). Prepare stock solution of 5 mg/mL
in water and store at –20°C.

5. UV-transparent 96-well plate (Corning 3635).
6. Sephadex G50 (Sigma-Aldrich).
7. 1.2-µm glass fiber filter plate, long drip (Innovative Microplate F20021).
8. Collection plate, round bottom (Corning 3795).
9. 384-well plate for arraying (Genetix x7020).

10. Polyclonal anti-GST antibody (Amersham Biosciences 27457701).
11. Purified GST protein (Sigma G5663). Prepare stock solution of 0.03 mg/mL in

PBS.
12. Whole mouse immunoglobulin (Ig)G antibody (Pierce 31204). Prepare stock solu-

tion of 0.5 mg/mL in PBS.
13. Bis(sulfosuccinimidyl) suberate (BS3) linker (Pierce 21580).
14. Bioassay dish dividers to be used as slide racks (Genetix x6027) and deeper bioas-

say dishes (e.g., Corning 431111 or 431272; do not use “low profile” dishes).

2.5. Expression of Proteins

1. HybriWell gaskets (Grace HBW75).
2. Cell-free expression system (Rabbit reticulocyte lysate) (Promega L4610).
3. RNaseOUT (Invitrogen 10777–019).
4. SuperBlock blocking solution in TBS (Pierce 37535).
5. Milk blocking solution: 5% milk in PBS with 0.2% Tween-20 (Sigma).

2.6. Detection and Analysis

1. Primary AB solution: mouse anti-GST (Cell Signaling 2624) 1:200 in SuperBlock
(Pierce 37535). Store at 4°C.

2. Primary AB solution: mouse anti-HA (Cocalico) 1:1000 in SuperBlock. Store at 4°C.
3. Secondary AB solution: horseradish peroxidase (HRP)-conjugated anti-mouse

(Amersham NA931) 1:200 in SuperBlock. Store at 4°C.
4. Tyramide Signal Amplification (TSA) stock solution: use TSA reagent (PerkinElmer

SAT704B001EA). Prepare per kit directions. Keep this solution at 4°C.
5. Milk blocking solution: 5% milk in PBS with 0.2% Tween-20 (Sigma).
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6. Cover slips (VWR 48393–081).
7. PicoGreen (Molecular Probes P11495) stock solution: to the 100 µL/vial that

comes in kit, add 200 µL TE buffer. Before use, do a 1:600 dilution in SuperBlock.

3. Methods
NAPPA chemistry relies on efficient immobilization of plasmid DNA onto a

solid surface without compromise to integrity, and on rapid capture of the
expressed target proteins. In order to immobilize the plasmid, we use a pso-
ralen-biotin bis-functional linker that derivatizes the plasmid DNA (Fig. 2).
Under long-wave UV (365 nm), psoralen intercalates into the DNA, creating a
biotinylated plasmid. The reaction is fairly robust over a wide range of pH and
salt concentrations. The biotinylated plasmid is tethered to the array surface by
high-affinity binding to either avidin or streptavidin. In addition to the plasmids,
target protein capture molecules are also immobilized on the slide. Currently,
our plasmids are programmed to express target proteins with a C-terminal GST
fusion protein; therefore, a polyclonal anti-GST antibody is bound to the array
as the capture molecule to immobilize the expressed target proteins (Fig. 3).
The presence of the C-terminal fusion tag can later be confirmed by incubating
the slides with an antibody that recognizes a different epitope on the tag than
the antibody used for capture. The presence of the C-terminal tag indicates that
the full-length protein was expressed.

In order to make this chemistry robust and reproducible, we have used high-
affinity capture reagents that are well characterized and stable throughout array-
ing and storage. Moreover, the schemes outlined previously can be altered by
the user to accommodate different immobilization chemistries for the plasmid
DNA and/or target proteins.

3.1. Preparation of the Slides

1. Prepare 300 mL of aminosilane coating solution (2% aminosilane reagent in ace-
tone).

2. Put slides in metal rack (30-slide Wheaton rack).
3. Treat glass slides in the aminosilane coating solution, approx 1–15 min in glass

staining box on shaker. Rinse with acetone in rack using wash bottle. Briefly rinse
with Milli-Q water. Spin dry in SpeedVac or dry using 0.2-µm filtered air cans or
use house air with 2 × 0.25 µm filters (see Note 2). It is important to use clean air
to dry slides in order to prevent contaminating debris from binding to the surface.

4. Store at room temperature in metal rack in Lock & Lock box.
5. Just before use, prepare linker solution according to Subheading 2.2. step 7 or

step 8, depending on the array strategy.
6. Set slides on divider in bioassay dish, with water in the bottom of the tray. Treat

each slide with 150–200 µL linker solution and cover slip (see Note 3). Incubate
for 2–4 h at room temperature or overnight in cold-room.



8 Ramachandran et al.

Fig. 2. Nucleic acid programmable protein array (NAPPA) chemistry. (A) Derivati-
zation of plasmid DNA. Plasmid DNA is mixed with psoralen-biotin, and cross-linked
using ultraviolet light. (B) Sample preparation. The DNA is mixed with avidin/strepta-
vidin, crosslinker, and the anti-glutathione S-transferase (GST) capture antibody, and
this mix is arrayed on the aminosilane-coated glass slides. (C) Protein expression. After
blocking, cell-free expression mix is applied to the slide, and during a temperature-pro-
grammed incubation the proteins are produced and bind to the capture antibody. (D)
Detection. The slide is washed, and the proteins are detected by detecting the GST tag
(using a monoclonal anti-GST antibody, an horseradish peroxidase (HRP)-labeled anti-
mouse antibody, and Cy3-tyramide [TSA] HRP substrate).
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7. Wash with Milli-Q water.
8. Put slides in metal rack. Spin dry in SpeedVac.
9. Store at room temperature in metal rack in Lock & Lock box.

3.2. DNA Preparation

1. Grow 300-mL culture: in a 2-L culture flask, make a 300-mL culture of TB with
10% KPI. Add 300 µL 100 mg/mL ampicillin stock solution. Add 0.5 µL glycerol
stock. Put it on a shaker for 16–24 h at 37°C, 300 rpm.

2. Pellet in 450-mL centrifuge bottle: spin 15 min at 5300g (Sorval RC12).
3. Add 30 mL of solution 1 and resuspend.
4. Add 60 mL of solution 2 and swirl, no more than 5 min.
5. Add 45 mL of solution 3 and shake briefly.
6. Spin 15 min at 5300g (Sorval RC12).
7. Pass through cheesecloth into 250-mL conical Corning centrifuge bottles.
8. Add 75 mL of isopropanol and shake.
9. Spin at 5300g 15 min (Sorval RC12).

Fig. 3. Protein expression on nucleic acid programmable protein array (NAPPA)
arrays. Plasmids encoding for four control proteins (p21, p53, ML-IAP, and S100A7)
were biotinylated and immobilized via streptavidin onto the array surface. Arrays are
activated by adding rabbit reticulocyte lysate, and the expressed proteins are detected
using α-glutathione S-transferase (GST) antibody. Protein expression and its immedi-
ate replicate using the same pin from the same well are indicated on the left. The neigh-
boring spots of the same gene were arrayed from different wells with different pins.
Two registration spots are also included—purified recombinant GST protein and whole
mouse immunoglobulin G.
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10. Pour off supernatant.
11. Dissolve pellet in 2 mL of Tris-EDTA buffer (pH 8.0) and transfer to a 2-mL

microfuge tube. Plasmid DNA yield from this preparation is approx 0.5–1.5 µg/µL.
12. Add 200–250 µL to each well of the long drip glass fiber 0.7-µm filter plate

(F20060). Stack on top of a deep-well block.
13. Spin 20 min at 890g (IEC Centra GP8).
14. Store the filtrate in the deep-well block at –20°C, or in individual microfuge tubes.

3.3. Preparation of Samples and Arraying

1. Either spin 200 µL of DNA (0.5–1.5 µg/µL) in a Microcon 100-kDa tube at 1000g
for 20 min, or spin 200 µL of DNA in a 100-kDa 96-well filter plate, stacked on
top of a discard plate, for 20 min at 890g (IEC Centra GP8).

2. Resuspend in 100 µL water. DNA concentration should be 1–2 µg/µL. The goal is to
achieve 100 µL of roughly 1 µg/µL of plasmid DNA. This is because the following
UV exposure conditions for biotinylation of the plasmid have been optimized for a
100-µL volume. Increasing or decreasing the volume is feasible, but the height of the
liquid in the well may affect the UV dose. This may require a re-optimization of UV
time and biotin dose to achieve efficient intercalation of the psoralen.

3. Just before use, prepare the BrightStar psoralen-biotin (see Subheading 2.4., step
3): dissolve the contents (4.17 ng) of the kit in 50 µL DMF (also in kit); or for EZ-
Link Psoralen-PEO-Biotin (see Subheading 2.4., step 4) prepare a 0.25 mg/mL
solution in water.

4. Add the resuspended DNA into a UV plate for UV cross-linking. Add 1.3 µL of
BrightStar psoralen-biotin or 2 µL of 0.25 mg/mL EZ-Link Psoralen-PEO-Biotin
solution per 100 µL DNA.

5. Cross-link for 20 min for BrightStar psoralen-biotin or for 30 min for EZ-Link Pso-
ralen-PEO-Biotin with 365 nm UV, with the plate right up to the light; plate on ice;
entire setup covered with foil. (The light covers five columns of the plate, so use
only five columns of wells.) Note: 30 min with this setup corresponds to 8000
mJ/cm2.

6. Prepare Sephadex slurry, 25–50 mg/mL in water. Add 200 µL of slurry to a 1.2-µm
glass fiber filter plate. Spin briefly at 890g (IEC Centra GP8) for 1 min into a dis-
card plate. Add 100 µL of water to the filter plate for the Sephadex to swell. Add
100 µL of DNA and spin briefly again into the collection plate. Add 100 µL water
to the filter plate and spin briefly into the collection plate again.

7. Add eluate (approx 250 µL) to either a Microcon 100-kDa tube or a 100-kDa 96-
well filter plate stacked on top of a discard plate. For the Microcon tube, spin at
1000g for 20 min (Eppendorf 5417C). For the filter plate, spin for 20 min at 890g
(IEC Centra GP8).

8. Resuspend in 50 µL water (2 µg/µL plasmid DNA). Check that OD260 at 1:300
dilution is approx 0.6 (the absorbance reading is applicable only with the above
mentioned method of DNA preparation; different DNA preparation methods yield
different purity with different absorbance). Note: the desired final plasmid DNA
concentration depends on the level of expression for the particular gene of interest.
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Final plasmid DNA concentration may vary from 0.5 µg/µL for genes with good
expression to 3 µg/µL for genes with poor expression.

9. Prepare spotting mix in arraying plate: 10 µL DNA + 1.5 µL of master mix.
Master mix: For linker-only slides: GST polyclonal AB (0.5 mg/mL) + BS3

crosslinker (2 mM) + avidin (1 mg/mL) or streptavidin (3.5 mg/mL). For avidin/
streptavidin-coated slides: GST polyclonal AB (0.5 mg/mL) + BS3 crosslinker
(2 mM).

10. GST registration spots: 0.03 mg/mL in water or PBS.
11. Mouse IgG registration spots (whole mouse IgG antibody): 0.5 mg/mL in water or

PBS.
12. Spin down plate, 1 min at 210g (IEC Centra GP8).
13. Array, using humidity control at 40–60%.
14. Store spotted slides in cold-room with water in the bottom of the tray, at least

overnight. The bioassay dish divider should be placed in a deeper bioassay dish, so
that the slides can be placed face-up on the rack without hitting the cover. Water in
the bottom of the tray maintains high humidity.

15. Store slides the next day at room temperature. Storage conditions have been tested
at room temperature to –80°C in the dark for up to 2 mo without loss in expression
and capture.

3.4. Expression of Proteins

1. Block slides for approx 1 h at room temperature or 4°C overnight in the cold-room
with SuperBlock or milk. Use approx 30 mL in a pipet box for four slides. The
slides need to be shaken during this initial step to wash away unbound NAPPA
reagents (plasmid, avidin/streptavidin, capture antibody).

2. Quickly rinse with milli-Q water. Dry with filtered compressed air. Do not let slides
stand to dry, as the watermarks will increase background.

3. Prepare in-vitro transcription/translation (IVT) mix. For one slide, 100 µL is
needed (see Note 4):
a. 4 µL TNT buffer.
b. 2 µL T7 polymerase.
c. 1 µL of –Met.
d. 1 µL of –Leu or –Cys.
e. 2 µL of RNaseOUT.
f. 40 µL of diethylpyrocarbonate (DEPC)-treated water.

4. Apply a HybriWell gasket to each slide. Use the wooden stick to rub the areas
where the adhesive is, to make sure it is well stuck all around.

5. Add IVT mix from the nonspecimen end. Pipet the mix in slowly; it may bead up
temporarily at the inlet end. Gently massage the HybriWell to get the IVT mix to
spread out and cover all of the area of the array. Apply the small, round port seals
to both ports.

6. Incubate for 1.5 h at 30°C for protein expression (30 is key; 28 or 32 gives reduced
yield), followed by 30 min at 15°C for the query protein to bind to the immobilized
protein.
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7. Remove the HybriWell; wash with milk three times, 3 min each, in pipet box on a
shaker. Use approx 30 mL per wash.

8. Block with SuperBlock or milk overnight at 4°C or room temperature for 1 h.

3.5. Detection and Analysis

1. Apply primary AB (mouse anti-GST or mouse anti-HA) by adding 150 µL to the
nonspecimen end of the slide, then apply a cover slip. Incubate for 1 h at room tem-
perature; wash with milk (three times, approx 5 min). Drain.

2. Apply secondary AB (anti-mouse HRP) by adding 150 µL to the nonspecimen end
of the slide, then apply a coverslip. Incubate for 1 h at room temperature; wash with
PBS (three times, approx 5 min). Then do a quick rinse with Milli-Q water. Drain.

3. Before applying TSA solution, make sure that the slides are not too wet, but do not
let them fully dry. (If they are too wet, it will dilute the TSA.) Apply TSA mix and
place cover slip. Incubate for 10 min at room temperature. Rinse in Milli-Q water;
dry with filtered compressed air.

4. Scan in microarray scanner, using settings for Cy3.

As a quality check, select a couple of slides per arraying batch, and detect
the arrayed DNA:

5. Block with SuperBlock 1 h.
6. For a single slide: apply 150 µL PicoGreen mix and apply cover slip. Let sit for 5

min at room temperature. For four slides, add 20 mL in a box and shake for 5 min.
7. Wash with PBS (three times, approx 5 min). Then do a quick rinse with Milli-Q

water.
8. Dry with filtered compressed air.
9. Scan, using Cy3 settings.

4. Notes
1. Part of the slide preparation process involves coating the slide with an activated N-

hydroxysuccinimide (NHS) ester cross-linker (DMS). In our experience, this has
not affected protein binding of the arrayed sample, but it significantly reduces the
background.

2. We have used both streptavidin and avidin to immobilize the DNA onto the array
surface. We have also coated the slides with avidin or streptavidin instead of adding
it to the array mixture. Avidin in the array mixture tends to precipitate and affects
arraying of the sample, whereas streptavidin does not precipitate and hence is a bet-
ter choice for adding to the array mixture. Coating the slides with either strepta-
vidin or avidin is feasible; however, we do observe better binding when the proteins
are in the array mixture.

3. A key step in processing microarray slides is to never let them air dry. Any attempt
to dry them slowly will leave watermarks, which will result in high background. As
suggested in the protocol, use a clean air source to quickly dry the slides. It is also
important to rinse the slides in clean, filtered water before drying, especially if the
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arrays have been incubating in salt or protein solutions. Drying arrays directly from
salt/protein solutions can also generate high background.

4. Good expression of the NAPPA arrays depends on correctly preparing the rabbit
reticulocyte lysate. It is advisable to test a small sample of your prepared lysate for
expression using the positive control provided in the kit.
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RCA-Enhanced Protein Detection Arrays

Brian B. Haab and Paul M. Lizardi

Summary
There are many instances in which it is desirable to generate profiles of the relative abundance

of a multiplicity of protein species. Examples include studies in embryonic development,
immunobiology, drug responses, cancer biology, biomarkers, and so on. Microarray formats pro-
vide a convenient, high-throughput vehicle for generating such profiles, and the repertoire of pro-
teins that can be measured is growing continuously as larger panels of specific antibodies become
available. Here we describe methods for the use of antibody microarrays, whereby the detection
of specifically bound antigens is enhanced by rolling circle amplification (RCA). RCA-enhanced
protein detection on antibody microarrays provides a means for rapid protein profiling at high
sensitivity. The set of RCA reagents remains unchanged for different microarray formats and
compositions, and signal readout is performed using standard fluorescent dyes and scanners. The
method is sensitive enough for the most challenging applications, such as the detection of low-
abundance components of human serum.

Key Words: Microarrays; proteomics; rolling circle; antibody arrays; signal amplification;
protein profiling.

1. Introduction
The feasibility and utility of antibody microarrays for the highly multiplexed

analysis of proteins is now well established (1–11). Two major types of antibody
microarray detection systems have emerged: (a) sandwich assays, in which unla-
beled analytes are detected by a matched pair of antibodies specific for every pro-
tein target; and (b) label-based detection, in which the protein analyte is directly
labeled by covalent attachment of tags, such as biotin or fluorophores (for exam-
ple, Cy3 and Cy5), to enable detection after each targeted protein binds to the
array. Sandwich assays can provide both high sensitivity and high specificity, and
have been effectively demonstrated in the parallel measurements of low-abun-
dance cytokines in culture supernatants and body fluids (3,10). Label-based
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detection is an attractive complementary alternative to the sandwich assay, and its
major advantage is ease in assay development, because only one antibody per tar-
get is required. Importantly, multicolor fluorescence detection is made possible
when the targeted proteins are labeled. Because different samples may be labeled
with different tags, a reference sample may be co-incubated with a test sample to
provide internal normalization to account for concentration differences between
spots. Although label-based detection is accurate and reproducible in the analysis
of higher-abundance proteins, the detection sensitivity has not been sufficient to
reliably detect lower-abundance proteins in biological samples using current
methodology. Rolling-circle amplification (RCA) has been used for sensitivity
enhancement in DNA quantitation (12), DNA mutation detection (13,14), and
array-based sandwich immunoassays (3,15). RCA is well suited for multiplexed
assays on solid surfaces, because the covalently attached amplified DNA cannot
diffuse away. The isothermal process used in RCA takes place at moderate tem-
peratures, and preserves the integrity of antibody–antigen complexes. RCA has
been adapted to microarray-format immunoassays employing sandwich designs,
as well as label-based detection. A schematic diagram illustrating alternative
designs for antibody microarray assays utilizing RCA signal enhancement is
shown in Fig. 1. In this chapter, we will focus on methods for the implementation
of label-based assays, which are the most straightforward in implementation.

2. Materials
2.1. Microarray Preparation

1. Glass slides coated with a polyacrylamide hydrogel (hydrogel slides) (PerkinElmer
Life Sciences, Boston, MA).

2. Antibodies, preferably of documented high specificity (see Note 1), are obtained
from various commercial suppliers or from collaborators.

3. Aluminum foil tape #425–3 (R. S. Hughes Company, Sunnyvale, CA).

2.2. Protein and DNA Labeling

1. Amino-reactive fluorescent dyes, comprising N-hydroxysuccinimide (NHS) ester-
linked Cy3 or Cy5 (Amersham Biosciences, Piscataway, NJ).

2. Amino-reactive haptens, NHS-digoxigenin, and NHS-biotin (Molecular Probes,
Eugene, OR).

3. Chromatography spin columns with a molecular-weight cutoff of 6000 Da (Bio-
spin P6) (Bio-Rad Laboratories, Hercules, CA).

4. Phosphoramidites coupled covalently to Cy3 or Cy5 dyes, for synthesis of labeled
oligonucleotides (Glen Research, Sterling, VA).

2.3. RCA, Electrophoresis, and Microarray Washing Reagents

1. Phi 29 DNA polymerase (New England Biolabs, Beverly, MA).
2. Tango buffer (Fermentas, Hanover, NH).
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3. TBE buffer: a 1X TBE solution contains 0.089 M Tris base, 0.089 M boric acid (pH
8.3), and 2 mM Na2 ethylenediamine tetraacetic acid (EDTA).

4. PBST0.1 buffer: phosphate-buffered saline (PBS) with 0.1% Tween-20. Prepare by
dissolving 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4

Fig. 1. Alternative designs for detection of antigens on the surface of antibody
microarrays. In the label-based system employing haptenated antigens (diagram on the
left) a capture antibody binds an antigen (labeled with hapten 1 or hapten 2). Preferred
haptens are biotin and digoxygenin. The captured antigen is then detected by binding
of an antibody-primer conjugate (rolling circle amplification [RCA] antibody 1 or 2),
which generates amplified DNA after RCA, followed by fluorescent labeling of the
amplified DNA with decorator 1 or decorator 2. A more elaborate assay system, based
on a sandwich design, is depicted in the diagram on the right side. A capture antibody
printed on a microarray binds an unlabeled antigen. The antigen is then bound by a hap-
tenated second antibody (antibody with hapten 1) that recognizes a second epitope on
the antigen. A third antibody, coupled to an oligonucleotide primer, binds to hapten 1
and functions as the signal generator. RCA is used to generate amplified DNA, followed
by fluorescent labeling with decorator 1. Note that the sandwich system requires a
matched pair of antibodies specific for every protein target, which insures extremely
high specificity at the cost of added complexity. Because this system employs an unla-
beled antigen, it is not straightforward to perform simultaneous two-color microarray
experiments, and for this reason most investigators use a single-channel (single-color)
detection system for sandwich assays. In this chapter, we describe methods for the
label-based system based on haptenated antigens, which is simpler to implement and
permits higher multiplexing.
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in 800 mL distilled H2O. Adjust pH to 7.4 with HCl, add 1 mL of Tween-20, and
adjust volume to 1 L with additional distilled H2O. Sterilize by autoclaving.

5. 2X sodium saline citrate (SSC) or 1X SSC. 1X SSCis 0.15 M NaCl, 0.015 M Na
citrate.

2.4. DNA Primers for RCA, To Be Conjugated to Antibodies

1. The oligonucleotide p1, thiol-5′-CACAGCTGAGGATAGGACsAsT serves as the
first RCA primer. The symbol “s” is used to indicate the presence of a phospho-
rothioate linkage in the last two residues proximal to the 3′-end of the oligonu-
cleotide, which serve to protect from degradation by 3′-5′ exonuclease activity. The
5′-thiol group enables covalent coupling to antibodies. 5′-Thiol and phosphoro-
thioate phosphoramidites for oligonucleotide synthesis are obtained from Glen
Research, Sterling, VA.

2. The oligonucleotide p2, thiol-5′-TGTCTCAGTAGCTCGTCAsGsT serves as the
second RCA primer. This primer (p2) was named primer 4.2 in publications from
the Haab laboratory.

2.5. Preparation of DNA Circles

1. Circularization of oligonucleotide template for primer p1: The oligonucleotide c1,
pGTCAGAACTCACCTGTTAGAAACTGTGAAGATCGCTTATTATGTCC-
TATCCTCAGCTGTGTAACAACATGAAGATTGTAG contains a 5′-phosphate
(the terminal-phosphate phosphoramidite is obtained from Glen Research) to
enable circularization with DNA ligase. The oligonucleotide g1, GTGAGTTCT-
GACCTACAATCTTCA-amino, which has a 3′-amino group to prevent priming by
DNA polymerase (3′-amino phosphoramidite, Glen Research) serves as a guide for
circularization. A 2 mL ligation reaction is prepared by mixing 200 µL of oligonu-
cleotide c1 (12 µM), 200 µL of oligonucleotide g1 (16 µM) 200 µL of 10X ligation
buffer, and 1348 µL of distilled water, followed by vortexing and heating to 65°C
for 2 min. Then ligation is begun by adding 40 µL of bovine serum albumin (5
mg/mL stock) and 12.5 µL of T4 DNA ligase (400 U/mL), followed by incubation
at 37°C for 2 h. DNA ligase is inactivated by incubation at 90°C for 2 min (see
Note 2).

2. Circularization of oligonucleotide template for primer p2: The oligonucleotide c2,
pCTGTGAGGTACTACCCTAATCGGACCTGTGAGGTACTACCCTAACT-
TACTGACGAGCTACTGAGACATGTACAATCGGAC contains a 5′-phosphate
(Glen Research) to enable circularization with DNA ligase. The oligonucleotide
g2, AGTACCTCACAGGTCCGATTGTAC-amino, which has a 3′-amino group
(Glen Research) serves as a guide for circularization. Circularization is performed
as in Subheading 2.5., step 1.

3. Purification of circularized DNA. The reactions containing ligated circles are split
into three microcentrifuce tubes (1.5-mL capacity) and deproteinized with an equal
volume of a mixture of phenol:chlroroform (1:1) by vigorous shaking (15 s) in a
vortex mixer. The aqueous phase (upper layer) is recovered after centrifugation for
30 s at 7000g. The aqueous phase is washed with an equal volume of chloroform,
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centrifuged, and washed with chloroform a second time. The aqueous layer is now
brought up to 0.3 M salt by addition of one-tenth volume of 3 M Na acetate (pH
5.2). DNA is precipitated with 2.5 volumes of 100% ethanol. After addition of
ethanol, the tubes are vortexed vigorously and then placed at –20°C for at least 1
h (or left in the freezer overnight). DNA is recovered by centrifugation for 15 min
at 12,000 RPM in a benchtop microcentrifuge. The pellet is washed with 200 µL
of 80% ethanol and again recovered by centrifugation. Finally, the pellet contain-
ing circular DNA is dissolved in 85 µL of 10 mM Tris-HCl (pH 7.7), 0.1 mM
EDTA. The three aliquots of circular DNA are pooled, yielding a total volume of
255 µL. Confirmation of circularization is by electrophoresis in denaturing poly-
acrylamide gels. A denaturing 10% polyacrylamide gel is prepared in Tris-borate-
EDTA buffer containing 8 M urea. One microliter of circularized DNA is mixed
with 7 µL of gel loading buffer (0.5X TBE, 10 M urea), and denatured for 2 min in
a heat block set to 92°C. As a control, a mixture of all DNAs and reagents used for
ligation, minus DNA ligase, is prepared and mixed with gel load buffer, to serve as
an indicator of the electrophoretic mobility of noncircular DNA. The gel is run for
25 min at 24 volts/cm. The gel is stained for 35 min with SYBR Green II (Molec-
ular Probes, Eugene, OR), which is used at a 1/10,000 dilution, as recommended
by the manufacturer, and then photographed with UV illumination. Successful
generation of circular DNA will result in the presence of a band of considerably
lower mobility than the linear form of the 80-base c1 or c2 oligonucleotide. In gen-
eral, the circular molecules visible in the gel are present as a strong 80-mer, a fairly
strong 160-mer, and a weaker 240-mer. The dimeric and trimeric circular concate-
mers work just as well as the monomeric circle as templates for RCA.

2.6. Antibody(Ab)-Primer Covalent Adducts

1. Preparation of covalent adducts is based on conjugation of thiol-labeled DNA
oligonucleotides (sequences specified under Subheading 2.4.) to reactive amino
groups in antibodies, using a heterobifunctional cross-linker, essentially as
described by Schweitzer et al. (15). Anti-biotin antibody is obtained from Zymed
(mouse monoclonal 03–3700, Zymed Laboratories, San Francisco, CA) and cova-
lently conjugated to a 20-base oligonucleotide primer (p1) containing a 5′-thiol
group, as follows. Desalted Ab (41 nmoles) is treated with a 10-fold molar excess
of sulfo-GMBS (Pierce Chemicals, Dallas, TX) under nitrogen in the dark for 30
min at 37°C, followed by 30 min at room temperature. Unreacted sulfo-GMBS is
removed by chromatography over a PD-10 column (Bio-Rad Laboratories, Her-
cules, CA) equilibrated with sodium phosphate (pH 7.5)/150 mM NaCl. The Ab is
then concentrated in a Centricon YM-30 (Millipore Corp., Billerica, MA) at 4°C.
The number of maleimides per Ab is determined by utilizing Ellman’s reagent
(Pierce) to measure sulfhydryls following titration of β-mercaptoethanol by the acti-
vated Ab. An amount equal to 28.1 nmol of sulfo-GMBS-activated Ab and 142 nmol
of 5′ thiol oligonucleotide is conjugated in a volume of 825 mL for 2 h at room tem-
perature, followed by overnight at 4°C. Ab conjugated to oligonucleotide is purified
by anion exchange chromatography on Q-Sepharose (Amersham Pharmacia) using a
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salt gradient. Fractions containing conjugate are pooled and subjected to size exclu-
sion chromatography on Superdex-200 (Amersham Biosciences-GE Healthcare,
Piscataway, NJ) at 4°C to remove free oligonucleotide. A 10:1 ratio of oligonu-
cleotide/Ab is typically used in conjugations, which results in a more reproducible
production of conjugates, with three to five oligonucleotides per Ab molecule. Size
exclusion chromatography is used to remove unconjugated oligonucleotide, ensur-
ing a final preparation that is free of unconjugated Ab or DNA. This conjugation
procedure yields a recovery of approx 50% of the starting Ab. Linear RCA reactions
in solution (13) can be carried out to assess the ability of the Ab-DNA conjugate to
serve as a primer. Standard RCA reactions contain 5 nM primer or Ab-DNA conju-
gate, 10 nM circular DNA template, and 0.4 U/µL of Phi29 DNA polymerase (New
England Biolabs), 0.4 mM each dATP, dTTP, dGTP, and dCTP in 25 µL of Tango
buffer (Fermentas). Additions are performed on ice and then shifted to 31°C. RCA
products generated after 10, 20, and 30 min of incubation are assayed by elec-
trophoresis for 2 h at 2.5 V/cm in a standard 0.7% agarose gel. The gel is stained for
35 min with Sybergreen II (Molecular Probes, Eugene, OR), which is used at a
1/10,000 dilution, as recommended by the manufacturer, and then photographed
with UV illumination.

2. Anti-digoxygenin Ab covalently conjugated to a 20-base oligonucleotide primer
(p2). Methods for generation of this adduct are identical to Subheading 2.6. step
1, except for the use of an anti-digoxygenin antibody (sheep anti-DIG IgG, Anawa
Biomedical Services and Products, Switzerland) and a DNA oligonucleotide of dif-
ferent sequence.

2.7. Fluorescent “Decorator” Oligonucleotides

1. The oligonucleotide d1, cy3-ATGTCCTATCCTCAGCTGTG is used for fluores-
cent “decoration” of the amplified DNA generated by the RCA reaction on tem-
plate c1.

2. The oligonucleotide d2, cy3-ACTGACGAGCTACTGAGACA is used for fluores-
cent “decoration” of the amplified DNA generated by the RCA reaction on tem-
plate c2.

3. Methods
3.1. Printing of Antibody Microarrays

1. Antibody processing. The first step in producing antibody microarrays is the prepa-
ration of a set of antibodies. Antibodies work best in the microarray assay when
they are highly purified. A high concentration of other proteins in the antibody
solution usually results in a weakened or nonspecific signal, because binding sites
on the microarray are occupied by the other proteins. Polyclonal antibodies col-
lected from antisera should be antigen-affinity purified. Monoclonal antibodies that
are provided in ascites fluid should be further purified using a kit such as the Bio-
Rad Affi-gel Protein A MAPS kit. If bovine serum albumin (BSA) or gelatin has
been added by the manufacturer, the IgG portion of the solution should be isolated
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using Protein A purification. Glycerol is sometimes added to antibody solutions to
prevent freezing at –20°C. Although glycerol will not interfere with the assay, the
added viscosity may negatively affect the printing process. Glycerol concentrations
above approx 20% should be avoided. To remove glycerol or to change the buffer
of an antibody, we recommend the Bio-Rad Micro Bio-Spin P30 column (see Note
3). If the antibody is subsequently to be labeled, do not put the antibody in a Tris
or amine-containing buffer, which will interfere with primary amine-based label-
ing reaction. The concentration of the antibody solutions should be adjusted to
approx 500 µg/mL. Lower concentrations may also work well for some antibodies,
and higher concentrations could yield higher signal intensities and may be desir-
able if consumption of antibody is not a concern.

2. Assembly of print plates. After the antibodies have been prepared at the proper
purity and concentration, they are assembled into a “print plate”—a microtiter
plate used in the robotic printing of the microarrays. Polypropylene microtiter
plates are preferable to polystyrene because of lower protein adsorption. The plate
should be rigid and precisely machined for optimal functioning with printing
robots. The amount of antibody solution to load into each well of the print plate
depends on the requirements of the printing robot—usually 10–15 µL is sufficient.
If printing is sometimes inconsistent or variable between printing pins, it is desir-
able to fill multiple wells with the same antibody solution, so that different print-
ing pins spot the same antibody and the data from replicate spots can be averaged.
Store the 384-well print plates sealed in the refrigerator until ready to use. Alu-
minum foil tape provides a good seal (see Materials). Long-term evaporation-free
storage is ensured by enclosing the covered plate in a sealed plastic bag (see Note
4). Prepare a spreadsheet containing the well identities for use in downstream data-
processing applications.

3. Printing substrates. Various substrates for antibody microarrays have been demon-
strated, such as poly-l-lysine-coated glass (1), aldehyde-coated glass (2), nitrocel-
lulose (4,16), and a polyacrylamide-based hydrogel (17,18). Microscope slides
with these various coatings can be purchased commercially. Because each applica-
tion is unique in some aspects, the choice of which to use should be determined
empirically by each user. We recommend simply preparing arrays on several dif-
ferent substrates and running the arrays in parallel, using the same sample on each
array. Several criteria could be used to determine which surface type is best. The
user should look at the signal-to-background ratio at each antibody spot, the repro-
ducibility between replicate arrays, consistency in spot morphology, and the con-
sistency in the background within each array.

4. Microarray printing hardware. Several varieties of commercial microarray printers
are available, either contact printers or noncontact printers. Contact printers, com-
monly used for printing cDNA arrays, use metal pins to pick up antibody solutions
from the print plate and deposit a small amount of the solutions (usually approx 1
nL) onto microarray substrates by contacting the surface. Noncontact printers
deposit solutions without contacting the substrate, usually by ejection of a sub-
nanoliter droplet from a quartz tip by a piezo-electric mechanism. Contact printers
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can produce arrays faster than noncontact printers, especially if multiple printing
pins are used simultaneously. The low production capacity of the noncontact print-
ers can be a problem for some users, but the advantages of better spot repro-
ducibility and morphology can be significant. Also, noncontact printers usually
allow completely flexible array configurations, whereas the choices are usually
more constrained using contact printers. The ability to print multiple replicate
arrays on a single slide can be very useful, because the microarray substrates are
used more efficiently and the throughput of the experiments can be higher. If mul-
tiple arrays per slide are printed, a method to separate the arrays is needed, so that
different samples can be incubated on each array. A simple method is to draw a
hydrophobic border around each array with a hydrophobic marker (see Subhead-
ing 2.). Another method for that purpose is the ProPlate (Grace Biolabs, Bend,
OR), which can form up to 16 separate “wells” around 16 different microarrays on
each slide.

5. Microarray printing. The details of the printing process will depend on the type of
printing robot used, but we give some general notes here. Minimize the time that
the print plates are unsealed and exposed in order to keep evaporation of the anti-
body solutions low. Evaporation may be minimized by cooling the print plate and
maintaining an appropriate humidity in the printing environment. In a room-tem-
perature environment, cooling the print plate to 5°C at a humidity of approx 43%
will minimize both evaporation and condensation. The user should confirm that the
print tips are sufficiently washed between loads, so that no measurable contamina-
tion between antibodies occurs. This test can be performed by printing a dye-
labeled protein solution and a buffer solution in successive spots. If fluorescence is
seen in the buffer spots, the pins need to be washed more stringently. Most microar-
rayers will allow the printing of replicate spots on each array, which are useful to
obtain more precise data through averaging and to ensure the acquisition of data if
a portion of the array is unusable. Three to six spots per array per antibody are usu-
ally sufficient. The handling of the arrays after printing depends on the surface
used—see the manufacturer recommendations. Usually it will be advised to let the
arrays incubate for some time to allow the antibodies to fully bind to the substrate.
We recommend vacuum sealing and refrigerating the arrays for storage to mini-
mize loss of antibody activity (see Note 5).

3.2. Sample Labeling With Haptens

1. Hapten-labeled protein samples are prepared by covalent labeling of an aliquot of
sample with NHS-digoxigenin, and another aliquot with NHS-biotin. Each protein
sample aliquot is diluted 1:15 with 50 mM carbonate buffer at pH 8.3, followed by
addition of 1/20 volume of 6.7 mM NHS ester linked to digoxigenin or biotin, dis-
solved in dimethylsulfoxide (DMSO). After the reactions proceed for 1 h on ice,
one-tenth volume of 1 M Tris-HCl (pH 8.0) is added to each tube to quench the
reactions, and the solutions are allowed to sit for another 20 min. The unreacted
dye is removed by passing each solution through a size-exclusion chromatography
spin column (Bio-Spin P6). The digoxigenin-labeled samples are pooled, and equal
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amounts of the pool are transferred to each of the biotin-labeled samples. Each hap-
ten-labeled protein solution is supplemented with nonfat milk to a final concentra-
tion of 3%, Tween-20 to a final concentration of 0.1%, and 1X PBS to the final
desired dilution. The optimal dilution of the samples may vary depending on the
surface type and antibodies used, and should be determined empirically.

3.3. Microarray Immunoassay and RCA Signal Generation

The following reagents, described under Subheading 2., are used: Anti-
biotin antibody covalently conjugated to a 20-base oligonucleotide p1; anti-
digoxigenin antibody covalently conjugated to a different 20-base
oligonucleotide p2; 80-base circular DNA c1 with a portion complementary to
primer 1; 80-base circular DNA c2 with a portion complementary to primer p2;
Phi29 DNA polymerase; and decorator oligonucleotides d1 and d2.

1. Contacting of labeled protein sample with antibody microarrays: A 100-µL sample
of each hapten-labeled serum sample mix is incubated on a microarray with gentle
rocking at room temperature for 1 h. The microarrays are rinsed briefly in PBST0.1
to remove the sample, washed three times for 3 min each in PBST0.1, and dried by
centrifugation. (Optional: for indirect detection without RCA, microarrays are
incubated under gentle rocking for 1 h at room temperature with primer 1-labeled
anti-biotin and primer 2-labeled anti-digoxigenin antibodies, each prepared at 0.5
µg/mL in 1X PBST0.1 with 1% BSA. A Cy3-labeled 20-bp oligonucleotide (d1)
complementary to primer 1 and a Cy5-labeled 20-bp oligonucleotide (d2) comple-
mentary to primer 2 are prepared at 0.2 mM each in 2X SSC with 0.1% Tween-20
and 0.5 mg/mL herring sperm DNA. This solution is incubated on the microarrays
for 1 h at 37°C. By using these labeled “decorator” oligos, d1 and d2, the antibod-
ies are labeled by hybridization to the covalently bound primers.)

2. For RCA-enhanced detection, the microarrays are incubated for 1 h at room tem-
perature with a solution containing 75 nM oligonucleotide c1, 75 nM oligonu-
cleotide c2, 1.0 µg/mL primer p1-conjugated antibiotin, and 1.0 µg/mL primer
p2-conjugated anti-digoxigenin in PBST0.1 with 1 mM EDTA and 5 mg/mL BSA.
The microarrays are rinsed briefly in PBST0.1 and washed at room temperature
with gentle rocking three times for 3 min each in PBST0.1. Phi29 DNA polymerase
(Biolabs) in 100 µL of 1X Tango buffer (Fermentas) solution with 0.1% Tween-20
and 1 mM dNTPs is incubated on the microarrays at 37°C for 30 min. The final
concentration of Phi29 DNA polymerase should be 0.4 U/µL. After RCA, the
microarrays are rinsed briefly in 2X SSC/0.1% Tween-20, washed three times for
3 min each at room temperature with gentle rocking in 2X SSC/0.1% Tween-20,
and dried by centrifugation. A Cy3-labeled 20-bp decorator oligonucleotide (d1)
complementary to the repeating DNA strand generated from primer p1 and a Cy5-
labeled 20-bp decorator oligonucleotide (d2) complementary to the repeating DNA
strand from primer p2 are prepared at 0.2 mM each in 2X SSC with 0.1% Tween-
20 and 0.5 mg/mL herring sperm DNA. This solution is incubated on the microar-
rays for 1 h at 37°C, followed by washing for 2 min in 1X SSC.
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3.4. Scanning of Microarrays

Several commercial microarray scanners are available, and each will have
slightly different capabilities and functionality. Features such as adjustable res-
olutions, adjustable laser and photomultiplier settings, and autofocus abilities
may vary between scanners. Some have the option to scan more than two chan-
nels of fluorescence, or are equipped with autoloaders for the convenient scan-
ning of many slides (see Note 6). That capability is especially valuable for
high-resolution scans of multiple slides.

1. Scanner settings. Most currently available scanners allow the user to adjust the
laser and photomultiplier tube (PMT) settings, which is necessary because signal
strengths can vary significantly between experiments, depending on the surface
and sample types and other factors. The following guidelines should be adhered to.
A significant saturation of signal at any of the spots should be avoided, because the
values for those spots cannot be known if the signal is saturated (see Note 7).
Therefore, the settings should be as high as possible without saturating any spots;
usually, the average spots reach about 50% of the detector capacity. Most scanners
offer a “quick scan” option at low resolution, to allow the user to rapidly determine
the signal levels on the array and to set the optimal scanner settings. The laser
power should be preferentially increased over the PMT gain. Higher laser power
can improve signal-to-noise ratios (19), and laser outputs are more stable (less vari-
able) at higher powers. The laser should be set as high as possible—up to approx
90–95% of maximum power. If the laser power is maximized and more signal is
desired, increase the PMT setting. When scanning a group of slides that, together,
compose an experiment set, it is usually desirable to use the same scanner settings
for all slides. The user may then perform a quick scan on each slide in the set to
verify that all the slides may be scanned at the chosen setting. The prescans should
be limited to minimize photobleaching of the fluorophores on the arrays.

2. After the laser and PMT settings have been chosen, scan the slides at a resolution
appropriate to the spot sizes. Ten to twenty pixels across the diameter of each spot
are optimal. So if the spots have a diameter of 200 µM, use a resolution of no more
that 20 µM. Fewer than 10 pixels across a spot can lead to imprecise averaging, and
more than 20 pixels across does not further improve data quality and results in
unnecessarily large image file sizes. Most scanners save the images in the TIFF
format, with a separate image for each color channel that was scanned. An image
of a scanned sub-array is shown in Fig. 2.

3.5. Data Analysis

Data analysis involves quantification of fluorescence intensity, spot flagging,
averaging of replicate spots, normalization, and statistical analysis. The logical
flow of these steps is outlined as follows, but a full treatment of the complex sub-
ject of microarray data analysis is beyond the scope of this chapter. The reader is
referred to recent reviews (21–23) of the extensive literature on the subject.
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1. Spot localization and quantification of fluorescence intensity. The data analysis
begins with quantification of the scanned images using a microarray gridding pro-
gram, such as GenePix Pro from Axon Laboratories. This program will assign user-
supplied identifications to each spot, locate the boundaries of each spot, and
calculate various statistics for each spot, such as the average signal intensity of the
pixels within a spot and outside of a spot, or the standard deviation between the
pixels. The use of these numbers then depends on the type and purpose of the
experiments. Two-color, label-based assays have significantly different primary
data analysis methods (7,16) as compared with single-color sandwich assays (20).

2. Low-level data processing. The primary processing of the data involves spot flag-
ging, averaging of replicate spots, and normalization. Spot flagging is the accept-
ance or rejection of spots based on signal intensities or other parameters. All arrays
should be visually inspected, and spots with obvious defects should be flagged
manually. A useful threshold for flagging spots by intensity is calculated by the for-
mula 3*B*CVb, where B is each spot’s median local background, and CVb is the
average coefficient of variation (standard deviation divided by the average) of all
the local backgrounds on the array. This threshold is similar to the standard devia-
tion of the local background but minimizes the effects from spikes in the local
backgrounds. For two-color data, the relevant parameter for subsequent analysis is
the ratio of the fluorescence from the two color channels. For each spot, use the for-
mula (F1–B1)/(F2–B2), where F1 and F2 are the median intensities of the pixels
inside the spot for color channels 1 and 2, respectively, and B1 and B2 are the

Fig. 2. Scanned image of an antibody sub-array. Antibody replication is in triplicate.
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median intensities of the pixels locally outside the spot for the two color channels.
GenePix Pro calculates this parameter automatically, and the user can simply
extract the values of the nonflagged spots. The averaging of replicate spots helps
to reduce variability caused by spot-to-spot differences. The “geometric mean” of
the ratios should be calculated. That is, the logarithm of the ratios should be cal-
culated (base 2 is useful) prior to averaging. The averages can then be anti-logged
or left as logs, depending on the next analysis.

3. Normalization is typically applied to microarray data to account for possible sys-
tematic experimental variation in factors such as sample labeling efficiency, scan-
ner readout efficiency, and microarray quality (24,25). Methods developed for
two-color cDNA array data may be useful here, but the differences in antibody
microarray experiments, such as a smaller and more selected set of targets and a
different labeling method, may mean that the optimal normalization methods may
be different. A simple “global normalization” method, which sets the median or
mean ratio on each array to a fixed value, usually works quite well, but that method
relies on the assumption that the average abundance of the measured proteins does
not change between samples. A better method might be to select a subset of the
spots within each array—spots that are expected not to change between samples—
and to set the mean of those spots equal between arrays. If that method is used, the
arrays should be designed to include many common, housekeeping, or structural
proteins for use in the normalization.

4. Once the data are normalized, data from an experiment set can be brought together
for statistical analyses. A variety of well-documented microarray analysis packages
are available (microarrayworld.com/SoftwarePage.html), and the most appropriate
tools will depend on the goals of the experiment. A common goal is to identify dif-
ferences between samples, or to test the use of groups measurements for the clas-
sification of sample types. Often it is useful simply to visualize the expression
profiles in a data set. Clustering is a useful tool for that, and a widely used program
is freely available (rana.lbl.gov). Clustering allows the convenient visualization of
patterns from many proteins over many samples and also the assessment of the
degree of similarity between samples or proteins.

4. Notes
1. Antibodies should be of very high specificity, as determined by enzyme-linked

immunosorbent assay (ELISA) or other methods. Specificity can be tested on the
microarray format by performing competition assays, provided that the intended
antigen is readily available. Serum is spiked with antigen, and labeling is per-
formed as indicated. Increasing amounts of unlabeled antigen are added in a series
of microarray experiments, to measure the reduction of the fluorescent signal as a
function of the concentration of competing antigen.

2. Exonuclease digestion after generation of circular DNA was used in previously
published protocols to destroy the remaining guide oligonucleotides after ligation.
However, we have eliminated this step by using guide oligonucleotides with
blocked 3′ termini, which have no priming activity. An amino group located at the
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3′ end of the guide oligonucleotide can serve this purpose. The guide oligonu-
cleotides remain hybridized to the circular oligos during purification, but are read-
ily displaced by phi29 DNA polymerase during the RCA reaction.

3. The Biospin columns come prepacked with two types of buffers: SSC and Tris
buffer. The packing buffer comes out of the column with the sample that was
applied to it. That is, after a sample is run through the column, it will be in the
buffer with which the column was packed. The packing buffer can be changed by
running a different buffer through the column three times. The P30 column
removes solution components smaller than 30 kD, and the P6 column removes
components smaller than 6KD. Thus the P30 column is better for purification of
antibodies, and the P6 column is better for the purification of complex mixtures in
which low-molecular-weight species should be preserved.

4. Food storage sealers work well for this purpose. Some models have the option of
applying vacuum, or simply sealing without vacuum. To completely prevent
evaporation of fluid from the print plate, insert a moist piece of paper towel into
the bag with the print plate before sealing; this will keep the humidity in the bag
high.

5. We do not know of systematic studies on the shelf life of antibody microarrays.
Our own experience has show that arrays stored up to 2 mo under vacuum in a
refrigerator or cold-room show undiminished signal and performance properties.

6. A cautionary note when using autoloaders is that high levels of atmospheric ozone
can be destructive to certain dyes, such as Cy5 (26). High levels of ozone can build
up in closed compartments with electrical motors inside.

7. Saturation occurs when the upper limit of quantification of a signal has been
exceeded. Most scanners will have some indication of pixels that have been satu-
rated, such as white-colored pixels.
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Antibody Microarrays Using Resonance Light-Scattering
Particles for Detection

Bernhard H. Geierstanger, Petri Saviranta, and Achim Brinker

Summary
Antibody microarray measurements show great potential for the simultaneous quantification

of many proteins in small amounts of body fluids and extracts. Over the last few years, a micro-
array platform centered around the concept of microarrays in microtiter wells was developed, and
for the best assays we have achieved lower limits of detection in the femtomolar range using res-
onance light-scattering particles for the staining of biotinylated detection antibodies. Although
conceptually simple, these multiplexed sandwich assays are technically challenging. Here we
describe in detail our protocols and procedures for the manufacturing of antibody microarrays
with up to 48 different antibodies and for performing plasma measurements.

Key Words: Antibody microarray; multiplexed sandwich assays; plasma proteins; resonance
light-scattering (RLS) particles.

1. Introduction
Protein and antibody microarray measurements can be performed in a num-

ber of different ways and formats (1–4). Reverse arrays wherein many samples,
typically cell lysates (5,6) or tissue sections (7), are probed simultaneously by
a single antibody, are a powerful approach to characterize patient-derived, pri-
mary tumor samples, especially when employed in conjunction with laser cap-
ture microdissection. Reverse arrays have also been developed to study signal
transduction pathways (8). Arrays of antigens for the detection of auto-anti-
bodies (9–11) have had the biggest impact so far in clinical environments. Two-
color approaches that simultaneously compare the responses of large antibody
arrays to chemically labeled reference and diseased samples continue to be
powerful approaches to disease marker discovery (3,12). Closest to the enzyme-
linked immunosorbent assay (ELISA) tests widely used in research and clinical
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laboratories are antibody microarrays using multiplexed sandwich assays. In
this approach, different capture antibodies are spatially arrayed on a surface and
a variety of detection schemes can be employed, as has been reviewed recently
(see refs. 13 and 14). All achieve multiplexing capability by applying mixtures
of detection antibodies to an array of immobilized capture antibodies (15–23).
In this sense, antibody microarrays are simply multiplexed sandwich assays.
Compared with a single assay in a microtiter plate, the concentrations and
amounts of reagents involved are, however, quite different (24,25), and it is
believed that for this reason, microarray measurements generally fall into the
ambient analyte regime (26), meaning that the measurement does not deplete
the analyte in the assay volume.

Because quantitative assays require calibration curves, we have developed
a slide holder that divides a 1-inch × 3-inch slide into 48 separate wells (4
rows by 12 columns). The well-to-well spacing, 4.5 mm, is the same as is
used in the standard 384-well microtiter plates. Each well contains the same
12 × 12 antibody microarray with 144 spots (triplicate spots for 48 antibod-
ies; see Note 1). We use eight wells per slide to simultaneously generate
eight-point calibration curves for all analytes, using mixtures of purified anti-
gens. A single slide holder contains four slides with 48 identical antibody
microarrays, and on each slide four dilutions of ten samples are measured
against an eight-point calibration curve (25). Unique to our platform is the use
of resonance light-scattering (RLS) particles, in essence 78-nm diameter col-
loidal gold particles coated with an anti-biotin antibody (27–29), for the
detection of the biotinylated primary antibodies by signal generation through
light scattering.

As we have shown recently, RLS can detect as few as 400 binding events on
the surface of a 24-plex mouse antibody array (25). The light-scattering inten-
sity of these colloidal gold particles is such that single particles can be seen
under a light microscope (30). RLS staining has also been shown to dramati-
cally increase the number of detectable gene messages in microarray gene
expression profiling experiments (30). The high sensitivity of the stain is based
on the light-scattering properties of colloidal gold particles (27–29), and others
have used colloidal gold for the ultrasensitive, almost single-molecule detection
of antigens after PCR amplification of DNA barcodes on nanoparticles (31). As
will be illustrated below, RLS staining of biotinylated reagents is a fast, simple,
and robust procedure that yields highly sensitive multiplexed sandwich assays.
We routinely use RLS particles with two antibody arrays for human plasma pro-
teins with 43 and 45 analytes respectively, as well as a 24-analyte antibody
array for mouse plasma proteins. In addition, we are currently evaluating RLS
staining procedures for microarray assays that study protein–DNA interactions
as well as profiling of proteases using PNA-encoded probes (32).
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The technical challenges of array measurements are numerous. With the
RLS particles, we have found a very sensitive and robust staining method.
Manufacturing of antibody arrays is a process that needs a strong commitment
to details and tight process control, but good results can be obtained. Assay
optimization, and availability and reliability of the reagents, will continue to
be a challenge. In our experience, a maximum of 50 analytes can be multi-
plexed before cross-reactivity issues and antigen-independent antibody cross-
talk will severely limit and affect the dynamic range and sensitivity of many
sandwich assays on the array. There seems to be an intrinsic barrier for the
degree of multiplexing. Needless to say, keeping a collection of 50 capture
antibodies, 50 antigens, and 50 detection antibodies fully functional on a day-
to-day basis is a formidable task. Smaller sets of reagents can be used over
extended periods with good results, but clearly better antibody reagents are
urgently needed. Because of the multiplexed nature of these measurements, the
diluent and sample preparation methods cannot be optimized for best per-
formance of all analytes. As has recently been shown (33), the choice of anti-
coagulant seems to have an effect on the results for specific analytes, and
therefore compromises have to be made with respect to sample preparation and
assay optimization.

2. Materials
2.1. Antibody Microarray Printing and Processing

1. GAPS II or UltraGAPS amino-silane coated glass microarray substrates are pur-
chased from Corning, Inc. (see Note 2).

2. A Genemachine Accent printer from Genomic Solutions (Ann Arbor, MI) is
equipped with a humidity control unit and an in-house built cooling unit for the
print plate. A larger blotting pad is also installed (see Note 3).

3. Four SMP3 steel quill pins (Telechem, Sunnyvale, CA) are typically used in parallel.
4. Monoclonal and affinity purified polyclonal antibodies to be immobilized on the

microarrays are purchased from a variety of vendors and used without further
purification (see Note 4). Antibodies are stored according to the suppliers’ recom-
mendations, typically in liquid form at 4°C.

5. Capture antibodies are diluted to a final concentration of 0.25 mg/mL into a print-
ing buffer that is optimized to the hydrophobicity of the surface as well as the print-
ing conditions. The 5X printing buffer is available from Invitrogen (Carlsbad, CA).

6. Casein blocking solution (1%) for blocking of antibody arrays in preparation for
storage is purchased from Pierce, and filtered through a 0.22-µm filter at room tem-
perature. The filtrate is stored at 4°C.

2.2. Preparation and Storage of Samples

Complete, ethylenediamine tetraacetic acid (EDTA)-free protease inhibitor
cocktail tablets are purchased from Roche, Inc.
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2.3. Sandwich Microarray Assays

1. Biotinylated detection antibodies are purchased from a variety of vendors and
used without further purification at concentrations between 0.013 and 0.5 µg/mL,
as determined during assay optimization. Detection antibodies are stored accord-
ing to the suppliers’ recommendations, typically in liquid form at 4°C.

2. Other detection antibodies are biotinylated using NHS-PEO4-biotin (Pierce)
according to protocols provided by the manufacturer (see Note 5).

3. For the standard curves, antigens are purchased from a variety of vendors and used
without further purification. Aliquots of the antigens are flash frozen in liquid nitro-
gen and stored at –80°C.

4. Antigens are diluted into casein blocking solution. Dilutions for calibration curves
are freshly prepared for each assay from flash-frozen stock solutions (see Note 6).
Casein blocking solution (1%) is purchased from Pierce.

5. Bovine serum albumin, sodium chloride, and Tween-20 are purchased from Sigma.
6. Goat IgG is purchased from Jackson ImmunoResearch Laboratories, Inc.
7. Phosphate-buffered saline (PBS) stock solution (10X PBS) is purchased from

Invitrogen.
8. Complete, EDTA-free protease inhibitor cocktail tablets are purchased from

Roche, Inc.
9. RLS particles and archiving solution are purchased from Invitrogen (Carlsbad, CA).

10. A slide holder to hold four microarray substrates was developed in house. The slide
holder has 192 wells with 4.5-mm spacing separating each of the four microarray
substrates into 48 physically separated 3 mm × 3 mm areas, similar to the footprint
of a standard 384-well microtiter plate. The slide holder is commercially available
through GNF’s Department of Engineering.

11. A 384-plate washer (Tecan, Research Triangle Park, NC) was modified to allow
for automated and simultaneous washing of all 192 wells in the slide holder.
Generally, three cycles of 400 µL wash volume per well in the overflow wash
mode are used (see Note 7). The wash solution consists of 0.005% Tween-20 in
1X PBS.

12. During all incubation steps the slide holder is shaken on a Tecan orbital shaker at
1500 rpm, changing directions (clockwise to counter-clockwise) every 5 min (see
Note 8).

2.4. Microarray Imaging, and Image and Data Analysis

1. A 16-bit charge-coupled device (CCD) camera-based scanner optimized for the
detection of resonance light scattering is available from Invitrogen (Carlsbad, CA).

2. Images are processed with ArrayVision, Version 8.0 (Imaging Research, St.
Catharines, Canada). The software is provided with the scanner.

3. For quantification of the images, an Excel macro was developed. Details are
described under Subheading 3.4. Sample files will be made available upon
request.
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2.5. Assay Development and Optimization

Reagents and equipment for the development of new assays were obtained as
described previously.

3. Methods
Antibody microarray measurements as described here are conceptually

simply multiplexed sandwich assays in microarray format. Rather than
obtaining a concentration readout for a single protein of interest, tens of pro-
teins are measured simultaneously with the same small amount of sample. In
our format, 15 µL of sample are sufficient for the quantification of up to 45
different analytes (see Note 1). However, in practice, microarray measure-
ments are quite complex. This starts with the manufacturing of microarrays
that requires tight environmental and process control, and great care must be
taken in optimizing printing conditions to the surface properties of the
microarray substrate before acceptable results can be obtained (see Sub-
heading 3.1.). Because of the multiplexed nature of the assay, compromises
must be made in how samples can be handled (see Subheading 3.2.). The
sandwich microarray assay (see Subheading 3.3.) itself roughly follows the
scheme of an ELISA plate assay, with a sample incubation period, a detection
antibody incubation period, and a staining step, with additional blocking and
washing steps in between. Staining with RLS particles follows a simple pro-
cedure that results in a highly sensitive and generic signal generation method
for biotinylated reagents frequently used in microarray applications, such as
protein, antibody, oligonucleotide, and cDNA microarrays (30). In contrast
with plate assays, microarray measurements require an image to be taken and
analyzed (see Subheading 3.4.). We will also describe how we calibrate the
assays and analyze the actual protein concentrations. Last but not least, the
process of developing and optimizing a panel of assays into an antibody
microarray is discussed under Subheading 3.5., and likely constitutes the
most challenging aspect of antibody microarray measurements. Processing of
16 microarray slides in four slide holders (with a total of 768 microarrays),
from mounting the slides, performing the assay, to archiving all slides,
requires approx 5 h.

3.1. Antibody Microarray Printing and Processing

3.1.1. Preparing Print Plate

1. To avoid transferring particulate matter to the print plate, capture antibody stock
solutions are spun for 30 min at 30,000g (at 4°C).

2. Capture antibody stock solutions are diluted with 1X PBS and 5X printing buffer
to a final antibody concentration of 0.25 mg/mL (see Note 9).
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3. 8 µL of each antibody printing solution is transferred to a 384-Well Round Bottom
Low Volume plate (Corning, part number 3676).

4. After all samples have been added, the print plate is sealed with an aluminum adhe-
sive lid (Beckman) and spun at 500g for 30 s to remove air bubbles and to settle
the samples to the bottom of the wells.

5. The print plate is stored in the cold-room for at least 24 h before the printing oper-
ation begins (see Note 10).

3.1.2. Preparing Microarrayer and Printing of Microarrays

1. The microarrayer is situated in a dedicated humidity- and temperature-controlled
room that is supplied with high-efficiency particulate arresting (HEPA)-filtered air
generating a near clean-room environment. The room is set to 70% relative humid-
ity and 20°C. The humidity control on the microarrayer is set to 75% relative
humidity (see Note 11).

2. The array printer is equipped with a temperature-controlled stage used to keep the
print plate at a constant temperature of approx 15.5°C throughout the printing
process. The temperature for the sample plates is set just slightly above the dew
point to prevent evaporation and concentration of the samples to be printed as well
as to prevent condensation (see Note 12).

3. SMP3 pins deposit approx 0.6 nL of solution in a single spot. 50 spots are
preprinted onto a blotting pad to remove excess material from the outside of the
pin. Antibodies are printed in triplicates with a spot-to-spot distance of 200 µm. 48
identical subarrays with 4.5-mm array-to-array spacing are printed with four pins
in parallel. Each pin is refilled after 72 spots have been printed onto two microar-
ray slides (two rows of 12 subarrays with triplicate spots per subarray) (see Note
13). The print plate is allowed to equilibrate to the stage temperature while basic
printer maintenance, such as removing dust, changing rinse and cleaning solutions,
and cleaning blotting pad, is performed.

4. Print pins are cleaned and inspected under microscope (see Note 14).
5. The sonication station is filled with fresh, deionized water (Millipore).
6. The print pins are inserted into the proper locations in the print head.
7. In the final step, the array substrates are mounted on the print deck, the cover is

removed from the print plate, and the printing program is started.

3.1.3. Postprinting Processing and Storage

1. Microarrays are kept on printer for at least 1 h after printer has finished spotting the
arrays.

2. To block printed slides with casein solution as preparation for storage, the antibody
microarray slides are removed one by one from the printing deck, and gently and
slowly lowered with a pair of forceps into a slide-mailer filled to three-quarters
with blocking solution (see Note 15).

3. After 1 h room temperature incubation, remove slides from the slide-mailer one by
one and place each slide in its own 50-mL centrifuge tube (Falcon tube).
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4. To remove the excess blocking reagent from the slides, centrifuge the slides for 1
min at 285g.

5. Remove slides from the 50-mL centrifuge tubes and place them into a clean slide-
mailer. Store slides at room temperature in a desiccator until they are needed (see
Note 16).

3.2. Preparation and Storage of Samples

1. Our collaborators collected up to 150 µL of blood from mice via retro-orbital eye
bleeds into Sarstedt Microvette 200 K-EDTA RB blood tubes (Fisher Scientific) or
into heparin-coated collection tubes. Blood cells were separated by centrifugation,
and plasma samples were flash frozen in liquid nitrogen. Similarly prepared human
samples were provided to us by a number of collaborators in frozen form.

2. Samples are stored as frozen aliquots at –80°C.
3. After thawing, the samples are spun for 30 min at 30,000g at 4°C to remove pre-

cipitates and aggregates.
4. Complete, EDTA-free protease inhibitor cocktail is applied at a concentration of

one tablet per 50 mL of diluent used throughout the assays.
5. For samples that are obtained in liquid form, protease inhibitor cocktail is added as

soon as possible before flash freezing aliquots of samples.

3.3. Sandwich Microarray Assays

3.3.1. Assembling Slide Holder and Slide Preparation

1. Four preblocked slides are mounted in the slide holder.
2. The slides are washed once with 1X PBS/0.005% Tween-20 buffer.
3. Excess wash solution is removed by inverting the slide holder and spinning the

slide holder briefly (285g, 30 s).

3.3.2. Sample Incubation

1. Dilutions of plasma samples and of standard mixtures for calibration curves are
prepared in casein in a 384-well plate. For the most concentrated dilution,
unprocessed plasma or freshly prepared mixtures of purified antigens are diluted
1:1 with 12.5 µL casein blocking solution. Subsequent dilutions are serially diluted
10-fold into casein using 2.4 µL of the first dilution.

2. Twenty microliters of plasma and standard samples are applied to each antibody
array of the slide holder with a multi-channel pipettor or a laboratory robot (see
Note 17).

3. After an incubation time of 1 h, all arrays are washed with 1X PBS/0.005% Tween-
20 buffer.

4. Excess wash solution is removed by inverting the slide holder and spinning it
briefly (285g, 30 s).

5. During all incubations, the solutions are mixed continuously by placing the slide
holder on an orbital shaker (Tecan, Research Triangle Park, NC) in a climate-con-
trolled room (1500 rpm, 20°C, 70% relative humidity) (see Note 8).
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3.3.3. Incubation With Detection Antibodies

1. A mixture of biotinylated detection antibodies diluted into casein containing 0.5
mg/mL goat IgG is applied to the microarrays for 1 h with vigorous mixing fol-
lowed by a wash step.

2. Excess wash solution is removed by centrifugation as described previously.

3.3.4. Staining With RLS Particles

1. Prior to staining with RLS particles, slides are re-blocked with casein solution for
10 min.

2. In a final 1-h incubation step, RLS gold particles are applied to the arrays at a final
dilution of 0.25 OD600 in casein containing 300 mM NaCl and 0.5 mg/mL goat
IgG.

3. Excess material is removed by washing.
4. The slide holder is disassembled, the slides are dipped twice into 50 mL deionized

water, and are spun dry (400g, 1 min) in Falcon tubes before coating with RLS
archiving solution (Invitrogen, Carlsbad, CA).

3.3.5. Archiving

1. To enhance the light-scattering properties of the RLS particles as well as to reduce
light-scattering effects from surface scratches and dust particles, a polymer coating
is applied to the slides.

2. Slides are coated with archiving solution by very slowly dipping each slide indi-
vidually into a slide mailer three-quarters filled with the archiving solution (see
Note 19).

3. Excess material is allowed to drip off the slide. Each slide is placed in a separate
50-mL Falcon tube, and excess archiving solution is removed by centrifugation
(400g, 45 s) (see Note 20).

3.4. Microarray Imaging and Image and Data Analysis

1. Archived slides are typically scanned the next morning on a 16-bit CCD camera-
based scanner optimized for the detection of RLS light scattering. Four slides at a
time are loaded into the holder of the scanner. A resolution of 10 µm is chosen. The
exposure time is adjusted with the standard curves so as to not saturate the 16-bit
detector. Typical exposure times are 0.3 s.

2. After imaging, the TIFF file is loaded into ArrayVision. A mask with the array lay-
out is applied to the image. The orientation and the dimensions of the mask are
adjusted. Proper alignment of the mask with the spots of all subarrays is checked
manually. Spots affected by artifacts such as dust and streaks are manually flagged
and excluded from the analysis before signals are integrated. Raw median-trimmed
mean (MTM) values (without subtraction of the local background) are exported to
an Excel worksheet.

3. Raw MTM values are copied into the RAW data table in the analysis Excel file
(Fig. 1). Within Excel, a Visual Basic program will convert the raw data, using
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Fig. 1. Excel data analysis macro. RAW data input from the image analysisprogram Array Vision.
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inputs describing the array layout, concentrations of antigen standards, and dilu-
tion factors, into concentration readouts in pg/mL for each analyte and for each
dilution.

4. Analyte names, location on the array, and the concentrations of antigens used for
the calibration arrays, as well as the array layout and sample dilutions, are defined
in the SETUP worksheet (Fig. 2).

5. The automatically fitted standard curves for each analyte are displayed in the
MANUAL worksheet (Fig. 3). These eight-point calibration curves are inspected
visually, and the fit can be modified by re-setting and restricting the fitting param-
eters and removing obvious outlier data points (see Note 21). Below the calibra-
tion curve, a table lists the raw signal and the concentration value for each of the
four dilutions measured for each of the 10 samples that are being analyzed per
antibody microarray slide (see Note 22). The program automatically chooses the
lowest dilution that gives a signal in the dynamic range of the assay. Alternatively,
a dilution can be selected manually, which often allows for a more accurate com-
parison across many samples, especially for assays where matrix effects result in
dramatically different concentration readouts depending on which dilution is
used.

6. After clicking on STORE DILUTION (Fig. 3), the results are exported to a SUM-
MARY data sheet (Fig. 4) that lists the concentration values for all analytes and
samples of one microarray slide. For multi-slide experiments, these SUMMARY
data sheets are combined and processed further.

3.5. Assay Development and Optimization

3.5.1. Reagent Selection and Characterization

1. To identify microarray-compatible sandwich pairs, several commercially available
antibodies are obtained against each analyte of interest and tested in all possible
combinations, with each antibody acting as capture and also as detection antibody
(see Note 23).

2. All unmodified antibodies are arrayed out as capture antibodies and incubated with
their individual biotinylated variants at 0.5 µg/mL in the absence or presence of
increasing concentrations of single antigens (100 pg/mL, 10 ng/mL, 1 µg/mL) (see
Note 24).

3. Antibodies associated with high antigen-independent background signals are dis-
carded. The most sensitive sandwich pair remaining is selected for further testing
and for the final panel assembly (see Note 25).

Fig. 2. Excel data analysis macro. SETUP window defining analytes of a 24 mouse
plasma antibody array, antigen concentrations (in pg/mL) used for generating calibra-
tion curves in eight microarrays as specified in the upper right table, as well as sample
dilution factors and general settings.
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Fig. 3. Excel data analysis macro. MANUAL window for mouse interleukin 5 (IL5)
with the eight-point calibration curve displayed linear and log/log plot of resonance
light scattering (RLS) signal vs analyte concentration in pg/mL. To the left of the
curves, the raw data for each of the spots for each of the standard concentrations is
shown. To the right of the curves, a scroll-down window allows the selection of differ-
ent analytes. At the bottom, a table summarizes raw data and calculated concentrations
in pg/mL for each of the four dilutions of 10 samples (for clarity, only five samples are
shown).

Fig. 4. Excel data analysis macro. SUMMARY TABLE listing the concentrations (in
pg/mL) of 24 mouse plasma proteins measured in 10 samples.   
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3.5.2. Iterative Panel Assembly and Optimization

1. For the assembly of multiplexed immunoassays, up to 45 capture antibodies (see
Note 1) targeting distinct antigens are arrayed and incubated with a mixture of the
45 corresponding detection antibodies in the absence or presence of increasing
concentrations of individual antigens (e.g., 100 pg/mL, 10 ng/mL, 1 µg/mL). This
experimental setup will help evaluate the concentration-dependent cross-reactivity
of each analyte with each individual sandwich assay on the array.

2. In iterative rounds of testing and reshuffling, individual immunoassays are assessed
for their potential to work together in assemblies of 45. Generally cross-reactive
and grossly incompatible immunoassays are discarded. The remaining immunoas-
says are grouped into separate sub-panels with a view to minimize antigen-depend-
ent cross-reactivity. In this phase of assay optimization, generic antibody
concentrations are used for spotting and detection.

3. To evaluate the antigen-independent antibody cross-talk in the final panel, each
detection antibody is incubated individually at a concentration of 0.5 µg/mL in the
absence of antigens with the entire capture antibody array.

4. To evaluate the antigen-dependent on-feature cross-reactivity in the final panel, the
detection antibody mix is incubated with increasing concentrations of individual
antigens.

5. Individual antigen titrations against the entire panel are used to adjust antigen con-
centrations to cover the dose-response curve of the immunoassay in an eight-point
threefold dilution series.

6. Multiple standard curves are recorded with antigen and detection antibody mix-
tures, and the performance of individual immunoassays in the multiplexed format
is compared to the assay performance using individual analytes with respect to
background signal in the absence of antigen and with respect to the dynamic range
of each assay. To reduce the effect of the increased antigen-independent back-
ground in the fully multiplexed assay, the concentrations of all detection antibod-
ies are stepwise lowered as far as possible (see Note 26).

7. Finally, test measurements are performed with plasma samples to fine-tune the
standard concentrations and panel composition as needed.

8. To a limited extent, the assay sensitivity can be enhanced by increasing the concen-
tration of the capture antibody solution used in the printing process (see Note 9).

4. Notes
1. Although 48 antibody samples are printed in triplicates on 12 × 12 arrays, 3 sam-

ples are reserved for a biotinylated antibody to mark the array outline for easier
image analysis.

2. Many alternative substrates are commercially available, but the spotting buffer
must be adjusted to the hydrophobicity of the surface and to the temperature and
the humidity of the printing environment in order to obtain good-quality spots. In
the printing process, tight humidity control is essential to prevent concentrated
antibody solutions from clogging the capillary pins as well as for good spot con-
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sistency. The antibody solutions need to be free of particles, and near clean-room
conditions are recommended. We compared the performance of multiplexed sand-
wich assays on a variety of commercially available slides (data not shown), includ-
ing plain amino-silane-coated slides for noncovalent attachment, aldehyde- and
amine-reactive slides for covalent attachment, as well as a number of slides coated
in-house with an amine-reactive vinyl axazolone-polymer featuring different mix-
tures and types of copolymers (34). In terms of sensitivity of the assays, we saw lit-
tle difference between different substrates; proper adjustment of the printing
conditions to the hydrophobicity of the surface in order to obtain good spot mor-
phology appeared in our hands more important than the choice of attachment
chemistry. Physical adsorption to amino-silane-coated slides appears to perform
sufficiently well for full-length antibodies.

3. The printer is situated in a temperature- and humidity-controlled room with HEPA-
filtered air and “sticky” mats at the entrance to provide near clean-room conditions.

4. Despite several attempts, we have not been able to establish assays using antibody
sera or unpurified antibodies as capture antibodies.

5. Care must be taken to not overly biotinylate the protein, as this may cause high
background signal. Conditions are adjusted so that approximately two to four
biotin molecules are conjugated to a single antibody molecule.

6. Depending on the applications, other matrices may be more advantageous.
7. The actual wash volume per well is 800 µL because the wash head was modified

and features only 192 outlets. Shorter, gentler wash protocols should be tested for
a given application.

8. Shaking the slide holder during incubation periods results in a more uniform back-
ground. To efficiently mix an assay volume of only 20 µL, the shaker must be oper-
ated at ≥1200 rpm.

9. Higher capture antibody concentrations will increase signal intensity (14), but non-
specific background and smearing of spots because of over-saturation of the surface
may result. Capture antibodies can be spotted at concentrations as high as 1 mg/mL.

10. Print plates can be prepared up to 2 d prior to printing.
11. Depending on the print buffer and the hydrophobicity of the microarray substrate

used, other environmental conditions may produce equally good results.
12. The effective temperature in the well is closer to 18°C. With the current settings,

antibody solutions will not dry up or be diluted by condensation during print runs
as long as 24 h.

13. SMP3 pins will deliver approx 180 spots using the current print buffer and condi-
tions before the capillaries need to be refilled. For most consistent spot sizes, at
least 50 spots should be preprinted and no more than 100 spots should be printed
onto the microarray substrates. The spot diameter and shape will depend on the
printing conditions, printing buffer, as well as the hydrophobicity of the microar-
ray substrate. Using the reagents and protocols described, antibody spots are
approx 120 µm in diameter.

14. SMP3 print tips are cleaned by dipping them into cleaning solution (VP110, V&P
Scientific) followed by several rounds of drying with filtered nitrogen gas and
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dipping into deionized water and finally isopropanol. Pins are inspected under a
microscope for dirt and mechanical damage and wear. If necessary, the cleaning
procedure is repeated several times or the pin is replaced.

15. If the slides are lowered too quickly, the samples will tend to smear across the slide.
16. Blocked antibody arrays can be stored dry in a desiccator at room temperature for

more than 2 mo without loss in sensitivity and performance.
17. In all sample addition steps, care must be taken not to touch the bottom of the array.

Solutions are added to the walls of the well and the slide holder is briefly spun to
move the solution droplets to the bottom of the well and to remove air bubbles.

18. To reduce assay variations, wash solutions are completely removed from the slide
holder by centrifugation after each wash step.

19. Extra care must be taken to avoid particulate matter such as dust from settling onto
the slides. Contamination of the slide surface by particulate matter will cause
streaks and light-scattering artifacts. The archiving solution needs to be applied as
uniformly as possible.

20. Although slides are typically dried at room temperature overnight before scanning,
they can also be scanned after quick drying in an oven. Fast-drying alternative
archiving solutions are available from Invitrogen. Archiving also creates a perma-
nent record of the assay, and slides can be re-scanned several times. Slides can be
re-coated with archiving solution.

21. Calibration curves for each analyte are generated by fitting 24 data points (8 con-
centrations × 3 replicate spots) to a four-parameter logistic curve using 1/Y2

weighting. Unknown sample concentrations are calculated using the corresponding
signal values, the curve parameters, and the dilution factors. The concentrations
calculated for each of the three replicate spots on an array are compared to each
other; if one of the spots gives a value 1.5-fold higher or lower than the median of
the three, it is rejected. For the rest of the spots, an average is calculated. The rejec-
tion criterion was introduced in order to reduce the errors caused by randomly
occurring spots of poor morphology, and it is applied to the measurement of sam-
ples as well as calibration standards.

22. Of the four dilutions, usually only one or two are within the dynamic range of the
assay. To obtain a single concentration value, the program automatically chooses
the lowest dilution that gives a raw signal at least twice the background.

23. For the development of our antibody arrays, over 350 antibodies and more than 120
protein standard preparations for over 100 antigens were tested.

24. These test arrays can contain sandwich pairs for several different analytes in
parallel.

25. The successful antibody pairs can represent (a) combinations of monoclonal anti-
bodies for antigen capture with monoclonal or polyclonal antibodies for detec-
tion, (b) polyclonal antibodies for capture with the identical polyclonal antibody
for detection, or (c) soluble antigen receptor domains for capture with either
monoclonal or polyclonal antibodies for detection. This early reagent selection
phase screens for optimal assay reagents only on the level of the individual
immunoassay. Individual detection antibodies are tested against a panel of cap-
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ture antibodies targeting the identical antigen in the presence or absence of this
same antigen. The cross-talk between individual immunoassays is not accounted
for at this stage.

26. The antigen-independent on-feature background will increase with the number
of detection antibodies in the mix. These nonspecific antibody–antibody inter-
actions effectively limit the dynamic range as well as the sensitivity of the
arrayed assays, and need to be minimized (14). This can be accomplished by
establishing the lowest possible concentration of each detection antibody that
maintains acceptable performance of each individual assay. The experiment to
evaluate antigen-independent cross-talk of each detection antibody against the
final capture antibody array is hereby used as a guide for which detection anti-
body is most critical in the optimization process. In the case that individual
sandwich assays detect very abundant analytes or when very high-affinity anti-
bodies are available, the detection antibody concentration, and in principle the
capture antibody concentration as well, can be lowered substantially. Following
this strategy, the sensitivity of the overall panel, and especially the sensitivity of
problematic individual assays operating close to the detection limit, can be opti-
mized in an iterative fashion at the cost of the sensitivity of other less critical
assays. Detection antibody concentrations used in our panels range from 0.013
to 0.5 µg/mL.
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Chemical Proteomics Profiling of Proteasome Activity

Martijn Verdoes, Celia R. Berkers, Bogdan I. Florea, 
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Summary
Proteolysis is a key mechanism for protein homeostasis in living cells. This process is effected

by different classes of proteases. The proteasome is one of the most abundant and versatile pro-
teases, bearing three different proteolytic active sites. The proteasome plays an important role in
essential biological pathways such as antigen presentation, signal transduction, and cell-cycle
control feedback loops. The aim of this work is to design novel chemical strategies for capturing,
detection, identification, and quantification—in one word, profiling—the active protease frac-
tions of interest, in cells of different phenotypes. Here, a set of chemistry-based functional pro-
teomics techniques is demonstrated by profiling the multi-catalytic protease activities of the
proteasome. Importantly, functional profiling is complementary to expression level profiling and
is an indispensable parameter for better understanding of mechanisms underlying biological
processes.

Key Words: Functional profiling; proteomics; proteasome, proteasome inhibitors; Staudinger
ligation; EL4 cells.

1. Introduction
Proteolysis, or the processing and degradation of proteins, has emerged as

one of the most widely studied processes in biology today. Long viewed as a
dead-end process, of importance only for the removal of obsolete peptides and
proteins, proteolytic events are now associated with numerous biological events
apart from the processing and degradation of polypeptides, ranging from pro-
tein maturation, signal transduction, cell-cycle control, and controlled cell
death, to the generation and presentation of antigenic peptides in the adaptive
immune system. Realizing that proteolysis plays an important role in many bio-
chemical processes, it has become apparent that proteolytic events, and the
enzymatic activities involved, are tightly controlled. This control can be exerted
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at the transcriptional level, but also on the maturation state and localization of
proteolytic activities. A case in point is the caspase family of proteolytic activ-
ities. Normally dormant, these cysteine proteases are triggered by a variety of
signals and, upon activation, are involved in inducing apoptosis through a series
of tightly controlled pathways.

The processing and presentation of antigenic polypeptides can be divided
into two distinct pathways (for a comprehensive review on both pathways, see
refs. 1–5). In the class I pathway, endogenous proteins are targeted for protea-
somal degradation through polyubiquitination. Upon docking of the poly-ubiq-
uitinated proteasome substrates to the 19S cap, the protein is unfolded and
transferred into the inner 20S core, which harbors the six individual catalytic
subunits, two copies of each of three distinct activities named hereafter as β1,
β2, and β5. These endopeptidase activities residing in the 20S core cleave
polypeptide substrates to produce oligopeptide fragments of typically 3 to 20
amino acid residues in length (6). Further processing and degradation is effec-
tuated by a series of aminopeptidase activities, which act upon the N-terminal
site of the proteasome products and cleave off a few amino acid residues. In this
way, the vast majority of cytosolic and nuclear proteins are processed and
degraded completely to produce amino acids for ensuing incorporation in
newly synthesized proteins.

A small number of proteasome products, or their aminopeptidase-trimmed
counterparts, escape to the endoplasmic reticulum with the help of the trans-
porter associated with antigen presentation (TAP). Within the endoplasmic
reticulum (ER) lumen, these may be further processed by ER-specific
aminopeptidases to a final length of eight or nine amino acid residues and are
finally loaded onto major histocompatibility complex (MHC) class I complexes
that are assembled in the ER. Presentation of the loaded MHC class I peptide
complexes allows the immune system to sample the nature of the cytosolic and
nuclear protein content, which may contain exogenous proteins such as viral
proteins. Of note is the presence in immunocompetent cells of a second protea-
some particle, dubbed the immunoproteasome (as opposed to the constitutive
proteasome expressed uniformly throughout the organism), which closely
resembles the constitutive proteasome but now contains three distinct prote-
olytic activities named β1i, β2i, and β5i (6–9).

The class II pathway is responsible for the presentation to the immune sys-
tem of extracellular proteins. Professional antigen-presenting cells (APCs) are
charged with this task and do so by means of endocytic uptake of extracellular
material and ensuing stepwise endolysosomal proteolysis through numerous
proteolytic activities such as cysteine and aspartic acid proteases of the cathep-
sin family and asparagine endopeptidase (AEP). In a fashion rather resembling
the class I pathway, MHC class II protein complexes are loaded with oligopep-
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tides, ranging from 8 to 13 residues in length, resulting from the action of
above-mentioned proteases. Fully assembled MHC II-peptide complexes are
displayed on the outer cell membrane, enabling the immune system to monitor
their contents. A further similarity between the two pathways is the control
exerted on the proteolytic activities. In the class I pathway, the proteasomal cat-
alytic activities are shielded from the intracellular protein content thanks to the
barrel-shaped architecture of the 20S core. Protein substrates can reach the cat-
alytic sites only through a series of modification, recognition, and unfolding
events. Similarly, class II protein substrates are brought into contact with
respective proteolytic activities by means of active sampling, by APCs, of their
extracellular surrounding. Proteolytic control is exerted by the stepwise fusion
of endocytic compartments with vesicles containing proteases. Many of these
proteases are synthesized in a proform and are activated upon removal of an
oligopeptide stretch by either autocatalytic cleavage or by the action of another
activity, and many of the endosomal and lysosomal proteolytic activities dis-
play a pH optimum. Of interest are the recent reports describing the existence
of cross-talk between the class I and class II pathways. Although originally
thought of as separate routes dedicated to the presentation of either endogenic
or exogenic antigens, it is now clear that oligopeptides derived from extracel-
lular origin can end up being displayed by MHC class I assemblies. The exact
nature of the mechanism of this process, however, remains to be established:
what events trigger the occurrence of this “cross-presentation,” and which pro-
teolytic activities and cellular mechanisms are involved in the generation of
exogenous class I antigenic peptides?

Cross-presentation is a relatively unexplored topic in the field of antigenic
peptide presentation, and little is known about the role of proteolytic activities.
The full extent to which proteolytic action is involved in cross-presentation
remains to be established. Do additional aminopeptidases active in the class I
pathway exist, both of cytosolic and ER origin, and what is the role of the indi-
vidual cathepsins in the class II processing and presentation? Without much
doubt, other yet-to-be-discovered proteolytic entities are involved. These ques-
tions and the current state of the art in addressing these are amply reviewed
elsewhere and are not the subject of this chapter. Here we discuss some recently
emerged sets of proteomics techniques that provide ways to study and identify
proteolytic activities with similar properties in one sweep, and based on their
activity, rather than on their expression levels. Globally, these strategies are
based on the design of broad-spectrum, covalent, and irreversible inhibitors of
the targeted proteolytic activities in question (10–12). These inhibitors, nor-
mally derived from oligopeptides and endowed with an electrophilic trap
replacing the amide bond normally targeted by the proteases, can be tracked by
means of an affinity tag. Through this tag, which can be either incorporated
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directly into the peptide-based probes (biotin, fluorescent tags) or attached at a
later stage by means of a bio-orthogonal organic transformation, allows the
study of targeted proteolytic activities by analytical techniques (gel elec-
trophoresis, mass spectrometry; see Fig. 1).

In recent years, such techniques have become available through the endeav-
ors of various research groups (10–16). Under Subheadings 2. and 3., the var-
ious methodologies are discussed in detail. Attention will be focused both on
synthetic aspects (i.e., the preparation of the following probes:
AdaK(Bio)Ahx3L3VS (Fig. 1A; see also ref. 17), Ada125IYAhx3L3VS (Fig. 1B;
see also ref. 17), AdaAhx(α-N3)Ahx2L3VS (Fig. 1C; see also ref. 12), and
DansylAhx3L3VS (Fig. 1D; see also ref. 18) and application of these tools
devised to study proteasome activity (see Subheadings 2.10–2.13.). The label-
ing results are obtained with EL4 or HeLa cells, but the methods are in princi-
ple applicable to the cell line of choice.

2. Materials
2.1. General Materials 

1. Amino acid building blocks and peptide synthesis reagents (piperidine, diisopropy-
lethylamine, hydroxybenzotriazole [HOBt], trifluoroacetic acid [TFA]) (Advanced
ChemTech, Peptides International, Novabiochem, and American Bioanalytical).

2. Adamantane-acetic acid, triisopropylsilane [TIS], and iodoacetonitrile (Aldrich;
see Note 1).

3. 4-Sulfamylbutyrylamimomethyl polystyrene resin (Novabiochem AG).
4. Iodo-gen (Pierce).
5. High-performance liquid chromatography (HPLC)-grade organic solvents

dimethyl formamide [DMF], dichloromethane [DCM], acetonitrile [ACN], N-
methylpyrrolidinone [NMP] (American Bioanalytical), and ethyl acetate [EtOAc]
(Fisher) were used as received.

6. Sep-pak C18 columns (Waters).
7. Unless indicated otherwise, chemicals were obtained commercially of the highest

available grade.

2.2. Cell Culture and Lysis

1. EL4 (mouse thymoma), HeLa (human cervix epitheloid carcinoma), and U373
(human astrocytoma) cells lines were used.

2. RPMI 1640 medium (Gibco, Invitrogen Corp.), Dulbecco’s modified Eagle’s
medium (DMEM), L-glutamine, 10% fetal calf serum (FCS), penicillin/strepto-
mycin solution, phosphate-buffered saline (PBS), and trypsin-ethylenediamine
tetraacetic acid (EDTA) solution.

3. Lysis buffer for protease active cell lysates: 250 mM sucrose, 50 mM Tris-HCl pH
7.5, 5 mM MgCl2, 1 mM dithiothreitol [DTT], 2 mM ATP in water.

4. Glass beads (140 µm).
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Fig. 1. (A,B) Schematic representation of the proteasome. (C) Two-step labeling of the proteasome by
means of the Staudinger ligation.
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5. NP-40 lysis buffer: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40 was used
to lyse the inhibitor-treated living cells used in Subheadings 2.10–2.13.

2.3. Two-Dimensional Electrophoresis 

1. Rehydration solution: 8 M urea, 2% CHAPS, 0.5% immobilized pH gradient (IPG)
buffer (Amersham Pharmacia Biotech) (pH 3–10), bromophenol blue, 18 mM DTT. 

2. For two-dimensional, nonequilibrium pH gradient sodium dodecyl sulfate-poly-
acrylamide get electrophoresis (2D NEPHGE SDS-PAGE): add 220 µL of rehy-
dration solution to 30 µL of samples and mix.

3. Subject to first-dimension isoelectric focusing using a IPGphor isoelectric focusing
system (Amersham Pharmacia Biotech) and second-dimension SDS-PAGE
(12.5%). (The results obtained were comparable with conventional 2D NEPHGE
SDS-PAGE methods.)

2.4. SDS-PAGE Separation and Western Blotting

1. SDS-PAGE gels of 12.5% polyacrylamide running gel and 4% stacking gel (BioRad).
2. Polyvinylidene difluoride (PVDF) membranes (Hybond P, Amersham).
3. Tris-buffered saline with Tween (TBS-T): prepare 10X stock with 1.37 M NaCl, 27

mM KCl, 250 mM Tris-HCl (pH 7.4), 1% Tween-20. Dilute 100 mL with 900 mL
water for use.

4. Anti-dansyl-sulfonamidohexanoyl polyclonal antibody in TBS-T supplemented
with 0.5% bovine serum albumin (BSA).

5. Horseradish peroxidase (HRP)-coupled goat anti-rabbit secondary antibody
(Southern Biotech) in TBS-T supplemented with 0.5% BSA.

6. Streptavidin-HRP conjugate (Molecular Probes) in TBS-T (0.1% [v/v] Tween-20;
see Note 2).

7. Enhanced chemiluminescence kit (ECL+, Amersham).

2.5. Synthesis of Probe A: AdaK(Bio)Ahx3L3VS (A)

1. Fmoc-Leu-Wang resin (0.5 mmol), Fmoc-Leu-OH, Fmoc-Ahx-OH, Fmoc-Ahx-
OH, Fmoc-Ahx-Oh, Fmoc-Lys(biotin)-OH, and adamantaneacetic acid.

2. PyBOP (activating agent) and diisopropylethyl amine (base).
3. Piperidine (20%) in dimethylformamide (DMF), TFA/TIS/H2O 95/2.5/2.5 v/v/v.
4. Leucine vinyl sulfone TFA salt, HBTU, and diisopropylethylamine (DiPEA) in DMF.
5. Ethyl acetate, diethyl ether, hexanes, 10% to 20% methanol in methylene chloride.

2.6. Synthesis and Radiolabeling of Probe B: AdaY(125I)Ahx3L3VS (B)

1. Fmoc-Tyr(OtBu)-OH instead of Fmoc-Lys(biotin)-OH.
2. Iodo-gen (100 µg; see Note 3) was dissolved in phosphate buffer (50 mM, pH 7.4,

10 µL).
3. AdaYAhx3L3VS (20 µg) was dissolved in acetonitrile (30 µL).
4. Na125I (10 µL aqueous solution, 1 mCi), Sep-pak C18 column, and acetonitrile.
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2.7. Synthesis of Probe C: AdaAhx(α-N3)Ahx2L3VS (C)

1. N-(α-Boc),N-(ε-Fmoc)-l-lysine (2.0 g, 4.2 mmol).
2. 50% v/v TFA/CH2Cl2, trifluoromethanesulfonyl azide, 1 M HCl, EtOAc.
3. Wang resin (1.0 g, 0.86 mmol), Fmoc-Leu-OH (1.2 g, 3.4 mmol) in CH2Cl2 (25

mL), diisopropylcarbodiimide (0.54 mL, 3.44 mmol), a catalytic amount of 4-
(dimethylamino)pyridine, CH2Cl2-MeOH, CH2Cl2, and Et2O.

4. Resin-bound AdaAhx(α-N3)Ahx2L2, TFA/H2O 95/5 v/v, leucine vinyl sulfone TFA
salt (1 eq), HBTU (1 eq), DiPEA (2.2 eq) in DMF, EtOAc.

2.8. Synthesis of the Staudinger Ligation Handle 

1. Fmoc Rink amide resin (128 mg, 100 µmol), N-(α-Boc),N-(ε-Mtt)-l-lysine (0.5
mmol, 312 mg) was coupled.

2. 1% TFA in CH2Cl2 for 30 s, 10% DiPEA in DMF.
3. Biotin (0.5 mmol, 122 mg), PyBOP (1 eq), DiPEA (1.2 eq) in DMF.
4. Me3P (0.6 mL of a 1 M solution in toluene, 0.6 mmol, 6 eq) in dioxane/water (4/1

v/v, 2 mL), dioxane, Fmoc-Ahx-OH (0.5 mmol, 180 mg).
5. Phosphine 2, Fig. 4 (90 mg, 0.25 mmol), EDC (48 mg, 0.25 mmol), hydroxyben-

zotriazole (HOBt) (41 mg, 0.3 mmol) in CH2Cl2 (2 mL)

2.9. Synthesis of Probe D: DansylAhx3L3VS (D)

Wang resin, N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide hydrochloride,
(S,E)-5-methyl-1-(methylsulfonyl)hex-1-en-3-amine (leucine vinyl sulfone,
LeuVS).

2.10. Proteasome Profiling Using AdaK(Bio)Ahx3L3VS (A)

1. AdaK(Bio)Ahx3L3VS (A).
2. Cell lysate. 
3. 3X SDS sample buffer: 0.67 mL 20% SDS, 1 mL 0.625 M Tris-HCl (pH 6.8), 2.1

mL 87% glycerol, 0.4 mL β-mercaptoethanol, 0.1 mL 10% phenol blue (N,N-
dimethylindoaniline), 0.73 mL water.

4. Rehydration solution: 8 M urea, 2% CHAPS, 0.5% IPG buffer (Amersham Phar-
macia Biotech) (pH 3.0–10.0), bromophenol blue, 18 mM DTT.

2.11. Proteasome Profiling Using AdaY(125I)Ahx3L3VS (B)

1. AdaY(125I)Ahx3L3VS (B).
2. Cell lysate.
3. 3X SDS sample buffer: 0.67 mL 20% SDS, 1 mL 0.625 M Tris-HCl (pH 6.8), 2.1

mL 87% glycerol, 0.4 mL β-mercapto-ethanol, 0.1 mL 10% bromophenol blue,
0.73 mL water.

4. Rehydration solution: 8 M urea, 2% CHAPS, 0.5% IPG buffer (Amersham Phar-
macia Biotech) (pH 3.0–10.0), bromophenol blue, 18 mM DTT.
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2.12. Proteasome Profiling in Living Cells Using Two-Step Labeling
With AdaAhx(α-N3)Ahx2L3VS (C)

1. Cells in culture.
2. AdaAhx(α-N3)Ahx2L3VS (C)
3. Glass beads.
4. Lysis buffer: 50 mM Tris, 5 mM MgCl2, 0.5 mM EDTA, 0.25 mM sucrose (pH 7.4).
5. Staudinger ligation handle.
6. 20% SDS solution.
7. 4X sample buffer: 1 mL 20% SDS, 1 mL 0.625 M Tris-HCl (pH 6.8), 2.1 mL 87%

glycerol, 0.4 mL β-mercaptoethanol, 0.1 mL 10% bromophenol blue, 0.4 mL
water.

2.13. Proteasome Profiling in Living Cells Using DansylAhx3L3VS (D)

1. Cells in culture.
2. DansylAhx3L3VS (D).
3. Glass beads.
4. NP-40 lysis buffer: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40.

3. Methods
In this section, we describe several methods for the synthesis of selective

proteasome inhibitors and their use in functional proteomics methodologies. In
general, the protease inhibitors were dissolved in dimethylsulfoxide (DMSO) to
20 mM stock solutions that were further diluted in the buffer of interest. The
active protease lysates should be kept on ice at all times to avoid protein degra-
dation. Lysates were frozen as 50-µL aliquots at –80°C and used only once, pre-
venting repeated freeze/thawing cycles. In some cases, high concentration of
chromatin, DNA, or RNA might influence the outcome of the experiments.
Then, post-nuclear lysate procedures should be explored either by using the
NP-40 buffer or other mild methods like dounce homogenization, which selec-
tively disrupts the cell membrane, leaving nuclei and other organelles intact.

3.1. General Methods

1. Leucine vinyl sulfone was prepared as reported (13,19).
2. Solid-phase peptide synthesis was carried out using a 180° Variable Rate Shaker

(Peptides International).
3. Nuclear magnetic resonance (NMR) spectra were recorded on Varian (200 MHz,

500 MHz) and Bruker (200 MHz, 300 MHz, 400 MHz) spectrometers.
4. Mass spectra were recorded on an electrospray LCT liquid chromatography (LC)-

mass spectrometry (MS) instrument (Waters).
5. Preparative reverse-phase HPLC purifications were carried out using a Waters Pre-

pLC™ C18 column (250 mm × 40 mm) with a solvent gradient ranging from 30 to
95% acetonitrile in water containing 0.1% formic acid.



Chemical Profiling of Proteasome Activity 59

3.2. Cell Culture and Lysis

1. The cell lines EL4 (mouse thymoma) was cultured in RPMI 1640 medium (Gibco,
Invitrogen Corp.).

2. HeLa cells (human cervix epitheloid carcinoma) and U373 cells (human astrocy-
toma) were cultured in DMEM.

3. Both media were supplemented with L-glutamine, 10% FCS, penicillin, and strep-
tomycin.

4. Cells were grown at 37°C and 5% CO2 in a humidified incubator.
5. Cells were harvested and lysed by glass beads or sonication in lysis buffer or by

incubation on ice for 30 min in NP-40 lysis buffer followed by 5 min centrifuga-
tion at 16,000g to remove membrane fractions, nuclei and cell debris.

3.3. SDS-PAGE Separation and Western Blotting

1. Electro-transfer protein from SDS-PAGE gel onto PVDF membranes (Hybond P,
Amersham).

2. Dansyl: anti-dansyl-hexanoylsulfonamido immunoblotting was performed using a
rabbit anti-dansyl-sulfonamidohexanoyl polyclonal antibody (1:7500, 1 h at room
temperature; see Note 4) and HRP–coupled goat anti-rabbit secondary antibody
followed by enhanced chemiluminescence detection.

3. Biotin: block the membrane with 0.5% (w/w) BSA and 0.1% (v/v) Tween-20 in
PBS for 2 h. Incubate the blot at a 1:5000 dilution of streptavidin-HRP conjugate
in 0.5% (w/w), 0.1% (v/v) Tween-20 in PBS for 1 h. Wash the blot five times with
PBS containing 0.1% (v/v) Tween-20 for 10–15 min for each washing step.
Develop the blot by chemoluminescense.

3.4. Synthesis of Probe A: AdaK(Bio)Ahx3L3VS (A) (see Fig. 2)

1. Fmoc-Leu-Wang resin (0.5 mmol) was elongated by standard Fmoc-based solid-
phase peptide synthesis (SPPS) with Fmoc-Leu-OH, Fmoc-Ahx-OH, Fmoc-Ahx-
OH, Fmoc-Ahx-Oh, Fmoc-Lys(biotin)-OH, and adamantaneacetic acid, each time
5 eq of the amino acid, 5 eq of PyBOP as the activating agent, and 6 eq of diiso-
propylethyl amine as the base.

2. After each condensation step, the N-terminal Fmoc protective group was removed
by treatment with 20% piperidine in DMF.

3. Treatment of the immobilized peptide AdaK(bio)Ahx3L2OH with TFA/TIS/H2O
95/2.5/2.5 v/v and removal in vacuo of the solvents, was followed by solution
phase block-coupling with leucine vinyl sulfone TFA salt (1 eq) under the agency
of HBTU (1 eq) and DiPEA (2.2 eq) in DMF.

4. After evaporation of the solvent, the residue was dissolved in ethyl acetate.
5. Precipitation of the product was accomplished by sonication for 2 min. The pre-

cipitate was filtered and washed with ethyl acetate, diethyl ether, and hexanes to
afford the title compound A in 40% yield with a purity of approx 90%.

6. The peptide can be purified to homogeneity by reversed-phase HPLC or by silica gel
chromatography using a gradient from 10% to 20% methanol in methylene chloride.
MS: found 1287.9 (M+H)+. For 1H-NMR (DMSO-d6, 500 MHz) data, see Note 5.
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3.5. Synthesis and Radiolabeling of Probe B: AdaY(125I)Ahx3L3VS (B)

1. AdaYAhx3L3VS: synthesized as compound A, but with Fmoc-Tyr(OtBu)-OH
instead of Fmoc-Lys(biotin)-OH. MS: found 1097.1 (M+H)+. For 1H-NMR
(DMSO-d6, 500 MHz) data, see Note 6.

2. Radiolabeling: Iodo-gen (100 µg; see Note 3) was dissolved in 50 µL phosphate
buffer.

Fig. 2. Synthesis of AdaK(Bio)Ahx3L3VS (A) and chemical structure of
AdaY(125I)Ahx3L3VS (B).
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3. AdaYAhx3L3VS (20 µg) in acetonitrile (30 µL) was added and the mixture was
agitated for 2 min. Na125I (10 µL aqueous solution, 1 mCi) was added to the mix-
ture and agitated for 10 min.

4. The radioiodinated proteasome inhibitor was separated using a Sep-pak C18 col-
umn. Free iodine was washed away with phosphate buffer (pH 7.4), and radioiod-
inated AdaY(125I)Ahx3L3VS B was eluted using acetonitrile. One-milliliter
fractions were collected and the fractions containing most radioactivity (typically
0.3–0.7 × 106 cpm/µL) were used for proteasome radiolabeling experiments.

3.6. Synthesis of Probe C: AdaAhx(α-N3)Ahx2L3VS (C) (see Fig. 3)

1. Solid phase peptide synthesis was carried out essentially as described for Probe A.
2. Synthesis of Fmoc-Ahx(α-N3)-OH: N-(α-Boc),N-(ε-Fmoc)-L-lysine (2.0 g, 4.2

mmol) was treated with 50% v/v TFA/CH2Cl2 for 40 min.
3. Solvents were removed in vacuo, yielding 1.9 g (3.9 mmol, 92%) of crude TFA-

salt of N-(ε-Fmoc)-L-lysine.
4. The crude product was treated with trifluoromethanesulfonyl azide as described in

ref. 20, followed by a modified work-up procedure.

Fig. 3. Chemical structure of AdaAhx(α-N3)Ahx2L3VS (C) and reaction scheme for
the Staudinger ligation.
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5. After removal of the organic solvents, the aqueous slurry was acidified with 1 M
HCl to pH 2.0 and extracted with EtOAc (4X). The combined organic phases were
dried over MgSO4, filtered, and concentrated in vacuo.

6. Purification of the crude product over silica gel (hexanes:EtOAc 2:1) yielded 1.4 g
(3.5 mmol, 89%) of a white foam. Electrospray ionization (ESI)-MS: m/z (%) =
417.2 (100) [M+Na+], 811.5 (20) [2M+Na+]. For 1H NMR (200 MHz, CDCl3,
25°C, TMS) and 13C NMR (50.1 MHz, CDCl3, 25°C, TMS) data, see Note 7.

7. Next, Wang resin (1.0 g, 0.86 mmol) was condensed with Fmoc-Leu-OH (1.2 g,
3.4 mmol) in CH2Cl2 (25 mL) under the agency of diisopropylcarbodiimide (0.54
mL, 3.44 mmol) and a catalytic amount of 4-(dimethylamino)pyridine for 2 h.

8. The resin was filtered off, washed (3X CH2Cl2-MeOH, CH2Cl2, and Et2O), and air
dried. Loading was determined by quantification (ultraviolet) of Fmoc cleavage,
and proved to be 0.66 mmol/g.

9. The resin, 260 mg (0.17 mmol), was elongated using standard Fmoc-SPPS to give
resin-bound AdaAhx(α-N3)Ahx2L2.

10. Treatment of the immobilized peptide with TFA/H2O 95/5 v/v for 1 h, filtration,
and removal of solvent in vacuo was followed by a solution phase block coupling
with leucine vinyl sulfone TFA salt (1 eq) under the agency of HBTU (1 eq) and
DiPEA (2.2 eq) in DMF. After evaporation of the solvent, the residue was dissolved
in EtOAc. Precipitation of the product was accomplished by sonication. The pre-
cipitate was filtered and washed with EtOAc, Et2O, and hexanes to yield 146 mg
(0.15 mmol, 88%) of the title compound in 90% purity as judged by LC-MS.

11. Silica gel purification (0–10% MeOH/EtOAc) of 21 mg (22 µmol) of the crude
product yielded 14 mg (14 µmol) of the title compound (58% overall yield) ready
to use in biological experiments. LC-MS: m/z = 974.9 [M+H+].

3.7. Synthesis of the Staudinger Ligation Handle

1. Fmoc Rink amide resin (128 mg, 100 µmol) was deprotected and N-(α-Boc),N-(ε-
Mtt)-l-lysine (0.5 mmol, 312 mg) was coupled.

2. The Mtt protecting group was removed by treatment of the resin with 1% TFA in
CH2Cl2 for 30 s. This treatment was repeated nine times, until no more yellow
color was observed in the eluted solution. The resin was neutralized with 10%
DiPEA in DMF.

3. Biotin (0.5 mmol, 122 mg) was coupled under the agency of PyBOP (1 eq) and
DiPEA (1.2 eq) in DMF. After removal of the Fmoc group, the resulting free amine
was condensed with 1 (see Fig. 4) (21) (0.5 mmol, 237 mg).

4. After washing of the immobilized peptide with dioxane (3X), the azide moiety was
reduced by treatment with Me3P (0.6 mL of a 1 M solution in toluene, 0.6 mmol,
6 eq) in dioxane/water (4/1 v/v, 2 mL) for 40 min (20), followed by dioxane washes
(3X), and Fmoc-Ahx-OH (0.5 mmol, 180 mg) was coupled.

5. Of the obtained resin, 50 µmol was treated with piperidine as described previously
to remove the Fmoc protecting group, and the resin was then washed with CH2Cl2
(3X).
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6. Phosphine 2 (see Fig. 4 and ref. 22) (90 mg, 0.25 mmol) was activated with EDC
(48 mg, 0.25 mmol) and HOBt (41 mg, 0.3 mmol) in CH2Cl2 (2 mL) under an
argon atmosphere for 5 min, and subsequently added to the resin.

7. The resin was agitated under argon atmosphere for 1 h, and the resin was washed
(CH2Cl2, then DMF-MeOH alternating [3X], CH2Cl2-MeOH alternating [3X], and
CH2Cl2), while keeping the resin under argon atmosphere.

8. The immobilized peptide was liberated from the resin by treatment with 50% v/v
TFA/CH2Cl2 for 1 h. Evaporation of the solvents in vacuo followed by HPLC
purification of the crude product (linear gradient in B: 25–55% B in three column
volumes) yielded 8.0 mg (8 µmol, 16%) of a white solid. LC-MS: m/z calculated
= 1020 [M+H+], m/z found = 1020 [M+H+].

9. The product was kept as aliquots of a stock solution (1.6 mM) in degassed DMSO
at –80°C.

Fig. 4. Chemical structure of unusual building blocks 1 and 2 and the Staudinger lig-
ation handle.
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3.8. Synthesis of Probe D: DansylAhx3L3VS (D) (see Fig 5)

1. Dansyl-Ahx3L2-OH was synthesized on Wang resin using standard Fmoc-based
solid-phase peptide synthesis protocols and purified by silica gel chromatography
using a gradient of 10% → 20% of MeOH in CH2Cl2.

2. Dansyl-Ahx3L2-OH was coupled by N-(3-dimethylaminopropyl)-N9-ethylcarbodi-
imide hydrochloride (EDCI)-mediated condensation with (S,E)-5-methyl-1-
(methylsulfonyl)hex-1-en-3-amine (leucine vinyl sulfone, LeuVS TFA salt) to
afford D. MS(ESI): Calculated 990.5 (M+H)+ 1012.5 (M+Na)+. Observed 990.5
(M+H)+ 1012.5 (M+Na)+.

3. Hydrogenation and deprotection of Boc-LeuVS followed by condensation of the
resulting (S)-5-methyl-1-(methylsulfonyl)hexan-3-amine Dansyl-Ahx3L2-OH
afforded the negative control (mock). ESI-MS: Calculated 992.5 (M+H)+ 1014.5
(M+Na)+. Observed 992.5 (M+H)+ 1014.5 (M+Na)+.

3.9. Proteasome Profiling Using AdaK(Bio)Ahx3L3VS (A)

1. Incubate cell lysates (25 µg of total protein) with 3 µg AdaK(Bio)Ahx3L3VS (A)
for 2 h at 37°C.

2. Add 3X SDS sample buffer (1X final concentration).
3. Analyze by one-dimensional SDS-PAGE (12.5%).

Fig. 5. Synthesis of DansylAhx3L3VS (D).
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4. Western blotting, probing with streptavidin-HRP, and chemoluminescence detection.
5. For 2D NEPHGE SDS-PAGE, add 220 µL of rehydration solution to 30 µL of sam-

ples and mix.
6. Subject to first-dimension isoelectric focusing using a IPGphor isoelectric focusing

system (Amersham Pharmacia Biotech) and second-dimension SDS-PAGE
(12.5%). (The results obtained were comparable to conventional 2D NEPHGE
SDS-PAGE methods.)

7. Western blotting, probing with streptavidin-HRP, and chemoluminescence detection.

3.10. Proteasome Profiling Using AdaY(125I)Ahx3L3VS (B)

1. Incubate cell lysates (25 µg of total protein) with AdaY(125I)Ahx3L3VS (B) (0.5 ×
106 cpm) for 2 h at 37°C.

2. Add 3X SDS sample buffer (1X final concentration), heat to 95°C for 3 min.
3. Analyze by one-dimensional SDS-PAGE (12.5%).
4. Autoradiography.
5. For 2D NEPHGE SDS-PAGE, add 220 µL of rehydration solution to 30 µL of sam-

ples and mix.
6. Subject to first-dimension isoelectric focusing using a IPGphor isoelectric focusing

system (Amersham Pharmacia Biotech) and second-dimension SDS-PAGE
(12.5%). (The results obtained were comparable with conventional 2D NEPHGE
SDS-PAGE methods; see Fig. 6.)

7. Autoradiography.

Fig. 6. 1D- and 2D gel analysis of EL-4 and HeLa cell lysates labeled with either
AdaK(Bio)Ahx3L3VS (A) or AdaY(125I)Ahx3L3VS (B).



66 Verdoes et al.

3.11. Proteasome Profiling in Living Cells Using Two-Step Labeling
With AdaAhx(α-N3)Ahx2L3VS (C)

1. Incubate 5 × 106 EL-4 cells cultured in RPMI (Gibco, Invitrogen Corp.) supple-
mented with L-glutamine, FCS, penicillin, and streptomycin overnight with con-
centrations of AdaAhx(α-N3)Ahx2L3VS C as indicated in Fig. 7.

2. Centrifuge and harvest the cells.
3. After glass-bead lysis, resuspend 10 µg of protein in 33 µL of lysis buffer and

denatured by the addition of 2 µL of 20% SDS followed by brief boiling.
4. Incubate the denatured sample with 10 µL (100 µM in DMSO/CH3CN/H2O 6/1/1

v/v/v) of Staudinger ligation handle for 1 h at 37°C.
5. Add 4X sample buffer.
6. Run SDS-PAGE (12.5%).
7. Western blotting, probing with streptavidin-HRP, and chemoluminescence detection.

3.12. Proteasome Profiling in Living Cells Using DansylAhx3L3VS (D)
(see Fig. 8)

1. Incubate 10 × 106 EL4 cells in 10 mL RPMI 1640 with the indicated amounts of
probe D or 10 µM mock, at 37°C for 2 h.

2. Harvest cells by centrifugation.
3. Lyse cells by glass bead lysis or by incubating them for 30 min in NP-40 lysis

buffer and centrifuge 5 min to remove membrane fractions, nuclei, and cell debris.
4. Determine protein content by the Bradford method.
5. Denature equal amounts (typically 60 µg) of protein by boiling in reducing sample

buffer.
6. Run SDS-PAGE (12.5%).
7. Western blotting, probing with rabbit anti-dansyl primary antibody, goat anti rab-

bit HRP-labeled secondary antibody, and chemoluminescence detection.

Fig. 7. 1D gel analysis of EL-4 cells labeled with AdaAhx(α-N3)Ahx2L3VS (C).



C
hem

ical Profiling of Proteasom
e A

ctivity
67

Fig. 8. 1D gel analysis of A: EL-4 cell lysates and B: EL-4 cells labeled with DansylAhx3L3VS (D).



68 Verdoes et al.

4. Notes
1. Iodoacetonitrile was passed over a basic alumina plug prior to use.
2. A higher Tween-20 concentration (0.1%) should be used when probing with strep-

tavidin-HRP because of high nonspecific background adsorption.
3. A film of iodo-gen was deposited on the reaction vial by dissolving in choloroform

followed by solvent evaporation.
4. We found that 0.5% BSA in TBS-T as blocking and incubation solution, followed

by extensive washing with TBS-T (5 × 5 min with 5 to 10 mL), gives optimal
results. We experienced some variation between different antibody lot numbers. 

5. Probe A: AdaK(Bio)Ahx3L3VS (A): MS: found 1287.9 (M+H)+; 1H-NMR
(DMSO-d6, 500 MHz): δ 8.11 (d, 1H, J 8.5 Hz), 7.99–7.93 (m, 2H), 7.84 (d, 1H,
J 8.0 Hz), 7.74–7.68 (m, 2H), 7.07 (d, 1H, J 10.5 Hz), 6.68–6.56 (m, 3H),
4.57–4.50 (m, 1H), 4.31–4.10 (m, 4H), 4.00–3.94 (m, 1H), 3.08–2.94 (m, 16H),
2.14–2.08 (m, 2H), 2.04–1.98 (m, 4H), 1.88 (s, 2H), 1.62–1.16 (m, 54H),
0.91–0.80 (m, 18H).

6. Probe B: AdaYAhx3L3VS (B): MS: found 1097.1 (M+H)+. For 1H-NMR (DMSO-
d6, 500 MHz): δ 8.12 (d, 1H, J 9.0 Hz), 7.98–7.92 (m, 3H), 7.85–7.80 (m, 2H),
7.75–7.68 (m, 2H), 6.99–7.97 (m, 2H), 6.67–6.58 (m, 4H), 4.58–4.50 (m, 1H),
4.41–4.35 (m, 1H), 4.28–4.20 (m, 2H), 3.05–2.95 (m, 9H, 2.81 (dd, 1H, J 5.0 and
13,5 Hz), 2.62 (dd, 1H, J 9.8 and 13.5 Hz), 2.14–2.04 (m, 2H), 2.02–1.96 (m, 4H),
1/80 (s, 2H), 1.60–1.24 (m, 42H), 0.91–0.80 (m, 18H).

7. Fmoc-Ahx(a-N3)-OH: ESI-MS: m/z (%) = 417.2 (100) [M+Na+], 811.5 (20)
[2M+Na+]; 1H NMR (200 MHz, CDCl3, 25°C, TMS): δ = 7.75 (d, 3J (H,H)=7.3
Hz, 2H; ArH), 7.57 (d, 3J (H,H)=7.3 Hz, 2H; ArH), 7.40–7.25 (m, 4H; ArH), 4.41
(d, 3J (H,H)=6.6 Hz, 2H; CHCH2O), 4.19 (t, 3J (H,H)=6.6 Hz, 1H; CHCH2O), 3.92
(t, 3J (H,H)=6.7 Hz, 1H; αCH), 3.18 (m, 2H; εCH2), 1.7–1.3 ppm (m, 6H; βCH2,
γCH2, δCH2); 13C NMR (50.1 MHz, CDCl3, 25°C, TMS): δ = 174.1, 156.8, 143.5,
140.9, 127.1, 126.7, 124.6, 119.6, 66.4, 62.1, 60.4, 46.7, 30.6, 28.8, 22.4 ppm.
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Two-Dimensional Difference Gel Electrophoresis

Terence L. Wu

Summary
The two-dimensional (2D) polyacrylamide gel-based approach to protein profiling has been

successful because it is an accessible, inexpensive, and powerful tool for the analysis of global
patterns of protein expression. All protein spots that are resolved and detected within the 104 to
105 dynamic range of gel capacity can be studied qualitatively and quantitatively in relation to
each other, and viewed as a single image. Two-dimensional difference gel electrophoresis (DIGE)
has strengthened the 2D platform by allowing the detection and quantitation of differences
between samples resolved on the same gel, or across multiple gels, when linked by an internal
standard. The technology is based on modification of protein extracts with fluorescent cyanine
dyes, which have distinct excitation and emission spectra and are migration (charge and size)
matched so that the same protein labeled with any of the dyes (Cy2, Cy3, Cy5) will migrate to
the same position within a 2D gel, greatly enhancing reproducibility.

It is becoming clear that each technology that is currently available for quantifying differen-
tial protein expression has its own weaknesses and strengths, and that multiplatform, integrated
approaches will be necessary to provide the most complete analysis of any given proteome. We
believe that DIGE is, and will remain in the future, a key front-end proteomic tool that will
strongly complement other protein-profiling technologies.

Key Words: Difference gel electrophoresis (DIGE); fluorescent labeling; differential pro-
teomic analysis.

1. Introduction
Two-dimensional gel electrophoresis is a powerful and practical proteomics

tool, capable of simultaneously separating and resolving complex protein mix-
tures and enabling the visualization and identification of several thousand pro-
teins on a single gel. This resolution is achieved by separating proteins based
on their isoelectric points in the first dimension and then using sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) to separate them
based on their apparent size in the second dimension. The isoelectric focusing
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(IEF) of the first dimension is performed using immobilized pH gradient (IPG)
strips and ampholines (1), with a range of separation extending from a broad
range (pH 3.0-11.0 is currently available) on a single gel to more refined, sin-
gle pH unit separations. The second-dimension SDS-PAGE gels can be poured
with either single or gradient concentrations of acrylamide, with a range of res-
olution extending from below 10 kD to more than 200 kD. Protein spots of
interest can be excised from gels and then digested in situ with trypsin or other
proteases. These digests can be extracted from the gels and then subjected to a
range of different mass-spectrometric technologies. The resulting mass data are
then used to search protein, genomic, expressed sequence tag (EST), and other
species-specific databases to identify proteins present in each selected spot. In
addition to identifying proteins present in each spot of interest, protein isoforms
and posttranslational modifications such as phosphorylation and glycosylation
can also frequently be detected and studied by 2D gel electrophoresis. By com-
paring spot patterns and intensities from different samples, changes in the level
of expression of individual proteins can be detected and quantified, thus per-
mitting the identification of biomarkers associated with specific pathologic or
physiologic states of a cell or tissue (2). One limitation of traditional compara-
tive 2D gel electrophoresis is the high level of gel-to-gel variation in spot pat-
terns, which often confounds the identification of the same protein-containing
spots in different gels and which also often results in different boundaries
within which the “same” spot may be integrated on two different gels. The dif-
ficulty in reproducing spot patterns on different gels makes it difficult to distin-
guish true biological from experimental variation.

2D difference gel electrophoresis (2D-DIGE) (3,4) utilizes up to three mass-
and charge-matched, spectrally resolvable fluorescent dyes (Cy2, Cy3, and
Cy5) to label a control and two different protein samples in vitro prior to 2D gel
electrophoreis. Currently, there are two different protein-labeling chemistries
for DIGE. The first approach uses relatively hydrophobic cyanine dyes with
NHS-ester reactive groups. To prevent dye-labeled proteins from becoming too
insoluble, these “minimal labeling” dyes are designed to label just 1–2% of
available lysines. The quantitative and qualitative reproducibility challenges
inherent in trying to align and similarly integrate the same 1000 or more spots
in two different 2D electrophoreis gels are overcome by running the control,
experimental, and pooled internal standard (if used in a multiplexed experi-
ment) samples together through the same first- and second-dimension gels.
While these samples are imaged separately, each of the resulting images can be
perfectly overlaid, because the same spots from all three samples migrate
together. As a result, the confidence and the error limits within which the protein
expression level changes can be quantified between the samples are substantially
improved. With sample multiplexing, one dye (Cy2) is used to label a pooled
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internal standard comprised of equal portions of each sample in an experiment.
This internal standard is run on each gel of the experiment and is used to nor-
malize protein abundance measurements across multiple gels in the analysis. In
the case of large-volume spots, this approach allows the detection of relative
changes in protein expression that are as little as 1.2-fold (2). With current 2D
image analysis software suites such as DeCyder (GE/Amersham), robotics may
be implemented, which substantially automates spot characterization and inte-
gration, excision of spots that meet user-defined criteria for differential expres-
sion, and subsequent in-gel digestion. DIGE fluorescence-based detection has a
large dynamic range of 104-105, and the dye sensitivity is capable of detecting
0.25 ng to 1 ng of sample, thus enabling the detection of relatively low copy-
number proteins. As a result of this excellent sensitivity, DIGE can be used to
analyze relatively small amounts of even very complex cell extracts. For exam-
ple, when minimal NHS-ester CyDyes are used, as little as 50 µg of total cell
protein extract per sample can be subjected to DIGE. About 20% of the proteins
in this sample would be expected to be labeled via a covalent amide linkage on
a single lysine (i.e., approx 1–4% of all lysine residues are labeled in all pro-
teins in the sample).

Even less sample is needed for DIGE analysis when using the more recently
introduced “saturation” CyDyes, which enable the use of as little as 5 µg pro-
tein per sample. This approach is useful when probing for differential protein
expression with scarce amounts of sample; however, many of the detected spots
will be too low in quantity to identify by spot picking and liquid chromatogra-
phy (LC)-tandem mass spectrometry (MS/MS) analysis. As mentioned previ-
ously, the target for these saturation dyes are all cysteine-containing proteins.
Because more than 96% of the proteins that have been identified in the human
proteome contain cysteine (5), the resulting coverage is very comprehensive.
The saturation CyDyes have a maleimide reactive group designed to label all
accessible cysteines on all proteins with a covalent thioether linkage, resulting
in higher sensitivity of detection vs minimal labeling CyDyes. One limitation is
that currently only two saturation dyes are available (Cy3 and Cy5), thus com-
plicating gel multiplexing, as more gels must be utilized in an experiment. In
order to use an internal standard with the saturation dyes, one dye (Cy3) is used
for the pooled internal standard (consisting of equal portions of all the samples
in the experiment), which is run on all gels in an experimental series. The other
(Cy5) dye is used for the test samples. The protein abundance is then expressed
as a normalized ratio relative to spots from the internal standard.

The sensitivity of the CyDye minimal labeled proteins is comparable to sil-
ver or Sypro Ruby stains (4,6), and the saturation dyes are even more sensitive
(7), at least for those proteins containing multiple cysteine residues. Using cur-
rent mass spectrometry (MS) technology, it should in theory be possible to
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identify even the fainter spots (approx 1 ng/spot or approx 20 fmols of a 50-
kD protein), as the sensitivity of some MS platforms now lies in the attomole
range. However, the practical limitations of not being able to quantitatively
pick the entire spot (i.e., with automated spot pickers having a fixed diameter
picker) and inefficiencies of the digestion/extraction procedures lead to over-
all recoveries that are well below 100%, which often confound the MS-based
identification of less-intense DIGE spots. Loading additional unlabeled sam-
ple increases the probability of extracting sufficient amounts of protein to iden-
tify by MS, but risks loss of resolution by overloading. It is of note that the
CyDye labeling process is a mass action event and that the dynamic range of
approx 104 to 105 afforded by the dyes would necessarily restrict labeling to
only the corresponding concentration range of the most abundant proteins in
the mixture. For example, in human sera, the dynamic range of protein abun-
dance extends to at least over a 1010 range in protein concentrations, with the
approx 40 mg/mL serum albumin being the most abundant protein (8,9). In
this instance the 104 to 105 range of DIGE would theoretically allow this tech-
nology to detect proteins expressed over the 0.4 or 4.0 µg/mL to 40 mg/mL
range. To detect less-abundant proteins, it would be necessary to either pre-
fractionate (sera) or deplete the more abundant proteins and concentrate the
samples prior to labeling.

The power of DIGE technology over traditional 2D methods has been
demonstrated for a wide variety of biological applications (e.g., 10–16), includ-
ing studies related to the mitochondrial proteome from mouse heart (17), inner
medullary collecting duct proteins from rat kidney cells (18), instantly released
wound and immune proteins from Drosophila hemolymph (19), and studies
related to breast (20), esophageal (21), gastric (22), and colon cancer (23).
DIGE technology is a strong complement to other proteomic methods such as
isotope-coded affinity tagging (ICAT), mass tagging, 2D-LC, peptide protein
biomarker discovery, array technologies, and functional genomic approaches
such as metabolomic and transcriptomic studies.

2. Materials
CyDyes for both minimal labeling and saturation labeling are from GE

Healthcare (formerly Amersham Biosciences, Piscataway, NJ). For both mini-
mal and saturation labeling lysis buffers, other detergents may be used, in place
of or including CHAPS, to increase the solubility of membrane or very
hydrophobic target proteins. It may be difficult or impractical to solubilize all
samples in the standard lysis buffer; therefore, compatibility of other reagents
with CyDye labeling is an issue that must be empirically tested on a per case
basis. References to H2O/water refer to double-distilled 18.2 MΩ H2O, with
organic content less than 5 ppb. The detection strategies employed here, from
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the fluorescent dyes to the MS instrumentation used in the final analysis, are
extremely sensitive, so appropriate precautions must be taken to prevent con-
tamination of the samples and gels by dust, keratin, and the like.

2.1. Sample Preparation

2.1.1. Solubilization With Lysis Buffer for Minimal Dyes

1. Lysis/labeling buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS (Calbiochem), 30
mM Tris (pH 8.5) at 4°C. Check that the final solution pH is 8.5 at 4°C, to ensure
good labeling efficiency. Dispense into approx 1-mL aliquots and store at -80°C,
stable for several weeks.

2. Quenching solution for minimal CyDyes: 10 mM l-lysine in water.
3. Rehydration buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2 mg/mL dithio-

threitol (DTT), 1% Pharmalyte (various pH ranges are available), in water. Approx-
imately 1-mL aliquots may be stored for several weeks at –20°C and longer at
–70°C (see Table 1 for comments on the effect of other reagents on labeling by
minimal CyDyes).

2.1.2. Solubilization With Lysis Buffer for Saturation Dyes

1. Lysis/labeling buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS (Calbiochem), 30
mM Tris (pH 8.0) at 37°C. For the saturation dyes, make the final volume up to 25
mL with H2O, and ensure that the stock pH of the Tris is 8.0 at 37°C, (or 8.3 at

Table 1
Effect of Other Reagents on Labeling by Minimal CyDyes (24)

Detergents Concentrations Effect on labeling

ASB-14 Up to 2% Slight reduction in labeling
Triton X-100 If used at 1% 17% reduction in labeling
NP-40 Up to 1% No effect on labeling
SDS Up to 1% No effect on labeling

Reducing agents
DTT 2 mg/mL Slight reduction in labeling

5 mg/mL 2X reduction in labeling
TCEP 1 mM to 0.5 mM Slight reduction in labeling

Avoid the use of amines and ampholines in the minimal dye lysis/labeling buffer,
because these can cause a substantial reduction in labeling efficiency. The poor nucle-
ophilicity of the Tris amine group relative to that of the epsilon primary amine of
lysine enables the use of Tris as a buffer without compromising the efficiency of
CyDye DIGE Fluor minimal dye labeling. SDS, sodium dodecyl sulfate; DTT, dithio-
threitol; TCEP, Tris(2-carboxyethyl)phosphine hydrochloride.
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25°C), to ensure good labeling efficiency. Dispense into approx 1-mL aliquots and
store at -80°C, at which temperature the buffer is stable for several weeks.

2. 2X sample buffer (reaction stopping solution for saturation dyes): 7 M urea, 2 M
thiourea, 4% (w/v) CHAPS, 2% (v/v) Pharmalyte (GE/Amersham, pH 3.0–10.0, or
other appropriate range, depending on the IPG strip used), 1 mg/mL DTT, water.

3. Rehydration buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 1 mg/mL DTT, 1%
Pharmalyte (various pH ranges available), water. Aliquots may be stored for sev-
eral weeks at –20°C and longer at –70°C (see Table 2 for comments on the effect
of other reagents on labeling by saturation CyDyes.)

2.2. (Optional) Cleanup of Sample by Protein Precipitation Using the
GE 2D Clean-up Kit (cat. no. 80-6486-60, GE/Amersham) (see Note 1)

1. Precipitant: renders proteins insoluble.
2. Co-precipitant: contains reagents that co-precipitate with proteins and enhances

their removal from solution.
3. Wash buffer: used to remove nonprotein contaminants from the protein precipitate.
4. Wash additive: solution contains a reagent that promotes rapid and complete resus-

pension of the sample proteins.

2.3. Isoelectric Focusing (First Dimension)

1. The IEF apparatus is the IPGphor Isoelectric Focusing System from GE/Amersham,
with an integrated temperature-regulating system and programmable power supply.

2. The 24-cm ceramic strip holders (80-6470-07, GE/Amersham) are used most often.
3. Equilibration tubes (80-6467-79, GE/Amersham).
4. Mineral oil (Dry Strip Cover Fluid, 17-1335-01, GE/Amersham).
5. IPG strips (Immobiline Dry Strip Gels, available in a wide range of pH ranges from

GE/Amersham).
6. Immobiline Drystrip Reswelling Tray (80-6465-32, GE/Amersham).
7. Electrode strips (GE/Amersham).
8. IPG Buffer (ampholyte), of the appropriate range to match the IPG strip, both

obtained from GE/Amersham.
9. Equilibration buffer (1): reducing buffer: 6 M urea, 10 mM Tris-HCl (pH 6.8) at

room temperature, 30% (v/v) glycerol, 1% (w/v) SDS. Add DTT to a final con-
centration of 0.5% (w/v); use 10 mL/IPG strip.

10. Equilibration buffer (2): alkylating buffer-substitute iodoacetamide at a final con-
centration of 45 mg/mL in place of DTT; use 10 mL/IPG strip.

2.4. SDS-PAGE (Second Dimension)

1. The gel apparatus used is the Ettan DALTtwelve system, consisting of a 12-slot ver-
tical slab separation unit, integrated 200-W, 600-V, 1.0-A programmable power unit,
and a self-contained temperature-control and circulation unit (GE/Amersham).

2. Gel caster (no. 80-6467-22, with 14-gel capacity-GE/Amersham).
3. Low-fluorescence glass plates (80-6442-14, GE/Amersham).
4. Bind silane (17-1380-01, GE/Amersham).
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5. Repel silane (17-1332-01, GE/Amersham ).
6. Reference markers (18-1143-34, GE/Amersham).
7. Reagents include premixed acrylamide-bis solution (40% acrylamide , 3% bis-

acrylamide), low-melting-point agarose, ammonium persulfate (APS), bromophe-
nol blue (BPB), n-butanol glycine, Tris-HCl base, SDS, and
N,N,N′,N′-tetramethylethylene-diamine (TEMED) of appropriate grade (elec-
trophoresis or better). These reagents are available from Sigma-Aldrich (St. Louis,
MO), GE/Amersham, and from other companies. Consistent use of reagent suppli-
ers and lot numbers within a given set of experiments is recommended to reduce
variability due to formulation differences. Note that precast gels, utilizing low-flu-
orescence glass plates in a customizable variety of concentrations, and gradients of
high consistency, have been recently introduced by Jule, Inc. (Milford, CT).

8. Running buffer (pH 8.8): 30 g (25mM final) Tris-HCl base, 144 g (192 mM final)
glycine, 10 g (0.01% final) SDS, H2O to 10 L final volume.

Table 2
Effect of Other Reagents on Labeling by Saturation CyDyes (24)

Detergents Concentrations Effect on labeling

ASB-14 Up to 1%
Triton X-100 Up to 4%
NP-40 Up to 4%
SDS Up to 4%

Reducing Agents
DTT 1 mg/mL =

6.4 mM
β-mercaptoethanol 10 mM

Other Reagents
Amines 30 mM 10% reduction in labeling
Ampholines 1% 10% reduction in labeling

Effect of other reagents on both minimal and saturation labeling

Salts No effect if kept lower than 10 mM for rehydration load-
ing, and less than 50 mM for cup loading

Protease inhibitors Compatibility varies; see additional information in the
Amersham/GE DIGE CyDye user guide.

Nuclease: (Benzonase, May be used at manufacturers suggested concentration,
EMD Chemicals) but these reagents may produce an artifact spot on the

gel

SDS, sodium dodecyl sulfate; DTT, dithiothreitol; TCEP, Tris(2-carboxyethyl)phosphine
hydrochloride; DIGE, difference gel electrophoresis.

No effect except that labeling conditions
for saturation dyes (i.e., TCEP concen-
tration) may have to be optimized when
using different detergent combinations.

Thiol-containing reagents will react with
the saturation dyes; therefore, the
amount of TCEP and dye may need to be
increased accordingly.
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9. Low melting point agarose solution: 0.5% (w/v) dissolved in 1X running gel buffer
with a final concentration of 0.02% BPB.

10. Gel solution (for six 25 cm × 20 cm gels): 148.8 mL (40% acrylamide 3% bis-acry-
lamide); 120.0 mL 1.5 M Tris (pH 8.8) at 20°C; 4.8 mL 10% SDS; 204 mL H2O.

11. Ammonium persulfate: 10% solution in water, make fresh prior to use.
12. Displacement solution: 50% (v/v) glycerol, 25% (v/v) 1.5M Tris (pH 8.8), water,

trace amount of BPB. Approximately 100 mL/cast is needed.
13. Water-saturated iso-butanol. Shake well and let separate into phases before use.

2.5. Gel Scanning and Analysis

1. Images that are scanned using a Typhoon 9410 Variable Mode Imager (GE/Amer-
sham) are output as GEL files, a variation of the 16-bit TIFF format, and are purely
grayscale image files with one bit per pixel. The images have a dynamic range of 1-
100,000 possible levels of signal resolution. A square-root compression algorithm is
used to fit the potential 105 levels of image into the 216 = 65,536 actual available lev-
els. The algorithm also provides higher signal resolution at the low end, where small
changes in signal are critical. The emission (em)/excitation (ex) wavelength
(nanometers) settings respectively are: for Cy2 = 520 em (40 bandpass)/488 ex, Cy3
= 580em, (30 bandpass)/532 ex, Cy5 = 670 em (30 bandpass)/633 ex, Sypro Ruby =
610 em (30 bandpass)/532 ex, Deep Purple = 610 em (30 bandpass)/457 ex.

2. DeCyder Differential Analysis Software (GE/Amersham) is an automated image
analysis program suite that enables the detection, quantitation, matching, and
analysis of 2D gels run with CyDye-labeled protein samples.

3. Poststain analysis is conducted using a high-sensitivity fluorescent dye such as
Sypro Ruby (Molecular Bioprobes) or Deep Purple (Amersham/GE), which
approximately matches the sensitivity of the CyDyes.

4. Fixer: 50% methanol, 10% acetic acid, H2O.
5. Destain: 10% methanol, 7% acetic acid, H2O.

2.6. Spot Picking, Tryptic Digestion

1. An Ettan Dalt spot-picking robot (GE/Amersham) interprets spot-picking coordinates
generated through the DeCyder analysis program and transfers picked spots (gel plugs
of 1.4-2.0 mm fixed diameter × 1 mm thick) into 96-well polypropylene plates.

2. An Ettan Dalt in-gel protease-digesting robot (GE/Amersham) is employed to
wash, rinse, dehydrate, rehydrate, and digest the gel plugs with trypsin (Promega,
cat. no. V5111, 20 µg/vial).

3. Methods
3.1. Sample Preparation and Labeling

3.2.2. Labeling With Minimal Dyes

With technical and manufacturing advances enabling excellent run-to-run
reproducibility, it has become even more obvious that sample preparation
remains the single most important and limiting aspect of the 2D-DIGE experi-
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mental approach. The potential sources and numbers of protein lysate samples
that may be analyzed using 2D-DIGE technology is limited by the ability to dis-
aggregate, fully solubilize, and maintain in solution the desired proteins in the
sample pool in an appropriate sample buffer. The sample buffer must allow effi-
cient, unbiased protein labeling while still maintaining conditions that allow
entry and running on the first- and second-dimension gels (see Notes 1–3 for
comments about interfering chemical compounds and other, biological contam-
inants). As mentioned in the introduction, the large (104 to nearly 105) dynamic
range of the DIGE platform allows detection of proteins that are present at con-
centrations that correspond to as little as 0.01 to 0.001% of the most abundant
sample proteins. Nonetheless, the estimated 1010 dynamic range of human sera,
and probably that of many other human tissue and fluid samples, precludes
DIGE detection of the large number of lower-abundance proteins that are pres-
ent at concentrations less than 0.001% of that of the most abundant protein.
Detection of these lower-abundance proteins will require prefractionation of the
sample and/or selective depletion of high-abundance proteins (see Note 4).

The recommended lysis/labeling buffer (see Note 5) for the DIGE minimal
dye labeling system contains 7 M urea, 2 M thiourea, 4% CHAPS in 30 mM Tris
(pH 8.5) at 4°C, and is used as a starting point for all sample types using these
dyes. For the saturation CyDyes, the starting lysis/labeling buffer is 7 M urea,
2 M thiourea, 4% CHAPS in 30 mM Tris (pH 8.0) at 37°C. As mentioned, other
reagent combinations may be necessary to accommodate the source material;
however, these will have to be individually optimized for each sample to ensure
compatibility with both the labeling and gel running procedures. In general, all
procedures beginning at the moment of sample lysis should be kept as cold as
possible without allowing reagent or sample precipitation (usually on ice or at
4°C) (see Note 6). Ideally, the samples should be labeled immediately and
stored as cold as possible, preferably at –80°C. Freeze thawing in the
lysis/labeling buffer may result in differential protein precipitation for some
samples, so caution is advised. The same caution is advised for prolonged stor-
age, even at –80°C. Although no single method can be applied universally, the
following outline is for a frequently encountered sample of cultured cells grown
in flasks with media containing serum.

1. Grow cells to the desired density. Wash attached cells several times with media
without serum or phosphate-buffered saline that has been prewarmed to the incu-
bation temperature. Scrape, or if necessary, trypsinize cells into a 15-mL conical
tube (see Note 7).

2. Resuspend cell pellets in media without serum, again at the incubation tempera-
ture. Pellet the cells and repeat at least three times to remove trypsin (if it was used
in step 1 above) and all remaining media, which in the case of serum-supplemented
cell-culture media may contain very large amounts of albumin and other proteins.
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3. Resuspend and pellet the cells once more in wash buffer.
4. Lyse the cells with a volume of cell lysis buffer such that the final protein concen-

tration should be 5–10 mg/mL (see Note 8).
5. Centrifuge the cell lysates and confirm with pH paper that the pH of the super-

natant is still at 8.5.
6. If the pH is not correct, re-check the cell wash and lysis buffer pH and repeat the

process, or adjust the pH by careful addition of 50 mM HCl or NaOH (see Note 9).
At this juncture, a decision should be made whether to perform a sample precipi-
tation to further purify the sample (see Subheading 3.2. and Note 1).

7. Store cell lysates in aliquots at –80°C while protein concentration assays are car-
ried out on aliquots of all lysates (see Note 10).

8. Use hydrolysis/amino acid analysis or the 2-D Quant Kit (GE/Amersham), to
determine the protein concentrations in all samples.

9. Use 1.5-mL polypropylene microcentrifuge tubes placed on ice to aliquot each
sample. Adjust the volume of each sample to as close to 50 µg/10 µL as possible.
Normalize the volume of all the samples within a given experiment.

10. In vitro label each of the control and experimental protein extracts with Cy3 and
Cy5 dyes respectively. If a pooled internal standard will be used (i.e., as an aid to
comparing and normalizing multiple experiments), label it with Cy2. For labeling
each sample use 1 µL of each dye solution that has been diluted from stock to 400
pmol/µL with fresh dimethyl formamide (see Note 11).

11. Incubate each reaction for 30 min at 4°C.
12. Add 1 µL of 10 mM lysine to each reaction tube. Incubate for an additional 10 min

on ice to stop each labeling reaction.
13. Working quickly, pool the control, experimental, and internal standard (if used)

samples together (i.e., 150 µg total protein) into one of the sample tubes. Wash the
individual sample tubes with 50 µL rehydration buffer, microfuge the tubes, and
combine all traces of the sample tube washes into one of the pooled sample tube.
Dilute the pooled sample with additional rehydration buffer to a final volume of
between 400 and 450 µL (see Note 12). If necessary, the pooled sample may be
frozen and stored at this point at –80°C; however, it is best to proceed directly with
the IEF.

3.1.2. Labeling With Saturation CyDyes

The sample preparation for labeling with saturation CyDyes is essentially the
same as that for minimal dyes, except that the lysis/labeling buffer is pH 8.0 at
37°C. The pH difference is critical. The subsequent labeling procedure, how-
ever, varies substantially.

For analytical (5 µg/sample) labeling with saturation CyDyes:

1. Using a clean, sterile 1.5-mL polypropylene microfuge tube for each dye/sample
pair, dispense 5 µg protein in 9 µL lysis/labeling buffer.

2. Add the required volume of 2 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) (usually approx 1 µL, see Note 13).
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3. Mix thoroughly by pipetting and spin briefly. Incubate for 1 h at 37°C in the dark.
4. Add the required volume of 2 mM dye in dimethylformamide (DMF) (usually

approx 2 µL see Note 13).
5. Mix thoroughly by pipetting and spin briefly. Incubate for 30 min at 37°C in the dark.
6. Stop the reaction by adding an equal volume of 2X sample buffer. Mix thoroughly

by pipetting and spin briefly. Store at –70°C in the dark or further dilute in resus-
pension buffer and proceed with the IEF run.

For preparative labeling of a sample of interest using Cy3 saturation CyDye
(see Note 14):

1. Dispense 500 µg of the protein sample of interest (may be a pool of samples, if nec-
essary) in lysis/labeling buffer into a clean, sterile 1.5-mL polypropylene
microfuge tube.

2. Add 10 µL TCEP at the required concentration (see Note 13).
3. Mix thoroughly by pipetting and spin briefly. Incubate for 1 h at 37°C in the dark.
4. Add the required volume of 20 mM Cy3 preparative CyDye in DMF (see Note

13).
5. Mix thoroughly by pipetting and spin briefly. Incubate for 30 min at 37°C in the

dark. Add resuspension buffer to a final volume between 400 and 450µL (assum-
ing the use of a 24-cm IPG strip). Store at –70°C in the dark or (preferably) pro-
ceed with the IEF run.

3.2. Sample Precipitation Using Organic Solvent/TCA or the GE/
Amersham 2D Clean-Up Kit

This procedure is optional, although it is generally recommended; see Note 1.

3.3. Isoelectric Focusing: First-Dimension Separation

3.3.1. Rehydration Loading

1. Transfer the pooled sample into the IPG strip holder, spreading the sample evenly
across the length of the holder between the electrodes while avoiding air bubbles.

2. Remove the protective plastic backing from the IPG strip of choice (see Note 15)
and, starting with one end, carefully place it gel side down onto the solution, being
careful not to trap air bubbles or to abrade/damage the gel. If necessary, the gel may
be gently lifted to reposition it for proper electrode contact, and trapped bubbles
may be removed by very gently tapping the backing of the IPG strip with a (clean)
pipet tip.

3. Overlay the strip with 3 mL of Dry Strip mineral oil. Place the holder onto the IEF
apparatus.

4. Suggested running conditions for rehydration loading are as follows, all at 20°C:

2 h passive re-hydration with no applied voltage
12 h at 30 V
1 h at 500 V
8 h at 8000 V
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After the run is complete, the voltage is ramped down to 500 V to maintain
focusing until the gel strip is removed.

5. Remove the mineral-oil overlay by pouring or pipetting it off the gel strip. Care-
fully place the IPG strip with the gel side up into an equilibration tube. If neces-
sary, after IEF, the IPG strip may be stored in an equilibration tube at –70°C, but it
is best to proceed directly to the next steps.

6. Place 10 mL of equilibration buffer containing DTT into the tubes containing the
IPG strips, incubate all tubes for 10 min with gentle mixing on a rocking platform.

7. Completely remove the DTT-containing solution and replace it with equilibration
solution containing iodoacetamide. Incubate for an additional 10 min. (Important:
skip this step for saturation dye labeling.)

8. Pour off the equilibration solution and briefly rinse the strip with 15 mL of 1X gel
running buffer.

3.3.2. Cup Loading for Analytical Saturation CyDye Gels 
(for the GE/Amersham System)

3.3.2.1. PREPARATION OF THE IPG DRYSTRIP: REHYDRATION FOR CUP LOADING

(ANALYTICAL GELS)

1. Pipet the appropriate volume of rehydration buffer into each of the required num-
ber of slots in an Immobiline DryStrip Reswelling Tray, or equivalent vessel. The
volume should not exceed 450 µL per 24-cm strip.

2. Deliver the buffer slowly along the slot. Remove any large bubbles.
3. Remove the protective cover from the Immobiline DryStrip (IPG strip).
4. Position the IPG strip with the gel side down and the pointed (acidic) end of the

strip against the end of the slot closest to the spirit level.
5. Lower the IPG strip onto the buffer. To help coat the entire IPG strip and avoid air

bubbles, gently lift and lower the strip along the surface of the buffer.
6. Overlay each IPG strip with 1.5–2 mL DryStrip (mineral oil) to prevent evapora-

tion and urea crystallization.
7. Cover the DryStrip Reswelling Tray and allow the IPG strip to rehydrate at room

temperature. Rehydrate 16 h (overnight), but not longer than 24 h.

3.3.2.2. CUP LOADING

1. Pre-prepare electrode pads by cutting 5 mm × 15 mm pieces from the IEF Elec-
trode Strips. Place the pieces on a glass plate and soak with distilled water. Remove
excess water by blotting with a paper towel, or filter paper. It is important that the
pads are damp but not wet, as excess water may cause streaking.

2. Combine the required amount of each labeled protein extract (e.g., 5 µg Cy3
pooled internal standard, 5 µg Cy5 experimental sample).

3. Mix thoroughly by pipetting and leave on ice until use.
4. Place the Ettan IPGphor Cup Loading Strip Holders in the correct position on the

IPGphor platform.
5. With a pair of forceps, carefully remove the IPG strip from the DryStrip

Reswelling Tray, taking care not to damage the gel.
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6. Allow the excess DryStrip mineral oil to run off the IPG strip onto a piece of tis-
sue. Do not allow the gel side to touch the tissue as it may stick to it.

7. Place the IPG strip gel side up with the basic end (flat end of the IPG strip) flush
with the flat end of the IPGphor Cup Loading Strip Holder.

8. Place preprepared damp electrode pads (5 mm × 15 mm) onto the acidic and basic
ends of the gel.

9. Clip down the electrodes firmly onto the electrode pads. Ensure that there is good
contact with the IPG strip and the metal on the outside of the strip holder.

10. Clip a cup loader onto the strip next to one of the electrodes. It should be positioned
either at the acidic or basic end (see Note 16), in between the two electrodes.

11. Check for a good seal by filling the cup to the top with DryStrip mineral oil.
Observe the level of the fluid to determine whether it is decreasing. If a leak is
detected, remove the mineral oil and reposition the sample cup.

12. Apply at least 4 mL of DryStrip mineral oil onto the DryStrip holder. Allow the oil
to spread so it completely covers the IPG strip.

13. Up to 100 µL of protein sample can now be loaded into the bottom of the sample
cup.

14. Put the clear plastic strip cover onto the strip holder.
15. Cover the apparatus to exclude light while ensuring that the air vents remain

uncovered. Metallic covers must not be used under any circumstances. The IPG
strips are now ready for IEF.

16. Focus the proteins overnight. Suggested room temperature running conditions are
given below for analytical analyses with cup loading onto 24 cm, pH 3.0–10.0
strips.

3 h at 300 V
3 h Linear gradient from 300 to 600 V
3 h Linear gradient from 600 to 1000 V
3 h Linear gradient from 1000 to 8000 V
4 h at 8000 V
hold at 500 V

50 µA upper current limit per strip

17. Strips should be removed as soon as possible after the end of the 4 h/8000 V hold
step is completed. If they are left for more than 2 h at 500 V, strips should be
ramped up linearly to 8000 V over 30 min to refocus proteins before the strips are
removed from the apparatus.

3.4. SDS-PAGE, Second-Dimension Separation

3.4.1. Preparing the Plates

Reflective reference markers are used by the gel-picking software to deter-
mine the spot coordinates. Gels for spot picking must therefore be cast with two
reference markers under the gel, and the gel has to be bound to the glass plate
to ensure that it does not deform during the picking process.
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1. Treat the shorter low-fluorescence glass plate with diluted Bind-Silane solution.
Pipet 2 mL of Bind-Silane solution over the surface of the plate and wipe with a
lint-free tissue until dry. Cover the plate with a lint-free tissue and leave on the
bench or in a very clean hood for 1.5 h to allow the excess Bind-Silane to evapo-
rate.

2. Separately treat the larger plate with undiluted Repel-Silane, as in step 1. Be sure
to let the plates dry in an area that is well separated from the Bind-Silane plates.
Otherwise, the vapors from each can cross-contaminate the other mating plate.

3. Once dry, any residue on the glass plates may be removed by cleaning with a lint-
free tissue that has been slightly dampened with ethanol. Place a reference
marker halfway down the left side of the Bind-Silane treated plate, close to but
not touching the spacer, in a position where it will not likely interfere with
expected protein spot(s). With a second marker, repeat this procedure on the right
side of the plate.

4. When ready to pour the gel, sandwich the Bind-Silane-treated plate against the
Repel-Silane-treated glass plate. Place the glass plate cassette in the gel caster.
Ensure that the plates have completely dried. It is best to assemble the silanized
plates immediately prior to gel pouring to avoid transfer of volatile Bind-Silane
between glass surfaces within the cassette.

3.4.2. Preparing the Gel Solution and Casting Gels for Isocratic 
SDS-PAGE

1. Allow the acrylamide gel stock solution to warm to room temperature. It may be
sonicated or filtered through a 0.2-µm filter to de-gas.

2. Assemble the gel caster on a level surface.
3. Connect one end of the feed tube to either a funnel or a peristaltic pump. Insert the

opposite end into the grommet in the bottom of the balance chamber.
4. Pour 100 mL of displacing solution into the balance chamber.
5. When ready to pour the gels, add the appropriate volume of freshly prepared APS

and TEMED to the acrylamide gel stock solution and mix.
6. Introduce the gel solution into the funnel or peristaltic pump, taking care not to

admit any air bubbles into the feed tube.
7. Allow the solution to enter the gel caster until it is 1–2 cm below the final desired

height. Stop the flow of acrylamide and remove the feed tube from the balance
chamber grommet. Once the feed tube is removed, the dense displacing solution
will enter the caster and force the remaining acrylamide solution into the gel cas-
settes to the desired height.

8. Immediately pipet 1–2 mL of water-saturated butanol onto each gel to create a level
interface.

9. Allow the gels to polymerize for at least 3 h at room temperature before disassem-
bling the caster. The gels can be stored in an airtight container at 2–8°C covered
with 1X SDS electrophoresis running buffer for up to 2 wk.
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3.4.3. SDS-PAGE Procedure

1. Heat sufficient low-melting agarose (dissolved in 1X sample buffer containing a
trace amount of BPB) in a microwave until it reaches near boiling. Fill the void at
the top of the gel cassette sandwich with 1X buffer to facilitate placing the IPG gel
strip onto the top of the gel. This serves to reduce the friction when positioning the
strip onto the top of the gel and to break the surface tension at the top of the gel,
which aids in removing trapped bubbles. Place the strip gently onto the top of the
gel, noting the orientation of the strip. Quickly remove trapped air bubbles between
the strip and the top of the gel by gently tapping the upper edge of the IPG strip
with a thin piece of plastic, being careful not to contact and damage the IPG gel
itself. Ensure that the strip is in direct contact with the polyacrylamide gel.

2. Pour off the 1X sample buffer (to prevent SDS and buffer from diffusing out of the
gel do not let the gel stand in the sample buffer longer than necessary) and imme-
diately overlay the gel with the melted agarose solution. Remove any remaining
trapped bubbles immediately after pouring. Again, ensure that the strip is in direct
contact with the polyacrylamide gel.

3. Allow the gel to cool before placing it into the vertical gel apparatus, making sure
that the agarose has solidified.

4. Run the gel at 15°C. Use approx 20 mA current per gel for an 8-h run, or approx
10 mA current for a 16-h, overnight run.

3.5. Sample Imaging

1. Immediately after SDS PAGE, the gel (which is still held between two glass plates)
is sequentially scanned at 2 (for two dyes) or 3 (if a multiplexing experiment is per-
formed with an internal standard) wavelengths on an Amersham Typhoon 9410
Imager. After scanning, 16-bit gel files of each color channel are exported for
image analysis using the differential in-gel analysis module of the Amersham
DeCyder software package. After spot detection (which includes automatic back-
ground correction, spot volume normalization, and calculation of the volume ratio),
a user-defined filter may be applied to each gel. This has the effect of automatically
removing many nonprotein spot features from the gel and is followed by recalcu-
lation of sorting and normalization parameters.

2. The front glass plate is removed and the gel is then fixed and stained with Sypro
Ruby or Deep Purple, fluorescent stains that will be used as a guide to excise spots
of interest from the gel (see Notes 17 and 18).

3. To fix the gels prior to Sypro Ruby staining, the gel is placed in 200 mL of 50%
methanol, 10% acetic acid fixative for 2 h to overnight at room temperature with
gentle shaking. Pour off the fixative solution.

4. Rinse the gel for 4 × 15 min in 400 mL water; pour off the rinse water.
5. Incubate the gel in Sypro Ruby stain for 5 h to overnight. Pour off and properly dis-

pose of the stain solution.
6. Rinse the gel briefly with 400 mL water; pour off the rinse water.
7. De-stain with 10% methanol/6% acetic acid for 0.5 h.
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8. Rinse the gel 2 × 15 min with 300 mL water.
9. Replace the top plate, taking care to remove all bubbles, and re-scan using the

appropriate wavelength.
10. Amersham Biosciences DeCyder software is then used to quantify the gel image

and to identify a pick list of differentially expressed protein spots to be excised
and subjected to in gel trypsin digestion followed by MS-based protein identifi-
cation. The DeCyder software can analyze any two CyDye gel images, either on
the same gel or on different gels, match the spots between the two images, and
then identify differentially expressed protein spots. The DeCyder software auto-
matically outputs a listing of statistically significant differences in protein
expression including t-test values, using the Cy2 internal standard. Replicate
samples are required for statistical analysis. Differentially expressed spots may
be identified using a number of possible criteria, including peak area, peak vol-
ume, three-dimensional (3D) peak slope, 3D peak height, and/or statistical
parameters. Protein spots that show significant differences in their intensities
between the two samples will be highlighted by the software so they can be man-
ually confirmed. Figure 1 shows an example of a DIGE analysis of a complex
protein extract from cells grown in culture. This gel has been scanned to allow
visualization of the Cy3-labeled control (Fig. 1A), the Cy5-labeled experimental
sample (Fig. 1B) and a Cy3-labeled control (Fig. 1C), which shows those spots
that are differentially regulated by threeold or more based on spot volume ratios
in the control vs experimental samples. The DeCyder software can also analyze
Sypro Ruby images, match the spots found with Sypro staining to those identi-
fied with the CyDye stains, and then choose a pick list from the Sypro-stained
gel image. DeCyder data can be read by laboratories who do not have the DeCy-
der software by exporting the data using an HTML format.

3.6. Spot Picking, Tryptic Digestion

1. The protein spot pick list is transferred to the Ettan Spot Picker instrument (Amer-
sham Biosciences/GE), which automatically excises the selected protein spots
(using a 2.0 mm diameter pick head) from the gel and transfers them into a
polypropylene 96-well microtiter plate (Corning, Corning, NY) (see Note 19).

2. The excised protein spots are then subjected to automated in-gel tryptic digestion
on the Ettan TA Digester, or manually digested using the following steps:

a. Wash the spots with 2 × 50 µL of 50 mM ammonium bicarbonate in 50%
CH3CN for 10 min.

b. Wash the spots with 1 × 50 µL 75% CH3CN for 10 min.
c. Air-dry for 15–30 min.
d. Add 15 µL (0.1 µg) trypsin per spot; add proportionally more if a significantly

larger gel piece is manually excised.
e. Incubate for 3 h to overnight at 37°C.

LC-MS/MS or matrix-assisted laser desorption/ionization time-of-flight
MALDI-TOF)/TOF MS/MS provides sensitive and accurate mass spectral data
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on the in-gel tryptic digests. The resulting, uninterpreted MS/MS spectra may
then be subjected to database searching using Mascot and other commercially
available algorithms to enable high-throughput protein identification.

Fig. 1. (A) Control Cy3-labeled sample. (B) Experimental (treated) Cy5-labeled
sample. (C) Spots outlined display threefold or greater changes in spot volume ratio.
Increases in Cy3/Cy5 ratio are indicated by (*), increases in Cy5/Cy3 ratio are
unmarked. (figure continues)
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4. Notes
1. Precipitation of the protein sample is an effective method for separating and

removing many contaminants, both chemical (such as salts, ionic detergents,
buffers, and other small molecules) and biological (such as endogenous small ionic
molecules, nucleotides, phospholipids, lipids, polysaccharides), leaving behind a
much purer protein fraction that can then be resuspended in a buffer ideally suited
for both CyDye labeling and 2D gel electrophoresis. The method of choice for pre-
cipitation may be largely sample dependent.
a. Organic solvent precipitation (acetone, acetonitrile or ethanol): add three vol-

umes or more of ice-cold solvent to the aqueous extract; allow the proteins to
precipitate at –20°C for at least 2 h. The proteins are pelleted at high force
(12,000g) and residual solvent is dried off to near completion before resuspen-
sion in the labeling/lysis buffer.

b. Organic solvent (acetone, acetonitrile, or ethanol) with trichloroacetic acid
(TCA): although this is more effective than solvent or TCA alone, extended
exposure to low pH may cause protein degradation or modification. Use three or
more volumes of solvent containing 10 to 20% TCA with 20 mM DTT or TCEP,
and precipitate for at least 2 h at –20°C. Pellet the proteins by centrifugation as
in step a, and wash the pellet in cold solvent. Remove solvent to near dryness
before resuspension in lysis/labeling buffer.

c. 2D clean-up kit (GE/Amersham; see Subheading 2.2.): this kit has been demon-
strated in several systems to be efficient, with high and reproducible recovery,
and is highly recommended for general use.

Fig. 1. (continued)
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1. When using precipitation or any other fractionation method, partial sample loss
and reproducibility between sample pairs or groups is always a concern, and
must be empirically accessed on a sample-by-sample basis. However, protein
precipitation is often a necessary and worthwhile risk if it results in more clearly
defined gel patterns and minimization of streaking and other gel artifacts.

2. The addition of ampholytes in the lysis buffer is a common practice in the prepara-
tion of protein samples for analysis in traditional 2D gels, as they enhance protein
solubility by minimizing charge–charge induced interactions, but would severely
decrease the labeling efficiency of minimal labeling CyDyes in a DIGE 2D experi-
ment. Conversely, ionic detergents, such as SDS, are often used during protein
extraction and/or solubilization, and although the CyDye labeling process is largely
unaffected by the presence of SDS (at levels up to at least 1%), the presence of SDS
can strongly interfere with the subsequent running of the first-dimension IEF. The
negatively charged SDS–protein complex will not focus properly unless the SDS is
removed or sequestered. In some cases, however, the inclusion of SDS may be
required. In these instances the deleterious effects of SDS on the first-dimension IEF
run can be minimized by diluting the SDS-containing sample into a rehydration solu-
tion containing a zwitterionic or non-ionic detergent (e.g., CHAPS, up to 4% or
higher; NP-40, up to 1%; ASB-14, up to 2%; or Triton X-100, up to 0.5%) so that the
final concentration of SDS is 0.25% or lower and the ratio of the other detergent(s)
to SDS is at least 8:1 (w:w) (25). Alternatively, if the SDS is a contaminant, it may
be at least partially removed by precipitation of the protein. Some detergents, such as
ASB-14 and Triton X-114, have been shown to significantly enhance the solubility
of membrane/hydrophobic proteins (25–30). The mixture of thiourea with urea has
also been reported to increase the solubility of membrane proteins (31). See also the
GE/Amersham CyDye product notes (25800983/RPK0272PL) (24) for additional
and updated information about dye compatibility and protocols.

3. Nucleic acid (NA) contamination is often problematic, especially in the prepara-
tion of high protein concentration samples (>5 mg/mL protein), in which a mini-
mal volume of lysis buffer is used to solubilize collected cell or tissue samples, and
a coincidentally high content of NA remains in solution with the extracted proteins.
The consequences of NA contamination can be significant, and include nonho-
mogenous samples, which are difficult or impossible to accurately aliquot, leading
to unreliable results when comparing one sample to another or when running tech-
nical replicates of aliquots of the same sample. Nucleic acids can bind proteins
through electrostatic interactions, thus preventing and skewing accurate and repro-
ducible sampling. In addition, high-molecular-weight NA can severely interfere
with proper gel running and can cause distortion and smearing in the final 2D gel.
Finally, it is not clear how the presence of high-molecular-weight NA may affect
sample labeling with CyDyes. In samples where NA contamination is a problem,
they may be effectively removed by treatment of the sample with a (protease-free)
DNase/RNase such as Benzonase (EMD Chemicals, San Diego, CA). Addition of
a solution containing 1 mg/mL Benzonase and 50 mM MgCl2 followed by incuba-
tion on ice is sufficient to reduce the NA to mono- and oligonucleotides. These can
subsequently be removed by precipitation of the protein fraction.
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4. Reduction of a sample’s complexity before CyDye labeling may be necessary in
order to label and visualize lower-abundance proteins, as some samples may con-
tain tens of thousands of proteins that span a larger dynamic range in concentra-
tions than can be approached with DIGE or other proteomic technologies.
Prefractionation may be performed in a number of effective ways at several dif-
ferent levels, including preparative isoelectric focusing, chromatographic tech-
niques, protein extraction, organellar purification, or laser capture microdissection
(LCM) techniques. Differential sample loss between experimental and control
groups is always a concern with any fractionation steps. Alternative approaches
that have been used to reduce the complexity of serum-derived or -associated sam-
ples are depletion technologies that may, for instance, utilize bead-bound specific
antibodies or other reactive groups that are targeted towards the removal of spe-
cific, high-abundance species such as albumin and immunoglobulins. These pro-
teins account for the majority of the protein mass in serum samples, and thus
may interfere with the labeling of low-abundance species, as the dyes label by
the law of mass action and will therefore be proportionally sequestered by the
most abundant proteins present in the mixture. Many depletion kits are currently
available; some (Genway, Gibbstown, NJ) can be tailored to selectively remove
12 or more components on a single column pass. In addition to preventing label-
ing of less-abundant proteins, highly abundant proteins also will prevent loading
a sufficient total amount of protein onto gels to permit the detection of less-
abundant proteins.

5. The same buffer is used for both lysis and labeling, unless conditions dictate that a
different buffer or condition must be used for lysis, in which case the sample
should be precipitated and then re-suspended in the standard labeling buffer before
attempting to label and run the sample.

6. Once dissolved in urea, the protein samples should never be heated, because con-
siderable charge heterogeneity can be introduced as a result of carbamylation of the
proteins by isocyanate, which is formed during the decomposition of urea.

7. Trypsinization would not be appropriate if cell-surface proteins are of interest. In
general, trypsinization should be avoided in sample preparations targeted for pro-
teomic analysis. If it is used, additional pellet resuspensions and washings may be
required to completely remove trypsin prior to cell lysis.

8. 1 × 106 tissue-culture cells contain approx 50 µg protein, so the volume of lysis
buffer used should be proportioned accordingly to arrive at a final concentration of
approx 5 mg/mL total protein. Samples may be sonicated with several brief low- to
medium-power pulses, while kept on ice. Although this effectively solubilizes dif-
ficult samples, there is a danger of protein degradation, particularly if the samples
are allowed to overheat during sonication, and differential degradation is a possi-
ble complication. Also at this juncture, it should be determined whether it is nec-
essary to nuclease treat the lysed cell suspension and/or precipitate the proteins. In
the latter case, the precipitated protein should be resuspended in a minimum vol-
ume of lysis buffer prior to proceeding to step 8.
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9. If the pH of the sample is below 8.0 for minimal labeling, or not within 0.2 U of
8.0 for saturation labeling, then it must be adjusted before proceeding, as the label-
ing efficiency falls off significantly if pH is outside of these ranges. An alternative
to the slow addition of 50 mM NaOH or HCl is to make up lysis buffer (7 M urea,
2 M thiourea, 4% CHAPS, 30 mM Tris at the appropriate temperature) using Tris
at pH 9.5 or 7.5, as needed. It is also important not to over-dilute the sample, as this
will also affect the labeling efficiency.

10. If the samples are to be stored frozen for later use or for repeat experiments, tests
should be carried out to determine whether freeze/thawing leads to overall or dif-
ferential protein loss from precipitation.

11. The pooled internal standard consists of equal proportions of each sample in the
experiment (control + experimental) combined to give a total of 50 µg pooled pro-
tein sample/gel (i.e., 50 µg of Cy3-labeled control sample, 50 µg Cy5-labeled
experimental sample, and 50 µg Cy2 labeled pooled sample are combined to be run
on a single gel. Labels for the control and experimental samples may be inter-
changed. Large sample sets will require staggered timing.

12. An unlabeled aliquot of protein containing equal amounts of both the control and
experimental protein sample may be added to the sample mixture (not to exceed
approx 1 mg total protein loaded on the gel) to increase the probability of identi-
fying picked spots by the subsequent mass spectroscopic method employed for
analysis. The amount of protein that can be loaded must be optimized for each indi-
vidual experiment, as overloading sample will distort the protein patterns, particu-
larly in the vicinity of higher-abundance species, as well as affect the overall
running and quality of the gels. The advantage of using additional unlabeled as
opposed to labeled protein is the cost savings from having to use less dye.

13. The molar TCEP:dye ratio should be maintained at 1:2 to ensure efficient labeling.
Samples with higher cysteine content will require more TCEP to reduce the disul-
fide bonds, and more dye to label the thiol groups. Typically, 5 µg of protein lysate
requires 2 nmol TCEP and 4 nmol dye for the labeling reaction (assuming an aver-
age cysteine content of 2%). The criteria for optimal labeling conditions are as fol-
lows:
a. All spots must overlay;
b. There must be no significant mass “trains” or vertical streaks;
c. There must be no significant charge “trains” or horizontal streaks.

These criteria may be assessed by overlaying the resulting Cy3 and Cy5 images
using the image capture software associated with the scanner, e.g.,
ImageQuant(tm) (Molecular Dynamics).

If the amount of TCEP/dye is too low, available thiol groups on some proteins
will not be labeled. When the maleimide dye labels a thiol group, the mass of the
protein is increased but the charge is unaffected. Under-labeled samples will show
MW trains and/or streaking in the vertical direction. Also, when the amount of
TCEP/dye is too low, differential migration of Cy3- and Cy5-labeled spots for the
same protein can also occur.



92 Wu

If the amount of TCEP/dye is too high, this can lead to nonspecific labeling of
the amine groups on protein lysine residues. When the maleimide dye labels a
lysine group, the mass of the protein is increased and the charge is also reduced by
1. Over-labeled samples will show pI charge trains and/or streaking in the hori-
zontal direction (see GE/Amersham guide for CyDye DIGE Fluor Labeling kit for
scarce samples, 25800983PL, for more detail).

14. For the saturation dye preparative gels, it is best to target approx 500 µg, but no
more than 1 mg, of either the pooled sample or the sample with the highest-abun-
dance spot of interest for labeling. GE/Amersham manufactures a Cy3 saturation
dye specifically for the purpose of preparative gel labeling (kit no. 25-8009-84);
alternatively, Sypro Ruby staining may be performed instead.

15. IPG strips are available with a wide variety of pH ranges; GE/Amersham manu-
factures 24-cm Immobiline IPG Drystrips in pH 3.0–10.0 and 3.0–11.0 broad
ranges. Other pH ranges that are available include: 3.0-5.6 NL, 3.0–7.0 NL,
4.0–7.0, 3.5–4.5, 4.0–5.0, 4.5–5.5, 5.0–6.0, 5.3–6.5, 5.5–6.7, and 6.0–9.0. As
noted, some ranges are available in both linear and nonlinear (NL) formats.

16. Cathodic cup loading may give better results for acidic IPG strips. Higher protein
loads (e.g., for preparative gels) may require longer focusing times. See GE/Amer-
sham guide 25800983PL for more detail about cup loading.

17. As a result of the lag time between scans, for large experiments involving multiple
gels it will be necessary to first fix the gels before scanning to avoid sample diffu-
sion over time.

18. The reason for poststaining all of the protein in the gel is so that the CyDye labeling
is carried out such that the extent of incorporation will be less than 5% in terms of
mole CyDye/mole protein. Because the CyDye adds about 460 Da to each protein,
low-MW proteins (e.g., <10 kD) labeled with CyDyes will not precisely co-migrate
in the SDS-PAGE dimension with their nonlabeled counterparts. Thus, when picking
the spots from the gel with a spot-picking robot, the central mass of the spot may be
missed, and consequently less material will be available for protein identification.
After poststaining, the gel is rescanned and picking coordinates are readjusted
accordingly. This poststaining is not an issue with saturation CyDyes, which label
every cysteine of every protein molecule in solution. Protein spots can be picked
directly from gels that were run with proteins labeled with CyDye saturation dyes.

19. The maximum spot-pick head on the Ettan Spot Picker is 2.0 mm. Many spots are
larger than this and, as a result, much of the protein in these spots may be left behind
in the gel. The spot picker may be programmed to pick multiple plugs to try to excise
as much of the spot as possible. Alternatively, the spot may be carefully excised man-
ually with a sharp tweezer or similar tool. A post-spot-picking scan may be per-
formed in order to assess the completeness of excision of spots of interest.
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Oligomeric States of Proteins Determined 
by Size-Exclusion Chromatography Coupled 
With Light Scattering, Absorbance, and Refractive 
Index Detectors

Ewa Folta-Stogniew

Summary
Size-exclusion chromatography (SEC), coupled with “on-line” static laser light scattering

(LS), refractive index (RI), and ultraviolet (UV) detection, provides a universal approach for
determination of the molar mass and oligomeric state in solution of native proteins as well as gly-
cosylated proteins or membrane proteins solubilized in non-ionic detergents. Such glycosylated
proteins or protein–detergent complexes show anomalous behavior on SEC, thus presenting a
challenge to determination of molar mass and oligomeric state in solution. In the SEC-UV/LS/RI
approach, SEC serves solely as a fractionation step, while the responses from the three detectors
are utilized to calculate the molar mass for the polypeptide portion of the native or modified pro-
tein. The amount of sugar, lipid, or detergent bound to the polypeptide chain can also be esti-
mated from the SEC-UV/LS/RI analysis.

Key Words: Laser light scattering; size-exclusion chromatography (SEC); molar mass;
oligomeric state; glycoproteins; detergent-solubilized membrane proteins.

1. Introduction
Light scattering is a spectroscopic technique for determination of the molar

masses of biopolymers in solution (1). Review articles have been published on
the theory and application of static light scattering (LS) combined with size-
exclusion chromatography (SEC) for determination of the molar masses of
proteins in solution (2–4), and for analysis of protein complexes (4,5). This
chapter will focus on the most versatile application of light scattering for
studying oligomerization of proteins: the SEC-ultraviolet (UV)/LS/refractive
index (RI) approach, which can be applied to the analysis of native soluble
proteins, proteins with posttranslational modifications (e.g., glycosylated
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proteins), membrane proteins solubilized with non-ionic detergents, and pro-
teins complexed with polyethylene glycol. Determination of the oligomeric
state of such modified proteins or protein–detergent complexes is a challeng-
ing task because these proteins behave anomalously during SEC. In contrast,
static light scattering combined with refractometry and absorbance offers a
more rigorous approach for determination of molar mass and oligomeric state
of proteins in solution (6). Only the sequence of the polypeptide chain needs
to be known to determine its oligomeric state using SEC-UV/LS/RI analysis;
the degree of modification of the polypeptide chain does not need to be known
beforehand. On the contrary, if the chemical nature of the moiety bound to the
polypeptide chain is known, the amount of sugar, or polyethylene glycol, or
detergent bound to the polypeptide chain can also be estimated from the SEC-
UV/LS/RI analysis.

The SEC-UV/LS/RI approach utilizes three detectors: an absorbance
detector (UV), a static LS detector, and an RI detector, which are placed in
series with an SEC column. The UV detector monitors absorbance at 280 nm,
the RI detector monitors changes in refractive index, and the LS detector
records the excess of scattered light, whereas SEC serves only as a fractiona-
tion step. Because static LS provides only the weight-average molar mass of
the species in solution, the SEC separation plays an integral role in the over-
all analysis, although the elution from SEC does not need to correlate with the
molar masses of the species being studied. Success requires only that the var-
ious oligomeric species present in the sample be physically separated from
each other prior to their entrance into the LS detector. The SEC-UV/LS/RI
system is calibrated in a buffer of choice by analyzing protein standards. The
responses from the three detectors are subsequently used to calculate the
molar mass (MMpp) for the polypeptide portion of the modified (or unmodi-
fied) protein.

The SEC-UV/LS/RI data are processed utilizing the approach initially
described in detail by Hayashi and coworkers (6), and applied later to the analy-
sis of glycoproteins, proteins modified by polyethylene glycol, and membrane
proteins solubilized by non-ionic detergents (4,6–10).

The molar mass of the polypeptide portion of the native or modified protein,
(MMpp), is calculated using the following relationships (6):
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where:

MMpp is the molar mass of the polypeptide portion of the protein complex;

is the apparent refractive index increment of the protein complex, which
relates the changes in the refractive index to changes in the polypeptide con-
centration, monitored by UV at 280 nm;

LS is the response from the LS detector;

A is the extinction coefficient of the polypeptide, A0.1%
280, expressed in terms

of weight concentration (mg-1mLcm-1)—i.e., the absorbance at 280 nm pro-
duced by a 0.1% solution (1 mg/mL) of the polypeptide;

RI is the response from the refractive index detector;

UV is the response from the UV detector at 280 nm;

k1, k2 are the calibration constants determined from analysis of protein standards
during the calibration of the SEC-UV/LS/RI system.

From Eq. 1 and Eq. 2, the molar mass of the polypeptide portion of the pro-
tein complex, MMpp, and the oligomeric state, N, can be expressed as:

(3)

(4)

where:

K is the calibration constant for the SEC-UV/LS/RI system as determined from
the calibration curve generated during the calibration of the SEC-UV/LS/RI
system in the buffer of choice with suitable protein standards;

MM is the molar mass of the polypeptide chain calculated from its sequence.

The factor A, i.e., the extinction coefficient at 280 nm expressed in terms of
weight concentration, can be computed based on the protein sequence; the
molar extinction coefficient, ε280 (M-1cm-1), is computed as described in Pace
et al. (11):

ε280 (M-1cm-1) = (#Trp)(5500) + (#Tyr)(1490) + (#Cystine)(125) (5)

and ε280 (M-1cm-1) is converted to A0.1%
280 (mg-1mLcm-1) by dividing ε280

(M-1cm-1) by the calculated molar mass of the monomeric polypeptide chain,
MM (g):
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A = ε/MM = [(#Trp)*(5500) + (#Tyr)*(1490) + (#Cystine)*(125)]/MM (6)

The approach just described allows determination of the molar mass, MMpp,
and the oligomeric state, N, of the polypeptide without any prior knowledge of
the amount of nonpolypeptide moiety bound to the polypeptide chain. The cali-
bration of the SEC-UV/LS/RI system can be performed easily in a buffer of inter-
est. Systematic errors—e.g., imprecision in detector calibrations or poor
monochromator calibration for the UV detector—are accounted for during the
calibration step. Because all calculations are carried out without the support of
any commercially available software, data analysis is quite laborious, especially
if one desires to determine the distribution of MMpp across the eluting peak. For
that reason, determination of the MMpp is routinely performed only for the max-
imum of a peak, using peak heights, or for a selected portion of the eluting peak,
using peak volumes. This approach circumvents, however, the need to know the
specific refractive index for the protein complex, (dn/dc)complex, a parameter that
is otherwise needed to determine MMpp using the commercially available soft-
ware for analysis of light-scattering data, e.g., ASTRA software (Wyatt Corp.,
Santa Barbara, CA). In principle, (dn/dc)complex can be measured experimentally
using a refractometer (9), but such an approach is usually precluded as a result of
limiting amounts of sample. For the majority of conjugated proteins or protein
complexes, (dn/dc)complex cannot be calculated beforehand, because information
about the extent of modification or the exact composition of the protein complex
is not known a priori.

The value of (dn/dc)app calculated from Eq. 2 allows estimation of the
amount of nonpolypeptide moiety that is bound to the polypeptide chain (6);
namely:

(7)

where:

δ is the amount (g) of nonpolypeptide components of the protein complex
per gram of polypeptide;

is the apparent refractive index increment of the protein complex,
(dn/dc)app = k2*A*[(RI)/(UV)], Eq. 2;

is the specific refractive index increment for polypeptides in a given buffer
(taken from literature values and validated by analysis of protein stan-
dards);
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is the specific refractive index increment for the nonpolypeptide moiety
associated with the polypeptide (e.g., sugar in the case of glycoproteins,

polyethylene glycol in the case of proteins modified by polyethylene gly-
col, or lipids and detergents in the case of membrane proteins).

Once the amount of ligand bound to the polypeptide is determined, the total
mass of the protein complex can be calculated as:

MMcomplex = MMpp(1 + δ) (8)

Additional data analysis can be performed using commercially available
ASTRA software (Wyatt Corp., Santa Barbara, CA), which determines molar
mass (MM) by solving the equation that relates the excess scattered light, meas-
ured at several angles, to the concentration of solute and the weight-average
molar mass (1). Please refer to http://info.med.yale.edu/wmkeck/biophysics/
Astra2a.htm. Calculation of MW by ASTRA for details on ASTRA calculations.
The specific refractive index increment for the entire protein complex needs to be
known to utilize ASTRA, and can be calculated at this point as a weight average
of the specific refractive index increments of the parent components (12):

(9)

When the literature values for either (dn/dc)pp or (dn/dc)ligand or both these con-
stants are used, the computed value for the (dn/dc)complex is obviously an approx-
imation that introduces additional uncertainty into the MM determination. In
ASTRA calculations, the concentration is estimated from the RI signal, and the
dn/dc value contributes inversely to the computation of MM; thus, the error in
determination of MM due to uncertainly in dn/dc will be as large as the error in
the dn/dc estimation. For example, the dn/dc value for the polypeptide chain
varies depending on buffer composition, from 0.18 to 0.20 mL/g, giving an aver-
age value of 0.19 ± 5%, (8); such a ±5% error in the dn/dc value will propagate
as a corresponding ±5% error in MM determination. Nonetheless, there are strong
advantages in using ASTRA for additional data analysis: ASTRA utilizes scatter-
ing signals collected at multiple angles, which increases the precision of the MM
determination; secondly, ASTRA computes MM across the entire eluting peak
(typically 100–200 measurements within one peak) and thus detects whether the
protein is monodisperse, i.e., homogeneous with respect to molar mass.

The examples shown in Figs. 1 and 2 result from the SEC-UV/LS/RI analysis
of two well characterized membrane proteins with known crystal structures: a hep-
tameric hemolysin (monomeric MM of 33 kDa) from Staphylococcus aureus,
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α-HL, and a trimeric maltoporin (monomeric MM of 47 kDa) from E. coli, LamB,
(13,14). These proteins are soluble and stable in aqueous buffer supplemented with
non-ionic detergent, in which they exist as complexes of detergent and lipids asso-
ciated with the polypeptide chain (10). The SEC-UV/LS/RI analysis allows deter-

Fig. 1. Elution profiles of the LamB maltoporin and α-HL hemolysin monitored by
laser light scattering (LS) (the trace shown was recorded at 90-degree angle), absorbance
at 280 nm (ultraviolet [UV]), and refractive index (RI). A Superose 6 HR 10/30 column
was equilibrated in 20 mM HEPES (pH 7.4), 200 mM NaCl, 1 mM ethylenediamine
tetraacetic acid, 5 mM L-glutamic acid, 2 mM (0.05%) dodecyl maltoside (C12M), prior
to injecting approx 50 µg of purified hemolysin, α-HL, and approx 100 µg of purified
maltoporin, LamB. Traces collected by the LS (dotted line), RI (dashed line), and UV
(solid line) detector are shown for maltoporin, LamB (A), and for hemolysin, α-HL (B).
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mination of the molar mass and oligomeric state in solution and provides estimates
of the amount of detergents and lipids bound to the polypeptide chain. Because
these two proteins vary greatly in their hydrophobic surfaces, they are expected to
bind different amounts of detergent. Additionally, this example illustrates clearly
that SEC alone is not a reliable method to determine the oligomeric state of
modified proteins, and detergent-solubilized membrane proteins in particular,
because their elution from SEC is dependent on the total mass of the polypep-

Fig. 2. Molar mass distribution plots from size-exclusion chromatography (SEC)-
ultraviolet (UV)/light scattering (LS)/refractive index (RI) data for maltoporin, LamB,
and hemolysin, α-HL. Molar masses for the polypeptide portion of the protein com-
plexes (MMpp) are plotted in A; molar masses for the protein complexes (MMcomplex)
are plotted in B. Lines correspond to UV traces of the proteins eluting from the SEC
column, monitored at 280 nm; maltoporin, LamB, UV trace—solid line; molar mass—
filled circles; hemolysin, α-HL, UV trace—dashed line; molar mass open circles (for
clarity, only every tenth measurement of molar mass across the eluting peak is plotted).
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tide–detergent–lipids complex rather than on their oligomeric state and the molar
mass of the polypeptide itself (6,7,9,10).

The following protocol outlines (1) setup and equilibration of the SEC-
UV/LS/RI system; (2) calibration of the SEC-UV/LS/RI system in the buffer of
choice; (3) sample preparation, data collection, and processing; (4) determina-
tion of the molar mass of the polypeptide and its oligomeric state; and (5) deter-
mination of the amount of the nonpolypeptide moiety bound to the polypeptide;
which leads to (6) determination of the molar mass for the entire protein com-
plex/conjugated protein. For native proteins, which are known a priori to be
pure polypeptide chains, Subheadings 3.5. and 3.6. are omitted during data
processing, and (dn/dc)pp is substituted for (dn/dc)complex during the ASTRA
analysis under Subheading 3.7.

2. Materials
2.1. SEC/LS/UV/RI System

2.1.1. Instruments (see Note 1)

1. High-performance liquid chromatography (HPLC) pump capable of delivering a
flow rate of 0.3 to 1.0 mL/min with low pulsation (Alliance 2695, Waters Corpo-
ration, Milford, MA).

2. In-line solvent filter with 0.1-µm pore size, installed between the pumps and SEC
column (see Note 2).

3. In-line sample filter with 2-µm pore size, installed between the injector and SEC
column (see Note 2).

4. UV detector for in-line use (996 PDA, Waters Corporation, Milford, MA).
5. RI detector for in-line use (OptiLab DSP, Wyatt Technology, Santa Barbara, CA).
6. Static LS detector for in-line use (DAWN EOS, Wyatt Technology, Santa Bar-

bara, CA).
7. Computer and software for data collection; preferably software capable of col-

lecting data from all three detectors simultaneously (ASTRA software, Wyatt
Technology, Santa Barbara, CA; Millennium software, Waters Corporation, Mil-
ford, MA).

2.1.2. SEC Column

High-performance size-exclusion chromatography column appropriate for
fractionating the samples analyzed (Superose 6, HR 10/30, GE Healthcare-
Amersham Biosciences, Piscataway, NJ; use Table 1 guidelines regarding col-
umn selection; see Note 3).

2.2. Reagents and Supplies

1. Filters with low protein-binding properties and pore size of 0.22 µm (see Note 4).
2. Protein standards: five proteins with MMpp spanning the range of the expected

MMpp of the sample to be analyzed (see Note 5).
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3. Buffer: aqueous buffer compatible with the SEC column requirements; for the
majority of SEC media, 150 mM salts must be present to prevent electrostatic inter-
actions with the column’s matrix (for the analysis of α-HL and LamB: 20 mM
HEPES, 200 mM NaCl, 1 mM ethylenediamine tetraacetic acid [EDTA]; pH 7.4,
5 mM L-glutamic acid, 2 mM (0.05%) dodecyl maltoside, C12M). The buffer
should be filtered through a 0.1-µm filter.

4. Sample: 50–500 µg of protein sample (see Table 1 for guidelines regarding opti-
mal sample amounts) in a volume that corresponds to less than 3% of the total vol-
ume of the SEC column (with 1% being the preferred loading volume).

3. Methods
3.1. System Setup and Calibration of Detectors

The detectors should be connected in the following order: UV, LS, and RI.
The RI detector should be last in this series, because its cell is fragile and it
cannot withstand high pressures. Tubing with an inner diameter of 0.25 mm
should be used throughout the system to minimize the delay volumes between
detectors and minimize band-broadening effects. The LS detector should be
calibrated according to the protocol provided by the manufacturer; the calibra-
tion remains valid for a couple of years unless changes are made in the laser or

Table 1
Sample and Column Requirements for SEC-UV/LS/RI Analysis

Optimal amount of protein
µg [10-6 g]

MM MM MM MM
Columna >200 kDa 40–200 kDa 10–40 kDa <10 kDa

Superose 6 HR 10/30 50 50–100 Not Not
suitable suitable

Superdex 200 HR 10/30 50 50–100 100–200 Not
suitable

Superdex 75 HR 10/30 Not 50–100 100–200 Not
suitable suitable

Superdex peptide HR 10/30 Not Not Not 400–800
suitable suitable suitable

a the Superose/Superdex columns from the HR 10/30 series were extensively tested by the
author in a variety of buffer conditions (including buffers supplemented with various deter-
gents or denaturants) as suitable for the SEC-UV/LS/RI approach; shown in bold type are the
optimal column matches for a given MM range (as expected for a given oligomeric state). SEC,
size-exclusion chromatography; UV, ultraviolet; LS, light scattering; RI, refractive index; MM,
molar mass.
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photodiodes (provided that the flow cell is kept clean). The RI detector should
be calibrated to convert changes in voltage (Volts) to changes in refractive
index (dn); this calibration remains valid for 1 yr (see Note 6).

3.2. System Equilibration

1. Equilibrate the SEC-UV/LS/RI system in the buffer of choice; turn on the RI detec-
tor and pump the buffer through the RI detector in “purge” mode for at least 12 h.

2. Turn on the LS and UV detectors; the UV detector requires 30 min to warm up the
lamp, and the LS detector requires 30 min to warm up its electronics.

3. Stop the purging flow on the RI detector, zero the RI detector, and start monitoring
baselines.

4. Check the baseline quality and stability; the noise level in the LS baseline moni-
tored at 90 degrees should not exceed 4 mV (with the goal being to keep the noise
at less than 2 mV) at the highest sensitivity setting of the LS detector; the drift in
the RI baseline should not exceed 0.5% of full scale per 20 min (see Note 7).

3.3. Calibration of SEC/LS/UV/RI System in the Buffer of Interest

1. Dissolve 500 µg of protein standard in 400 µL of running buffer (use at least five
different, individually prepared protein standards; see Note 5).

2. Filter the solutions of protein standards through a 0.22-µm low protein-binding filter.
3. Individually inject 200 µg of each protein standard and collect UV, LS, and RI data.
4. Baseline-correct the signals from all three detectors and calculate volumes or

heights of the UV, LS, and RI peaks for each data set.
5. Calculate theoretical extinction coefficient, A, for each protein analyzed according

to Eq. 6.
6. Create a calibration curve by plotting MMpp of the standards (according to their

known oligomeric states) as a function of (LS)*(UV)/[A*(RI2)].
7. Calculate the calibration constant, K, from least-square linear regression of Eq. 3.

3.4. Determination of the Oligomeric State of the Sample Protein

1. Filter the protein sample through a 0.22-µm low protein-binding filter.
2. Inject an appropriate amount of sample (see Table 1 for optimal amounts of sam-

ple) and record signals from all three detectors (an example of three-detector mon-
itoring is shown in Fig. 1).

3. Compute the extinction coefficient, A, for the protein analyzed using Eq. 6.
4. Baseline-correct the signal from all three detectors.
5. Measure volume (or height) of the UV, LS, and RI peaks.
6. Calculate molar mass of the polypeptide portion of the protein or protein complex,

MMpp = [K*(LS)*(UV)]/[A*(RI2)] (Eq. 3), using the calibration constant, K, com-
puted in Subheading 3.3.7. (results for α-HL and LamB are reported in Table 2 as
MMpp).

7. Determine the oligomeric state from the ratio of MMpp and MM of the polypeptide
chain as calculated from the sequence (Eq. 4; results for α-HL and LamB are
reported in Table 2).
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Table 2
Results of SEC-UV/LS/RI Analysis of a Heptameric Hemolysin from Staphylococcus aureus, α-HL, 
and a Trimeric Maltoporin From Escherichia coli, LamB

Molar mass for polypeptide δ (g/g )
MMpp (kDa) Oligomeric state Amount of

Protein MM Determined  Determined detergent/lipids
of monomer from SEC- from SEC- per gram MMcomplex
(kDa) UV/LS/RI Expected UV/LS/RI Expected of polypeptide (kDa)

α-HL 215 ± 20a,b 231 6.5 ± 0.6b 7 0.26 271
MM = 33 kDa 

LamB
MM = 47 kDa 141 ± 3 141 3.00 ± 0.06 3 1.2 310

aAverage from three or four measurements for LamB and α-HL, respectively; errors represent one standard deviation.
bFor SEC-UV/LS/RI analysis of modified proteins, typical error is approx ±10%, depending mostly on the amount of sample ana-

lyzed, stability of SEC-UV/LS/RI system, and precision of estimation of (dn/dc)ligand; thus, for heptamers and higher-order oligomers,
the uncertainty in the determination of MMpp may reach the mass of the monomer.

SEC, size-exclusion chromatography; UV, ultraviolet; LS, light scattering; RI, refractive index; MM, molar mass.  
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3.5. Determination of the Amount of a Nonpolypeptide Moiety 
in a Protein Complex

1. Calculate k2 for each protein standard analyzed using Eq. 2 (use 0.187 mL/g for
[dn/dc]app for protein standards; see Note 8); compute average value of k2.

2. Compute (dn/dc)app for the protein sample according to Eq. 2, using the average k2

value.
3. Calculate δ according to Eq. 7, using 0.187 mL/g for (dn/dc)pp and an appropriate

(dn/dc)ligand (see Note 8; results of this analysis for α-HL and LamB are reported
in Table 2).

3.6. Determination of the Molar Mass of the Protein Complex 
or Conjugated Protein

1. Calculate MMcomplex as MMpp*(1+∆) (Eq. 8; results for α-HL and LamB are
reported in Table 2).

2. Compute (dn/dc)complex according to Eq. 9.

3.7. Determination of Monodispersity

1. Use the (dn/dc)complex during processing of the SEC-UV/LS/RI data using ASTRA
software.

2. Generate a molar mass distribution plot (an example of such a plot for α-HL and
LamB is shown in Fig. 2).

3. Check the distribution of MMcomplex across the eluting peak; for a monodisperse
sample, it should vary by no more than ±5% for the middle portion of the peak that
is above half-height (thus, it is not significantly affected by band-broadening
effects).

4. Notes
1. The data for the examples shown were collected using an SEC-UV/LS/RI system

consisting of an HPLC system, Alliance 2960, (Waters Corp., Milford, MA)
equipped with autosampler, photodiode array (PDA) UV/VIS detector (996 PDA,
Waters Corp., Milford, MA); differential refractometer (OPTI-Lab, Wyatt Corp.,
Santa Barbara, CA); and static, multiangle laser LS detector (DAWN-EOS, Wyatt
Corp., Santa Barbara, CA). Two software packages were used during its operation;
Millennium software (Waters Corp., Milford, MA) controlled the HPLC operation
and data collection from the multi-wavelength UV/VIS detector, whereas ASTRA
software (Wyatt Corp., Santa Barbara, CA) collected data from the RI detector and
the LS detector, and also recorded the UV trace at 280 nm sent from the PDA
detector. However, other UV, RI, and LS detectors can be utilized, and the data can
be processed even in the absence of commercially available software for LS data
processing (a single-angle LS detector is suitable for analysis of proteins with
molar masses up to approx 500 kDa). Data analysis is dependent only on the esti-
mation of volumes (or heights) of peaks generated in various detectors.

2. The 0.1-µm in-line filter placed between pumps and the injector retains any parti-
cles that are shed from the pump’s head. An additional in-line filter (2-µm PEEK



SEC With Light Scattering 109

frit) with small dead volume is installed between the injector and the SEC column;
this filter traps protein aggregates that are formed during the injection step and that
may result from exposing the protein sample to high pressure; this filter substan-
tially increases the lifetime of the SEC column. These filters are replaced whenever
the system’s operating pressure increases by more than 5%.

3. The SEC columns are rated for specific ranges of MMs that can be fractionated on
a given column; for example, the Superdex columns (Amersham Pharmacia) cover
three ranges: Superdex peptide is suitable for fractionation of globular proteins
with MMs in the range of 100 Da to 7 kDa; Superdex 75, for MMs ranging from
3 to 70 kDa; and Superdex 200 for MMs of 10 to 600 kDa. During SEC-UV/LS/RI
analysis, it is preferable for the protein to elute at the lower end of the fractiona-
tion range and to be well separated from the particles or high-MM aggregates that
elute at the initial portion of the chromatogram. Thus, for a polypeptide of 50 kDa,
Superdex 200 is a better choice than Superdex 75 (see Table 1). Because the aggre-
gates usually represent less than 0.1% of the total eluting mass, they produce a very
weak signal in the mass detectors (UV or RI). Nonetheless, as a result of their high
MM, the aggregates or particles generate a strong LS peak which tails into the ini-
tial portion of the chromatogram (even when the mass eluting in the void volume
is just a fraction of 1% of the total sample mass).

There are many SEC columns suitable for SEC-UV/LS/RI systems. The
Superdex and Superose HR 10/30 series columns are routinely used by our labo-
ratory. Other commonly used columns are the TosoHaas TSK-GEL series SEC
columns. The silica-based TSK-GEL columns provide excellent resolution, but are
limited in chemical stability to the pH range from 2.0 to 8.0. Although they pro-
vide lower resolution than silica-based columns, the polymer-based TSK-GEL
columns are a very good choice for samples with high MMs. Laboratory-packed
columns can also be used when a specific medium is required to minimize the
interactions with the SEC matrix. The critical factor in a column’s compatibility
with the SEC-UV/LS/RI analysis is the quality of the LS baseline after a new col-
umn has been conditioned. Every new column sheds particles, and the noise in the
LS baseline is initially high, but after 24–72 h of continuous pumping, the baseline
noise should decrease to less than 3 mV when recorded for the 90-degree detector
at the highest sensitivity setting. A major challenge for SEC column selection is
analysis of large aggregates with MM above 1 • 106Da (1 MDa), for which field-
flow fractionation (reviewed in ref. 15), would be a preferred method of fraction-
ation.

4. For protein samples in aqueous buffers, the 0.1- or 0.22-µm Durapore®, low pro-
tein-binding membrane (Millipore, Bedford, MA) has proven to be an excellent
choice; centrifugal filter units have low dead volume and are thus preferred over
syringe filters. For samples of detergent-solubilized membrane proteins, wetting
the filter surface with the detergent-containing buffer may prevent nonspecific
binding and improve recovery.

5. Protein standards that are routinely used for SEC calibration are good choices for
SEC/LS analysis (the individually sold standards, not the premixed sets). The list
of 16 commercially available proteins, with MMpp ranging from 6.5 kDa to 475
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kDa, that our laboratory analyzed by SEC-UV/LS/RI system is posted at:
http://info.med.yale.edu/wmkeck/biophysics/Sumtaba.htm. Please note that albu-
mins (like bovine serum albumin, or ovalbumin), which are routinely used as pro-
tein standards, are lipid-carrying proteins and can bind some of the detergents used
for solubilization of membrane proteins.

6. Calibration of the RI detector provides conversion of the measured voltage
changes, dV, to changes in refractive index, dn. The response, in volts, of the RI
detector is recorded for six to eight aqueous solutions of NaCl of known concen-
trations (a typical range would be 0.1 to 1 mg/mL). At a dn/dc value of 0.174 mL/g
for NaCl (633 nm), the changes in concentration are converted to changes in refrac-
tive index, dn, and plotted as a function of changes in voltage; the calibration con-
stant is then obtained from the slope.

7. Proper equilibration of the SEC-UV/LS/RI system is critical for obtaining high
precision in the MM determination; the baselines must be monitored for at least 60
min to ensure that there is no substantial drift in RI signal, and that the LS baseline
is stable and free of noise. Because the response of the LS detector determines the
lower limit of detection, low noise is critical when working with a low amount of
sample (e.g., 20 µg of a 40-kDa macromolecule). When not in use, the SEC-
LS/UV/RI system should be stored with 20% ethanol continuously recirculating
through it. For long-term storage, the LS cell should be filled with methanol filtered
through a 0.02-µm filter.

8. Please note that the error in the (dn/dc)complex results mostly from the uncertainty
in (dn/dc)ligand, because (dn/dc)pp can be estimated with high precision during
ASTRA analysis of SEC-UV/LS/RI data collected for standards; starting with the
commonly used value of 0.187 mL/g (2,4,6,8,10), the iterative process leads to a
single (dn/dc)pp value within the range of 0.18 to 0.20 mL/g, providing the best
match between the expected and measured MMpp for all standards analyzed and
taking into account their expected oligomeric state (see comment in Note 5 for
albumins). Alternatively, the (dn/dc)pp can be measured using any standard protein
that has been thoroughly equilibrated with the buffer of interest (i.e., by running a
preparative SEC or carrying out extensive dialysis). For the specific refractive
index of polypeptide, (dn/dc)pp, a value of 0.187 mL/g is widely used (2–4,6,8,10);
for sugars, (dn/dc)sugar of 0.140 mL/g has been determined (8,16); for polyethylyne
glycol, (dn/dc)PEG can be measured using an RI detector (3,4,8); for lipids and
detergents, a (dn/dc)lipids/detergent of 0.134 mL/g is commonly used (6,8–10).
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Surface Plasmon Resonance Imaging Measurements 
of Protein Interactions With Biopolymer Microarrays
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Summary
The surface-sensitive optical technique of surface plasmon resonance (SPR) imaging is an

ideal method for the study of affinity binding interactions of unlabeled biological molecules in a
multiplexed format. This approach has been widely applied to monitor DNA–DNA, DNA–RNA,
peptide–protein, and protein–protein interactions as well as surface enzyme reactions. The suc-
cess of SPR imaging measurements relies on the robust attachment of biomolecules in an array
format. In this chapter, we introduce two different surface attachment chemistries that covalently
immobilize DNA and peptides onto gold surfaces through the modification of self-assembled
alkanethiol monolayers. Array fabrication approaches for the creation of individually addressable
elements through the use of either gold dot patterns or polydimethylsiloxane (PDMS) microchan-
nels are detailed. The utility of SPR imaging for the study of protein interactions is demonstrated
with two biological systems: the binding of response regulator proteins, VanR and OmpR, onto a
DNA array, and the interaction of S protein with an array of S-peptide variants. Furthermore, the
application of real-time SPR imaging to the multiplexed determination of S-protein adsorp-
tion/desorption kinetics is described.

Key Words: Surface plasmon resonance (SPR) imaging; DNA microarrays; peptide microar-
rays; polydimethylsiloxane (PDMS) microfluidic channels; VanR and OmpR; S protein; S peptide.

1. Introduction
The ability to detect proteins in an array format would be highly beneficial for

many applications, such as epitope mapping (1), protein identification (2,3),
screening of potential protein-binding inhibitors, and protein-binding kinetics
(4,5). Typically, protein-binding studies make use of fluorescent tags or radiola-
bels for detection purposes. However, labeling presents the potential problem of
altering the protein’s active binding site and thus its biological activity. The tech-
nique of surface plasmon resonance (SPR) is ideally suited to protein-binding



114 Goodrich et al.

studies, as affinity interactions are detected by local changes in the index of
refraction, and thus tagging of the target molecule is not required. 

Surface plasmons are surface electromagnetic waves that propagate parallel
to a metal/dielectric interface and are generated when energy from a photon of
p-polarized light incident onto a thin metal film, such as gold (Au), is coupled
into oscillating modes of free electron density. Surface plasmons have a maxi-
mum intensity at the metal/dielectric interface and decay exponentially away
from the interface. This gives SPR a sensing depth of only 200 nm, making it a
surface-sensitive technique (6,7). 

SPR measurements can be made in a variety of formats including scanning-
angle SPR, Fourier transform (FT) SPR, and SPR imaging. In a scanning-angle
SPR experiment, the change in percent reflectivity is measured as a function of
incident angle, while the wavelength of light is held fixed. This is the most com-
mon SPR method and has been popularized by the commercially available BIA-
core instrument. In FT-SPR, the wavelength of light is scanned as the angle of
incidence is held fixed. Both of these techniques are single-channel measure-
ments and cannot be used in a high-throughput format. SPR imaging is a fixed-
angle and wavelength technique where arrays of molecules can be analyzed in
parallel over the entire array surface. 

In an SPR imaging experiment, the intensity of reflected light from the metal
surface is collected at an optimum angle just off of the plasmon angle. When a
molecule is adsorbed onto the surface, the SPR curve will shift to a higher
angle, as a result of a change in the index of refraction at the surface. This is
observed as a change in the light intensity reflected from the metal surface, and
is captured by a charge-coupled device (CCD) camera. Changes in percent
reflectivity in individual array elements are determined by subtracting an image
taken before (reference) from an image taken after exposure to analyte. In equi-
librium measurements, sufficient time must be allowed between the two images
to ensure that the reaction is complete. Alternatively, the surface reaction can be
continually monitored in real time to provide multiplexed kinetic information
on processes such as adsorption and desorption.

The key to applying SPR imaging for the study of biomolecular interactions
is the development of robust surface-attachment chemistries. In addition, array
fabrication procedures are necessary to create surfaces with spatially resolved
detection elements for high-throughput studies. In this chapter, two covalent
attachment strategies are presented for the creation of both short single-stranded
oligonucleotide and peptide microarrays on thin gold films. SPR imaging is then
employed in conjunction with DNA arrays to evaluate the binding specificity of
the response regulator proteins VanR and OmpR to various DNA promoter
regions (8). Finally, both equilibrium and real-time measurements of differential
S-protein binding to an array of S-peptide variants (9) are demonstrated. 
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2. Materials
2.1. Thiol-Modified DNA Purification and Preparation

1. 1 M triethylammonium acetate (TEAA) (pH 7.01) is prepared by placing 800 mL
of water in a 1-L flask (see Note 1). Place the flask in a fume hood, and add 140
mL of triethylamine while stirring on ice. Slowly add acetic acid over several hours
while stirring on ice to adjust the pH to 7.01. Store at 4°C. 

2. Buffer A: 4% acetonitrile (high-performance liquid chromatography (HPLC)-
grade), 10% TEAA, 86% water.

3. Buffer B: 50% acetonitrile (HPLC-grade), 10% TEAA, 40% water.
4. 50 mM phosphate buffer (pH 8.4). Store at room temperature.
5. 200 mM dithiothreitol (DTT) in 50 mM phosphate buffer (pH 8.4).
6. 100 mM triethanolamine hydrochloride (TEA) buffer at both pH 7.0 and pH 8.0.

Store at room temperature.
7. 4 mg of Ellman’s reagent (0.4% 5,5′‚-dithiobis[2-nitrobenzoic acid]) dissolved in

1 mL of TEA buffer (pH 8.0) and used immediately. This solution is light sensitive
and should be made immediately before use.

8. C6 S-S 5′ thiol-modified DNA used for array fabrication is obtained commercially
(see Note 2).

2.2. Thiol-Modified DNA Array Fabrication

1. 100 mM triethanolamine hydrochloride (TEA) buffer at both pH 7.0 and pH 8.0.
Store at room temperature.

2. A 9% Cytop (Bellex International, Wilmington, DE) solution is diluted to a work-
ing concentration of 1.5% using CT-180 perfluorosolvent (Bellex International,
Wilmington, DE).

3. A 1 mM solution of 11-mercaptoundeclyamine (MUAM, Dojindo Laboratories) is
prepared by dissolving 1.7 mg in approx 7 mL of absolute ethanol. Sulfosuccin-
imidyl 4-(N-malemidomethyl) cyclohexane-1-carboxylate (SSMCC, Pierce) is dis-
solved at a 1 mM concentration in 100 mM TEA buffer (pH 7.0).

4. 1 mM solutions of thiol-modified DNA in 100 mM TEA buffer (pH 7.0).
5. A thin stainless steel mask containing 700-µm-diameter holes spaced 550 µm apart

(edge to edge) is used to vapor deposit gold spots onto Cytop-coated SF-10 (Schott
Glass) glass slides.

2.3. PDMS Microfluidic Channels

1. Silicon wafers (3-in diameter; International Wafer Services Inc.) are used for the
fabrication of three-dimensional (3D) silicon wafer masters for the production of
PDMS microfluidic channels.

2. Rigid chrome masks containing the desired microfluidic features are designed
using a CAD program and created using e-beam photolithography. High-resolution
transparencies containing the desired microfluidic features can be used as an alter-
native to the chrome masks.

3. Negative photoresist (SU-8 50, Microlithography Chemical Corp.).
4. Propylene glycol methyl ether acetate (Developer, Microlithography Chemical Corp.).
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5. Tridecafluoro-1,1,2,2-tetrahydroctyl-1-trichlorosilane (Gelest, Inc.).
6. PDMS prepolymer and curing agent (Sylgard 184, Dow Corning). 

2.4. Peptide Array Fabrication

1. A 1 mM solution of MUAM is prepared by dissolving 1.7 mg in approx 7 mL of
absolute ethanol.

2. A 6.4 mM solution of N-succinimidyl 3-(2-pyridyldithio) propionamido (SPDP;
Pierce) is made in a 1:1 ratio of DMF and 0.1 M phosphate-buffered saline (PBS)
solution (pH 7.4) immediately prior to use.

3. 2 mM solutions of cysteine-modified peptides are prepared in PBS buffer (pH 7.4)
prior to immobilization.

4. 2 mg of N-hydroxysuccinimidyl (NHS) ester of methoxypoly (ethylene glycol)
propionic acid MW 2000 (PEG-NHS, Nektar) is dissolved in 250 µL of TEA buffer
(pH 8.0). Prepare fresh immediately before use.

2.5. Affinity Binding Measurements

1. Response regulator protein binding buffer: 10 mM phosphate buffer (pH 7.1), 5
mM MgCl2, and 100 mM NaCl.

2. Bacterial response regulator proteins, VanR and OmpR, are phosphorylated in 100
µL of 50 mM HEPES (pH 7.2), 5 mM MgCl2, and 50 mM acetyl phosphate prior
to use.

3. 8 M urea, stored at room temperature.
4. S-protein binding buffer: 10 mM phosphate buffer (pH 7.4), 2.7 mM KCl, and 137

mM NaCl.

3. Methods
Successful SPR imaging measurements of protein interactions with biopoly-

mer microarrays require three key components: robust surface chemistry for
tethering biopolymers onto a gold surface, array fabrication methods, and sur-
face biochemistry. A fabrication methodology that utilizes alkanethiol chem-
istry and gold patterned glass substrates to create arrays of DNA molecules is
presented first. These arrays are used in conjunction with SPR imaging to meas-
ure the relative binding affinity of the bacterial response regulator proteins,
VanR and OmpR (8), to various DNA sequences. In addition, an alternative
approach employing the use of PDMS microfluidic networks (10) to prepare
arrays of S-peptide variants onto chemically modified gold surfaces is discussed
(9). SPR imaging is used for the acquisition of both equilibrium and real-time
measurements of S-protein binding to the prepared arrays.

3.1. SPR Imaging of DNA–Protein Interactions

3.1.1. DNA Purification and Quantification

1. Dilute the thiol DNA with 50 µL of 50 mM phosphate buffer (pH 8.4) for every 10
OD260 of DNA concentration.
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2. Take a 50-µL aliquot of the diluted DNA and mix it with 50 µL of a freshly pre-
pared 200 mM solution of DTT diluted in phosphate buffer (pH 8.4). Let it react
for 30 min to cleave the disulfide bond of the C6 thiol S-S modifier.

3. Purify the DNA using reverse-phase binary HPLC (see Note 3).
4. Collect the purified DNA in an Eppendorf tube. Elution time for the DNA occurs

in approx 20–25 min.
5. Dry the DNA using a Speed-vac until all of the solution has evaporated. 
6. Resuspend the dried DNA in TEA buffer (pH 7.0). Use approx 5 µL of buffer to

resuspend the DNA collected from each HPLC purification run.
7. To calculate the concentration of the resuspended DNA, set the detection wave-

lengths of an ultraviolet (UV)-Vis spectrometer to 260 and 412 nm, and blank the
system by placing 59.6 µL of TEA buffer (pH 8.0) into a cuvette.

8. Add 0.4 µL of Ellman’s reagent to the cuvette and take a measurement. This will
be used as the 100-fold dilution reference.

9. Add an additional 540 µL of TEA buffer (pH 8.0) to the cuvet and take another
measurement. This will be used as the 1000-fold dilution reference.

10. In a clean cuvet, add 59 µL of TEA buffer (pH 8.0), 0.6 µL of the purified thiol
DNA, and 0.4 µL of Ellman’s reagent. Let this reaction proceed for 10 min before
taking a measurement.

11. Add an additional 540 µL of TEA buffer (pH 8.0) to the cuvet and take another
measurement. The 260-nm measurements are used to calculate the DNA concen-
tration, while the 412-nm measurements are used to calculate the free thiol con-
centration (see Note 4). 

3.1.2. DNA Array Fabrication

1. Cover a 1.8 × 1.8 cm SF-10 slide with 1.5% Cytop solution.
2. Spin coat the slide at 500 rpm for 5 to 10 s, and then manually ramp the speed up

to 5000 rpm and allow it to spin for at least 30 s (see Note 5).
3. Place the slides Cytop face up into a Pyrex® Petri dish, cover, and bake at 70°C for

50 min. 
4. Remove the slides from the oven and place them in a different oven preheated to

190°C for 1 h. This temperature is above the boiling point of the CT-180 perfluo-
rosolvent.

5. Place the Cytop-coated glass slides face up into a sample holder and cover with the
mask containing the 700-µm holes. Mount the sample assembly into a vapor dep-
osition chamber.

6. Vapor deposit 1 nm of chromium and then 45 nm of gold onto the Cytop-modified
slides though the stainless steel mask. This will create gold patches on the
hydrophobic glass surface (see Note 6). 

7. Place the gold dot slide into an ethanolic MUAM solution for at least 4 h to form
a well packed amine-terminated monolayer on the gold dots.

8. Remove the gold dot slide from the MUAM solution and rinse with absolute
ethanol, then with water, and dry under a stream of nitrogen.

9. A PV830 Pneumatic Pico Pump (World Precision Instruments) is used to deliver
40- to 100-nL volumes of a freshly prepared SSMCC solution to the individual
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MUAM array elements within the Cytop-coated glass background. Allow the
SSMCC to react with the surface for 20 min in order to form a maleimide surface
that is thiol reactive.

10. Wash the slide with water and then dry under a stream of nitrogen. Using the pico
pump, spot the thiol-modified DNA sequences onto the maleimide-terminated
array elements to create an array of DNA molecules on the surface. Leave the thiol-
modified DNA to react with the surface overnight.

11. Clean the surface with water to wash away the excess DNA solution, and dry under
a stream of nitrogen. The DNA array should then be immediately mounted into the
sample holder of the SPR imager or stored in a humidity chamber. An overview of
the array fabrication process can be seen in Fig. 1A. Figure 1B,C shows SPR dif-
ference images for the sequence specific binding of complementary DNA
sequences to a two-component DNA array. When the array is exposed to a DNA
sequence complementary to DNA probe A, only those array elements are visible in
the SPR difference image, indicating a hybridization/adsorption event (Fig. 1B).
The hybridized DNA is then denatured with 8 M urea, and the same array is used

Fig. 1. (A) Schematic showing the DNA array fabrication process. (B) Surface plas-
mon resonance (SPR) difference image of DNA probe A binding to its complementary
DNA sequence. The array is then denatured using 8 M urea to regenerate the single-
stranded DNA array surface. (C) SPR difference image of DNA probe B binding to its
complementary DNA sequence on the same array.
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to detect a DNA sequence complementary to probe B. When the array is exposed
to the complementary sequence of probe B, only changes in the probe B elements
are visible in the SPR difference image (Fig. 1C). 

3.1.3. SPR Imaging Flow Cell Assembly

1. These instructions assume the use of an SPR imager from GWC Technologies. It
is important that the three optical sides of the prism be thoroughly cleaned with
methanol and lens paper. There should be no visible marks of any kind on the three
faces of the prism. (See Fig. 2 for an overview of the cell assembly components.)

2. Using tweezers, place the prepared array into the sample holder with the gold side
facing down, using the four corners cut into the holder as a guide. Hold the array
only by the corners to avoid damaging the functional array surface with the tweez-
ers.

3. Clean the glass side of the gold slide using a cotton swab and methanol to remove
any dust or smudges from the surface.

4. Without touching the surface, put one drop of index-matching fluid (Cargille, RI =
1.720) onto the center of the chip (see Fig. 3). Gently lower one of the optical sides
of the prism on top of the chip at a slight angle to avoid bubble formation (see Note
7). Be sure to center the prism over the chip.

5. Place the prism wedge onto the top of the prism, and align the hole in the prism wedge
with the tightening screw. If the hole in the prism wedge is not aligned with the tight-
ening screw, gently move the wedge with tweezers until they are properly aligned.
Hand-tighten the thumbscrew so that the chip and prism are held firmly in place.

6. Assemble the flow cell onto the chip surface, being careful to align the four screw
holes of the flow cell with those in the sample holder. It is preferable that the inlet

Fig. 2. Sample holder/flow cell assembly components. 
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and outlet ports be positioned vertically when the assembled sample holder is
placed into the SPR imager. Screw the flow cell into the sample holder while apply-
ing even pressure by incrementally tightening the screws diagonally from one
another. Tighten the flow cell to the sample holder until the o-ring is visibly com-
pressed (as viewed through the prism) against the gold slide.

7. Screw the inlet and outlet ports into the flow cell openings by hand. The fully
assembled sample holder/flow cell assembly (shown in Fig. 4) can then be placed
onto the SPR imager. 

3.1.4. Mounting the Flow Cell and Angle Adjustment

1. Place the assembled flow cell onto the rotation stage so that the screw holes in the
flow cell are aligned with the mounting holes in the rotation stage. Align the sam-
ple holder so that the light reflected from the gold surface will be directed toward
the CCD camera. Fasten the flow cell to the rotation stage.

2. Connect the tubing from the pump to the lower inlet port of the flow cell. A section of
tubing is connected to the top port and is used to deliver the waste solution to a beaker.

3. Place the end of the pump tubing into a small beaker of water, and turn the pump
on to deliver water to the array surface.

Fig. 3. Prepared array placed in the sample holder with the gold side facing down.
The four corners cut into the holder are used as a guide. A drop of index-matching fluid
is then placed onto the center of the glass side of the array.
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4. When the flow cell is completely filled with water, turn the pump off and transfer
the pump tubing to an Eppendorf tube containing the buffer to be used in the SPR
imaging experiment. Turn the pump on to deliver the buffer to the array surface.

5. Using the line profile function in the SPR imaging software, draw a line across the
displayed image. This line on the image determines the points from which intensi-
ties are measured and displayed in the right-hand side of the window.

6. Turn the knob on the rotation stage until a minimum is observed in the line profile
window, as determined from the pixel intensity values. This angle is known as the
plasmon angle, and is the angle at which all incoming light is converted into sur-
face plasmons. Turn the angle adjustment knob counterclockwise until the pixel
value reaches a maximum. The angle is then adjusted to a point that is approxi-
mately one-third of the way from the minimum to the maximum pixel value. A
background pixel intensity of approx 60–80 is a typical value, with respect to a
maximum pixel intensity of 220.

7. This is a fixed-angle technique, and therefore it should not be readjusted during the
course of the experiment.

3.1.5. SPR Imaging of DNA–Protein Binding

1. Fill the flow cell with response regulator protein-binding buffer and take an SPR
image with an average of 30 capture frames (see Note 8). This will be the back-
ground image.

2. Flow complementary single-stranded DNA (500 nM) diluted in response regulator
protein-binding buffer onto the array surface. Allow the DNA to hybridize to the

Fig. 4. Fully assembled sample holder/flow cell assembly.
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array elements for 15 min, and then flush the array with analyte-free buffer to
remove nonspecifically adsorbed DNA from the background.

3. Take an SPR image (30 capture frames) of the array. Subtract the background
image from this image to obtain an SPR difference image. The SPR difference
image will show a change in percent reflectivity at those array elements in which
hybridization has occurred. The double-stranded DNA array can then be used to
detect double-stranded DNA binding proteins.

4. Flow response regulator protein-binding buffer over the array surface and take an
SPR image. This image will serve as the background reference image.

5. Introduce a solution of transcription factor proteins, OmpR or VanR, diluted in
response regulator protein-binding buffer to the array surface. These proteins can
be imaged over a concentration range from 1 to 500 nM. The protein solution is
allowed to sit on the surface for 15 min.

6. An SPR image is taken, and the background image (taken in step 4) is subtracted
from this image. The resulting SPR difference image shows the specific binding of
the transcription factor proteins to the surface. Figure 5A shows the specific bind-
ing of a 100 nM solution of OmpR to the double-stranded DNA array surface. Dif-
ferential binding of the protein is observed for three of the probe sequences, with
their relative binding affinities indicated by the relative signal intensity at each of
the array elements (i.e., signal intensity increases as binding affinity increases).
Changes in the SPR signal are not observed for the array elements designed to bind
the protein VanR, and therefore they are not visible in the SPR difference image.
The array was denatured with 8 M urea and then exposed to a 500 nM solution of
VanR. Figure 5B shows the differential binding of the protein VanR to the VanR
probe array elements. VanR shows the highest binding affinity to the Van H2 and
Van R1 array elements, and significantly less binding to the Van H1 array elements.
Slight nonspecific adsorption is observed at the OmpF1 array elements, whereas no
change in the SPR signal is observed for the other array elements or to the PEG
background.

7. Turn the polarizer 90 degrees, so that s-polarized light is striking the array surface.
Take an SPR image, and then turn the polarizer back 90 degrees to return to p-
polarized light. The value obtained for the s-polarized light will allow for the con-
version of pixel intensity to change in percent reflectivity (see Note 9).

8. Wash the surface with 8 M urea, and allow it to remain on the surface for 15 min.
This step will remove all of the complementary DNA and protein from the surface.
Rinse the surface with water to wash away the urea. This process regenerates the
single-stranded DNA array surface.

9. Repeat steps 1–8 for each additional protein to be analyzed.

3.2. SPR Imaging of Peptide–Protein Interactions

3.2.1. Creation of 3D Silicon Wafer Masters and PDMS Microchannels

1. Pipet approx 4 to 5 mL of the negative photoresist onto the center of a silicon wafer
and spin-coat at 5000 rpm for 60 s so that the wafer is evenly coated. Bake the
wafer at 65°C for 5 min.
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2. Assemble the photoresist-covered silicon wafer and patterned chrome mask onto
the sample stage of a UV aligner. Shine 365-nm UV light though the assembly for
40 s to transfer the pattern from the mask to the silicon wafer surface.

3. Bake the silicon wafer at 90°C for 5 min and then place the wafer in developer solu-
tion for 15 min at room temperature. This forms protruding shapes on the silicon
wafer surface at regions that were previously exposed to the UV light in step 2. 

4. Silanize the silicon master by storing it in a desiccator under vacuum for 2 h with
a vial containing a few drops of tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosi-
lane. This last step is necessary to ensure the easy removal of the PDMS replicas
from the 3D silicon master. These wafers can be reused for several months.

Fig. 5. Surface plasmon resonance (SPR) difference images of a six-component
DNA array containing three sequences specific for OmpR and three specific for VanR.
A double-stranded DNA array was first formed by exposing the array surface to a solu-
tion containing DNA complementary to all of the DNA probe sequences. (A) SPR dif-
ference image showing the binding of a 100 nM solution of the protein OmpR to the
double-stranded DNA surface. Only the array elements specific for OmpR can be seen.
(B) SPR difference image showing the binding of a 500 nM solution of the protein
VanR to the double-stranded DNA array surface. Only the array elements specific for
VanR show changes in the SPR difference image. Differences in binding intensity at
each probe sequence are attributed to differences in their binding affinity to the specific
protein. (Reprinted from ref. 8, with permission of the American Chemical Society.) 
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5. Mix the PDMS prepolymer with curing agent in a 10:1 ratio and pour it onto a 3D
silicon wafer that has been placed into a plastic Petri dish. Be sure to pour enough
PDMS onto the silicon master to cover the entire surface to a depth of 1 to 3 mm. 

6. Allow the PDMS to de-gas for 20 min, until no air bubbles are visible, and then put
the 3D silicon master and PDMS into an oven at 70°C for at least 1 h (see Note 10).

7. Take the PDMS and 3D silicon master from the oven and cut around the outside of
the silicon master with a scalpel so that it can be removed from the Petri dish.

8. Carefully peel the PDMS microchannels from the surface of the silicon master and
place them into a clean Petri dish. 

9. Using a scalpel, cut out the desired microchannel so that it will fit onto the gold
thin film (1.8 × 1.8 cm maximum).

10. Punch out reservoir holes at the ends of the PDMS microchannels so that target
solution can be delivered through the microchannel (see Note 11). PDMS
microchannels should be used only once and made just prior to use. 

3.2.2. S-Peptide Array Fabrication

1. Soak a gold slide in an ethanolic solution of MUAM for at least 4 h to form a self-
assembled monolayer of amine-terminated alkanethiols. Take the slide from the
ethanolic solution, wash with ethanol, then with water, and dry under a stream of
nitrogen.

2. Attach a set of microchannels featuring multiple parallel channels to the surface as
a means to deliver reagents to the chemically modified gold surface.

3. Flow a solution of the bifunctional linker SPDP through the microchannels and
allow it to react for 2 h. The NHS ester of the SPDP forms a covalent amide link-
age with the MUAM monolayer, forming an active disulfide-terminated surface.

4. Wash the microchannels with water and then flow a 2 mM solution of either S pep-
tide or modified S peptide down each individual microchannel. Let the thiol-disul-
fide immobilization reaction proceed overnight. Figure 6A shows a schematic of
the patterned S-peptide variants on the array surface.

3.2.3. Flow Cell Assembly for Use With S-Peptide Array

1. Follow Subheading 3.1.3., step 1.
2. Mold a set of PDMS microchannels from the aluminum master containing a ser-

pentine design (see Note 12).
3. Treat the PDMS microchannels with oxygen plasma for 10 s immediately prior to

flow cell assembly.
4. Place a set of serpentine PDMS microchannels into a specially designed sample

holder with prefabricated inlet and outlet ports that seal to the microchannels. 
5. Place the gold slide onto the microfluidic channels face down, making sure to ori-

ent the immobilized lines of peptides perpendicular to the serpentine channels.
SPR detection regions (300 µm × 670 µm) are formed where the immobilized pep-
tide lines intersect with the PDMS microchannel. Fig. 6b shows a schematic of the
serpentine PDMS microfluidics used to deliver analyte to the array surface
throughout the SPR imaging experiment. 
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6. Without touching the surface, put one drop of index matching fluid (Cargille, RI =
1.720) onto the center of the back of the chip. Gently lower one of the optical sides
of the prism onto the top of the chip at a slight angle to avoid bubble formation.
Center the prism over the chip and tighten.

Fig. 6. (A) Schematic of S-peptide immobilization onto the chemically modified
gold surface. (B) Schematic showing the flow direction of S protein through the poly-
dimethylsiloxane microfluidics onto the peptide array. (C) Surface plasmon resonance
difference image for a 75 nM solution of S protein binding to various S-peptide vari-
ants. Native S peptide shows the highest amount of binding to S protein, whereas the
R10Q S-peptide variant containing a substitution of an amino acid at position 10 in the
S-peptide sequence shows a much lower binding affinity. The H12A S-peptide variant
shows no binding affinity to the S protein.
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3.2.4. Mounting the PDMS Microfluidic Flow Cell and Angle Adjustment 

1. Place the assembled flow cell onto the rotation stage so that the screw holes in the
sample cell are aligned with the mounting holes in the rotation stage. Align the
sample holder so that the light reflected from the gold surface will be directed
towards the CCD camera. Fasten the flow cell to the rotation stage.

2. Connect the inlet port to a syringe pump for continuous sample delivery. 
3. Flow PEG-NHS solution through the microchannnel and allow it to react for 1 h.

The PEG-NHS will react with the surface amine groups in the regions surrounding
the pattern of S peptides. This will result in a background that is resistant to the
nonspecific adsorption of biomolecules.

4. The microchannel is then flushed with water to remove the solution of PEG-NHS.
5. Flow S-protein binding buffer through the PDMS microchannel using a syringe pump. 
6. Using the line profile function in the SPR imaging software, draw a line across the

displayed image. This line on the image determines the points from which intensi-
ties are measured and displayed in the right hand side of the window.

7. Turn the knob on the rotation stage until a minimum is observed in the line profile
window, as determined from the pixel intensity values. This angle is known as the
plasmon angle, and is the angle at which all incoming light is converted into sur-
face plasmons. Turn the angle adjustment knob counterclockwise until the pixel
value reaches a maximum. The angle is then adjusted to a point that is approxi-
mately one-third of the way from the minimum to the maximum pixel value. A
background pixel intensity of approx 60–80 is typical.

8. Once the angle is adjusted, do not change it over the course of the experiment.

3.2.5. SPR Imaging of S Peptide–S Protein Equilibrium Binding

1. Flow a solution of S protein-binding buffer across the array surface through the
PDMS microchannels using the syringe pump. Take an SPR image (30-frame aver-
age). This image will serve as the reference background image.

2. Flow a solution of S protein through the serpentine microchannel. Let the protein
solution sit on the surface for 5 min to allow for equilibrium binding.

3. Take an SPR image with the protein still present in the microchannel. Subtract the
background image (see step 1) from this image to obtain an SPR difference image
for the affinity binding interaction. Changes in percent reflectivity are observed
only where there is specific binding of S protein to the immobilized S peptide (see
Note 13). Figure 6C shows an SPR difference image for the detection of S protein
onto an array of S-peptide variants. Differential binding of the protein is clearly
visible with a range of intensities observed at the various peptide array elements.
Native S peptide shows the highest amount of binding to S protein (i.e., the peptide
elements which appear to be the brightest in the image). The R10Q S-peptide vari-
ant containing a substitution of an amino acid at position 10 in the S-peptide
sequence has a much lower binding affinity for the S protein. A negligible binding
affinity of the S protein onto both the H12A S-peptide variant and the PEG back-
ground was observed (i.e., no changes in the SPR intensity). 

4. Turn the polarizer 90 degrees, so that s-polarized light is striking the array sur-
face. Take an SPR image, and then turn the polarizer back 90 degrees to return to
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p-polarized light. The value obtained for the s-polarized light will allow for the
conversion of pixel intensity to change in percent reflectivity.

5. Flush the array with buffer containing no analyte to regenerate the peptide array
surface. The array can be used multiple times.

3.2.6. Real-Time SPR Imaging Measurements of S-Protein Binding

1. Fabricate the S-peptide array as outlined in Subheading 3.2.2.
2. Assemble the array onto the flow cell and mount onto the SPR imager as per Sub-

headings 3.2.3. and 3.2.4.
3. Using custom-written software, a desired number of regions of interest (ROIs) on

the array surface are defined. Figure 7A shows an SPR image with dotted lines
indicating the boundaries of the ROIs on the chip. These ROIs correspond to dif-
ferent peptide array elements and PEG background correction regions. 

4. Begin running the real-time data collection software prior to flowing the solution
of S protein across the array surface. The collection macro calculates the change in
average pixel intensity with respect to a corresponding reference value for each
ROI and updates a graphical display in real-time. Typically, five frames are aver-
aged with a time resolution of approx 1 s. 

5. Flow analyte-free S-protein binding buffer over the array surface through the
microfluidic channel to monitor the desorption curve of S protein from the S-pep-
tide array surface.

6. These measurements can be repeated over a range of S-protein concentrations (i.e.,
10 nM to 300 nM). From these measurements, values for the adsorption and des-
orption coefficients and binding affinity can be extracted. 

4. Notes
1. Unless stated otherwise, all solutions should be prepared in water that has a resist-

ance of 18.2 MΩcm. This standard is referred to as “water” in the text.
2. Commercially available DNA can be obtained with a wide variety of 5′ or 3′ mod-

ifications for surface-attachment chemistry. This method assumes the use of 5′ C6
S-S thiol-modified DNA or 3′ C3 S-S thiol-modified DNA.

3. The HPLC gradient used for DNA purification is as follows:
a. Hold at 10% buffer B for the first 5 min.
b. Gradually ramp to 70% buffer B over the next 45 min.
c. Ramp to 100% buffer B in the next 2 min to wash the column.
d. After 15 min, return to 10% buffer B.

4. The extinction coefficient to be used for the thiol concentration calculation is
13,600 L/(mol·cm).

5. The estimated thickness of the Cytop layer is less than 20 nm. In this particular
application, it is important to achieve a Cytop layer as thin as possible to avoid los-
ing SPR sensitivity.

6. Gold dot patterned slides should be immediately immersed and stored in an ethano-
lic solution of MUAM after vapor deposition. These arrays are also commercially
available (GWC Technologies).

7. If a bubble forms in the index-matching fluid between the prism and array, care-
fully remove the slide from the prism using a pair of tweezers, taking care not to
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Fig. 7. (A) Representative raw surface plasmon resonance image of an S-peptide
array with regions of interest (ROIs) drawn as dotted boxes on the array surface. The
ROIs designate the position on the array where changes in percent reflectivity are to be
measured as a function of time using a charge-coupled device camera. (B) Graphs
showing the kinetics information obtained at each peptide array element when exposed
to a solution of S protein. All of the curves were normalized with respect to adjacent
polyethylene glycol regions. (Reprinted from ref. 9, with permission of the American
Chemical Society.) 
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contaminate the array surface with the index-matching fluid. Using a cotton swab
dipped in methanol, clean the glass side of the array to remove the index-matching
fluid. Clean the prism and then remount the array and prism into the SPR sample
holder.

8. An initial washing of the DNA probe surface with urea and water through the flow
cell prior to beginning an experiment helps to clean the surface and ensure the best
SPR imaging results.

9. Pixel intensity can be converted to change in percent reflectivity by the following
equation:

where I is the SPR pixel intensity and Spol is the pixel intensity measured using s-
polarized light.

10. For both array fabrication and microfluidic flow cell preparation, it is preferable to
cure the PDMS in the oven overnight. 

11. When punching the reservoir holes in the PDMS, it is preferable to have the chan-
nel side facing up to avoid contaminating the channels with small PDMS particu-
lates.

12. The serpentine microchannels fabricated from the aluminum master have a size of
670 µm width, 9.5 cm total length, 200 µm depth, and 400 µm spacing between
folds, and are prepared in the same way as those fabricated on the silicon master
(see Subheading 3.2.1., steps 5–10).

13. The solution of S protein must not be removed from the surface when taking an
SPR measurement, because the S protein quickly disassociates from the immobi-
lized S-peptide surface under nonequilibrium conditions.
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Surface Plasmon Resonance Mass Spectrometry 
for Protein Analysis

Dobrin Nedelkov and Randall W. Nelson

Summary
The combination of surface plasmon pesonance (SPR) and mass spectrometry (MS) provides

a unique methodology for studying proteins and their interactions. SPR is utilized to assess pro-
tein quantitative variations and the kinetic aspects of protein interactions, whereas MS comple-
ments the analysis by providing an exclusive look at the structural features of the interacting
proteins via measurement of their mass. Thus, intrinsic protein structural modifications that go
unregistered via the SPR detection can readily be assessed from the MS data. The purpose of this
chapter is dissemination of the procedures and protocols for successful SPR-MS analysis. The
individual steps of the complete SPR-MS process are illustrated via analysis of cardiac troponin
I (cTnI).

Key Words: SPR; mass spectrometry; MALDI-TOF; protein interactions.

1. Introduction
Surface plasmon resonance (SPR) is a unique, label-free, direct-reading

method of detection that utilizes interaction of light photons with free electrons
(surface plasmons) on a gold surface to quantify the changes in concentra-
tion/amount of biomaterial on the surface (1). The SPR phenomenon has been
known for almost a century, but only in the last decade has it become accepted
as a method for detection of biomolecular interactions, and been subsequently
incorporated in a number of commercially available biosensors (2). Today,
SPR-based biosensors are mostly used for characterizing protein interactions
under conditions where only one analyte of interest (typically in a pure form in
solution) is targeted by an immobilized ligand on a single site on the sensor chip
surface (3–5). This experimental design is a result of the fact that SPR does not
discriminate in the types of molecules it detects, as it registers only the total
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amount of biomaterial retained on the surface. Hence, events such as multi-pro-
tein and nonspecific binding cannot be differentiated and can have a detrimen-
tal effect on the kinetic analysis. Although specificity in SPR is implied by the
immobilized affinity ligand, a second specificity measure/dimension would cer-
tainly add to the approach. To improve upon the SPR measurements, in the mid-
nineties we combined SPR with matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS), in what has become
known as SPR-MS, or biomolecular interaction analysis mass spectrometry
(BIA/MS) (6,7). Because the SPR detection itself is nondestructive to the pro-
teins being analyzed, the same proteins that are affinity-retrieved on the SPR
chips can be further analyzed via MALDI-TOF or electrospray (ESI) mass
spectrometry. Hence, MS validates the protein by looking at its intact mass,
which is an intrinsic property of each protein. Furthermore, the MS analysis
offers an additional insight into possible protein modifications that might exist
as a result of point mutations or postexpression in vivo processing.

Even though a decade old, the SPR-MS approach is still not widely practiced.
This is partly due to the fact that both SPR and MS are relatively novel tech-
nologies, and there are very few laboratories with expertise in both fields, which
is essential for the realization of the combined approach. Furthermore, the inter-
face between SPR and MS can be somewhat complicated, requiring specific
skills and some practice for successful day-to-day operations. And finally, there
are two schools of thought on how to practice SPR-MS. In the first, as promul-
gated by our laboratory, MS analysis is performed directly from the chip surface
(8–19). In the second approach, the proteins are microrecovered from the chip
surface and then MS analyzed from the elution solution (20–25). Described here
are the protocols and the know-how for successful and reproducible integration
of SPR and MS in the “from-the-chip” MS analysis approach.

2. Materials
2.1. Reagents

1. Human plasma sample: human blood was obtained from a single subject recruited
within Intrinsic Bioprobes, Inc. (IBI), following a procedure approved by IBI’s
Institutional Review Board (IRB), and after signing of an informed consent form.
Seventy-five microliters of blood were drawn under sterile conditions from a
lancet-punctured finger with heparinized microcolumn (Drummond Scientific Co.,
Broomall, PA), mixed with 75 µL of HBS-EP buffer, and centrifuged for 30 s at
2500g to pellet the red blood cells. The supernatant (threefold-diluted plasma) was
collected and used as is.

2. HBS-EP running buffer: 0.01 M HEPES (pH 7.4), 0.15 M NaCl, 0.005% (v/v)
polysorbate 20, 3 mM ethylenediamine tetraacetic acid (EDTA).

3. Antibody coupling buffer: 10 mM acetate (pH 5.0).
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4. Mouse monoclonal antibody to troponin I (Clone 8I-7, Spectral Diagnostics,
Toronto, Canada).

5. Troponin I standard (HyTest Ltd, Turku, Finland, Cat. No. 8T53).
6. MALDI matrix: α-cyano-4-hydroxycinnamic acid (ACCA, Aldrich, Milwaukee,

WI, Cat. No. 47,687-0), further processed by powder-flash re-crystallization from
a low-heat saturated acetone solution of the original stock.

2.2. Surface Plasmon Resonance

Any SPR biosensor that utilizes a planar SPR chip can be utilized for the
SPR analysis and protein retrieval. The dominant player in the SPR instruments
field is Biacore AB, Uppsala, Sweden. Other new manufacturers of SPR biosen-
sors include GWC Technologies, Inc., Madison, WI, and HTS Biosystems, East
Hartford, CT. In the case of Biacore instruments, ligands (e.g., antibodies) are
most commonly immobilized on the carboxymethyldextran surface of a CM5
Research Grade Sensor Chip (Biacore AB, cat. no. BR. 1000-14) using amine
coupling kit chemicals (Biacore AB, cat. no. BR-1000-50).

2.3. Surface Plasmon Resonance–Mass Spectrometry Interface

In our laboratory, the interface between the SPR biosensor and the mass
spectrometer consists of a chip cutter and matrix applicator. The chip cutter is
made of a circular heated cutter-head that, when pressed against the plastic chip
holder, excises a chip/plastic mount of a defined circular shape that fits into our
MALDI mass spectrometer target (8). The MALDI matrix applicator is an
aerosol-spraying device also developed in our laboratory (8). The device is
essentially a pressurized microsprayer, consisting of an aspirating/sheath gas
needle backed by approx 30 psi of compressed air. The air/matrix solution ratio
can be adjusted to produce a fine mist of matrix solution that is aimed at the
entire surface of the cutout chip.

2.4. Mass Spectrometry

MALDI-TOF mass spectrometry analysis from the chip surface can be per-
formed on any commercially available mass spectrometer. In our laboratory, a
custom-made MALDI-TOF mass spectrometer (Intrinsic Bioprobes, Inc.) is
used for the SPR-MS analysis. The instrument consists of a linear translation
stage/ion source capable of precise targeting of each of the flow cells under a
focused laser spot. Ions generated during a 4-ns laser pulse (357 nm, nitrogen)
are accelerated to a potential of 30 kV over a single-stage ion extraction source
distance of approx 2 cm, before entering a 1.5-m field-free drift region. The
ion signals are detected using a two-stage hybrid (channel plate/discrete dyn-
ode) electron multiplier. Time-of-flight spectra are produced by signal averag-
ing of individual spectra from 50–100 laser pulses (using a 500-Mhz,
500-Ms/s digital transient recorder). Custom software is used in acquisition
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and analysis of the mass spectra. All protein spectra are obtained in the posi-
tive ion mode.

3. Methods
The individual steps of the entire SPR-MS process are illustrated by analy-

sis of cardiac troponin I (cTnI). Cardiac troponin I is considered one of the most
specific and sensitive markers of myocardial cell death. cTnI is proteolytically
degraded in vivo (26,27), yielding multiple forms that circulate in plasma.
Methods capable of simultaneous detection of these forms are needed, as some
of these protein isoforms can potentially be used as a better predictor of
myocardial infarction. To test the detection of truncated cTnI via SPR-MS, we
set up two test tubes containing 100 µL of 10-3 mg/mL cTnI in HBS-EP buffer.
One of the tubes also contained 10 µL of the human plasma. Both tubes were
left overnight at room temperature with the intent of generating cTnI fragments
in the tube containing the human plasma.

Mouse monoclonal antibody to troponin I was immobilized in both flow
cells on a surface of a CM5 Research Grade Sensor Chip (see Note 1), using
standard EDC/NHS coupling protocol and reagents supplied by Biacore. The
antibody was diluted 100-fold in the acetate-coupling buffer. The SPR signals
observed at the end of the immobilization process indicated successful immo-
bilization of approx 85 fmoles of antibody in each flow cell (see Note 2). HBS-
EP at a flow rate of 5 µL/min (see Note 3) was used as a running buffer in the
SPR experiments. Following buffer equilibration in both flow cells, a single 50-
µL aliquot of the control solution (10-3 mg/mL cTnI) was injected over FC1,
resulting in an SPR response of 340 resonance units (RUs) (Fig. 1). The flow
was then switched to FC2 and 50 µL of the cTnI-plasma solution was injected,
resulting in an SPR response of 816 RUs. Immediately following the end of the
second injection, the buffer flow was stopped (see Note 4), the chip removed
from the biosensor, washed with three 200-µL aliquots of ultra-pure sterile
water, cut from its plastic housing (see Note 5), and prepared for MALDI-TOF
mass spectrometry by application of MALDI matrix (see Note 6) with the help
of the matrix applicator device (see Note 7). Figure 2 shows the mass spectra
obtained from the surfaces of the two flow cells. Both mass spectra contain
singly and doubly charged cTnI signals. However, the signals coming from
flow cell 2 are shifted toward lower m/z values, indicating a truncation in the
protein of approx 800 Da. The sample injected over FC2 was incubated
overnight in the presence of a small aliquot of human plasma. Hence, the data
verified the fact that cTnI is degraded upon release from myocardial tissue and
entrance into the circulation. This example shows a rapid and effective way of
assessing and measuring posttranslational modifications via the SPR-MS
approach.
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Fig. 1. Surface plasmon resonance sensorgrams showing the injection of 50-µL
aliquots of 10-3 mg/mL cTnI with and without plasma over FC1 and FC2.

Fig. 2. Mass spectra taken from the surfaces of FC1 and FC2, showing the presence
of multiply charged cTnI and truncated-cTnI ions, respectively (MWcTnI = 23,916.3).   
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4. Notes
1. Prior to insertion into a Biacore SPR Biosensor, the sensor chip should be removed

from the plastic housing cassette and washed with several aliquots of ultra-pure
water, to remove any residual stabilizers that might interfere with the post-SPR-MS
analysis. The chips should be then air dried, re-inserted into the plastic housing,
and placed into the instrument using the standard docking command.

2. It is highly recommended that affinity ligands be immobilized in a high density on
the chip surface. Although high ligand densities are disadvantageous to good kinet-
ics data (i.e., re-binding of the analyte might complicate the kinetics analysis), they
are very beneficial for the subsequent MS analysis because the amount of protein
analyte captured from solution is increased. Because the intent of most SPR-MS
analyses is affinity capture followed by MS, the generation of good kinetics data is
somewhat secondary.

3. As another way to increase the amount of captured analyte, the flow rate of the
sample solution over the ligand-derivatized flow cell surface should be decreased
to approx 5 µL/min. This low flow rate promotes mass transfer across the flow cell,
which in turn increases the amount of protein analyte captured on the chip. Other-
wise, at high flow rates typically used for SPR kinetics experiments (60–100
µL/min), low-concentration analytes will not be captured in amounts conducive to
downstream MS analysis.

4. The time between the end of the SPR analysis and the subsequent preparation steps
for MS should be minimized in order to avoid any protein losses in this interim
period. Hence, following the end of the sample injection step, the SPR response
should be promptly recorded, the flow of the running buffer stopped, and the chip
removed from the biosensor (the fastest way to undock the chip is via the root con-
trol software of the biosensor, i.e., the OS9 terminal configured for connection to
the instrument service port). Once outside the biosensor, the chip should be
removed from the plastic cassette and washed with several aliquots of ultra-pure
water to remove the residual buffer components (such as detergents), which might
cause interference in the mass spectra.

5. In all of our past SPR-MS work, we have used a chip cutter with circular heated
cutter head (Intrinsic Bioprobes Inc., Tempe, AZ) for excising a chip/plastic mount
of a defined circular shape that fits into an appropriately configured MALDI mass
spectrometer target (8). However, most commercially available mass spectrome-
ters can accommodate the large footprint of the entire chip housing, as long as the
MALDI target is appropriately machined/milled to accommodate the entire chip.
Because of the different thickness of the chip (as compared to a standard MALDI
target), little drops of protein standards should also be placed on the corners of the
chip to aid in the mass spectra calibration.

6. For the MS analysis from the chips, ACCA has been our matrix of choice. ACCA
is a better energy-absorbing matrix than sinapic acid (SA) and, consequently,
requires less laser power. Lower laser power means that more spectra can be
obtained from a single spot, and fast burning through the matrix/sample layer is
avoided; it should be noted that the analyte is captured in a very thin layer on the
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surface of the chip, and aggressive application of the laser (at high frequency) can
rapidly deplete the sample spot. Re-application of more matrix (following initial
application and MS analysis) does not generally yield better signals, and results in
decreased S/N ratio.

7. The application of MALDI matrix is the most critical step in the entire SPR-MS
process. The matrix mist generated by the matrix applicator should moisten but not
completely wet the chip surface (i.e., the tiny matrix droplets should stay as indi-
vidual drops on the surface, and not be connected into one large liquid drop). The
matrix droplets will desorb the proteins from their respective capturing affinity lig-
and and, upon rapid drying, the matrix/protein mixture will be re-deposited on the
same area from where the proteins were originally captured in the SPR analysis.

Acknowledgments
This publication was supported in part by grant number 5 R44 CA099117-

03 from the National Institutes of Health. Its contents are solely the responsi-
bility of the authors and do not necessarily represent the official views of the
National Institutes of Health.

References
1. Homola, J., Yee, S. S., and Gauglitz, G. (1999) Surface plasmon resonance sensors:

review. Sensors Actuat. B 54, 3–15.
2. Liedberg, B., Nylander, C., and Lundstrom, I. (1995) Biosensing with surface-

plasmon resonance—how it all started. Biosens. Bioelectron. 10, R1–R9.
3. Cooper, M. A. (2003) Label-free screening of bio-molecular interactions. Anal.

Bioanal. Chem. 377, 834–842.
4. Homola, J. (2003) Present and future of surface plasmon resonance biosensors.

Anal Bioanal Chem. 377, 528–839.
5. Karlsson, R. (2004) SPR for molecular interaction analysis: a review of emerging

application areas. J. Mol. Recognit. 17, 151–161.
6. Krone, J. R., Nelson, R. W., Dogruel, D., Williams, P., and Granzow, R. (1996)

Interfacing mass spectrometric immunoassays with BIA. BIAJournal 3, 16–17.
7. Nelson, R. W., Krone, J. R., and Jansson, O. (1997) Surface plasmon resonance

biomolecular interaction analysis mass spectrometry. 1. Chip-based analysis. Anal.
Chem. 69, 4363–4368.

8. Nedelkov, D. and Nelson, R. W. (2000) Practical considerations in BIA/MS: opti-
mizing the biosensor-mass spectrometry interface. J. Mol. Recognit. 13, 140–145.

9. Nedelkov, D. and Nelson, R. W. (2000) Exploring the limit of detection in biomolec-
ular interaction analysis mass spectrometry (BIA/MS): detection of attomole amounts
of native proteins present in complex biological mixtures. Anal. Chim. Acta 423, 1–7.

10. Nedelkov, D. and Nelson, R. W. (2001) Analysis of human urine protein biomark-
ers via biomolecular interaction analysis mass spectrometry. Am. J. Kidney Dis. 38,
481–487.

11. Nedelkov, D. and Nelson, R. W. (2001) Analysis of native proteins from biological
fluids by biomolecular interaction analysis mass spectrometry (BIA/MS): exploring



138 Nedelkov and Nelson

the limit of detection, identification of non-specific binding and detection of multi-
protein complexes. Biosens. Bioelectron. 16, 1071–1078.

12. Nedelkov, D. and Nelson, R. W. (2001) Delineation of in vivo assembled multi-
protein complexes via biomolecular interaction analysis mass spectrometry. Pro-
teomics 1, 1441–1446.

13. Nedelkov, D. and Nelson, R. W. (2003) Design and use of multi-affinity surfaces in
biomolecular interaction analysis-mass spectrometry (BIA/MS): a step toward the
design of SPR/MS arrays. J. Mol. Recognit. 16, 15–19.

14. Nedelkov, D. and Nelson, R. W. (2003) Delineating protein-protein interactions via
biomolecular interaction analysis-mass spectrometry. J. Mol. Recognit. 16, 9–14.

15. Nedelkov, D. and Nelson, R. W. (2003) Surface plasmon resonance mass spec-
trometry: recent progress and outlooks. Trends Biotechnol. 21, 301–305.

16. Nedelkov, D. and Nelson, R. W. (2003) Detection of Staphylococcal enterotoxin B
via biomolecular interaction analysis mass spectrometry. Appl Environ Microbiol.
69, 5212–5215.

17. Nedelkov, D., Nelson, R. W., Kiernan, U. A., Niederkofler, E. E., and Tubbs, K. A.
(2003) Detection of bound and free IGF-1 and IGF-2 in human plasma via bio-
molecular interaction analysis mass spectrometry. FEBS Lett. 536, 130–134.

18. Nelson, R. W., Nedelkov, D., and Tubbs, K. A. (2000) Biomolecular interaction
analysis mass spectrometry. BIA/MS can detect and characterize proteins in com-
plex biological fluids at the low- to subfemtomole level. Anal. Chem. 72,
404A–411A.

19. Nelson, R. W., Nedelkov, D., and Tubbs, K. A. (2000) Biosensor chip mass spec-
trometry: a chip-based proteomics approach. Electrophoresis 21, 1155–1163.

20. Gilligan, J. J., Schuck, P., and Yergey, A. L. (2002) Mass spectrometry after cap-
ture and small-volume elution of analyte from a surface plasmon resonance biosen-
sor. Anal. Chem. 74, 2041–2047.

21. Kikuchi, J., Furukawa, Y., and Hayashi, N. (2003) Identification of novel p53-bind-
ing proteins by biomolecular interaction analysis combined with tandem mass
spectrometry. Mol. Biotechnol. 23, 203–212.

22. Natsume, T., Taoka, M., Manki, H., Kume, S., Isobe, T., and Mikoshiba, K. (2002)
Rapid analysis of protein interactions: On-chip micropurification of recombinant
protein expressed in Esherichia coli. Proteomics 2, 1247–1253.

23. Lopez, F., Pichereaux, C., Burlet-Schiltz, O., Pradayrol, L., Monsarrat, B., and
Esteve, J. P. (2003) Improved sensitivity of biomolecular interaction analysis mass
spectrometry for the identification of interacting molecules. Proteomics 3,
402–412.

24. Zhukov, A., Schurenberg, M., Jansson, O., Areskoug, D., and Buijs, J. (2004) Inte-
gration of surface plasmon resonance with mass spectrometry: automated ligand
fishing and sample preparation for MALDI MS using a Biacore 3000 biosensor. J.
Biomol. Tech. 15, 112–119.

25. Borch, J. and Roepstorff, P. (2004) Screening for enzyme inhibitors by surface
plasmon resonance combined with mass spectrometry. Anal. Chem. 76,
5243–5248.



SPR MS for Protein Analysis 139

26. Shi, Q., Ling, M., Zhang, X., et al. (1999) Degradation of cardiac troponin I in
serum complicates comparisons of cardiac troponin I assays. Clin. Chem. 45,
1018–1025.

27. Katrukha, A. G., Bereznikova, A. V., Filatov, V. L., et al. (1998) Degradation of car-
diac troponin I: implication for reliable immunodetection. Clin. Chem. 44,
2433–2440.





141

From: Methods in Molecular Biology, Vol. 328: New and Emerging Proteomic Techniques
Edited by: D. Nedelkov and R. W. Nelson © Humana Press Inc., Totowa, NJ

9

High-Throughput Affinity Mass Spectrometry

Urban A. Kiernan, Dobrin Nedelkov, Eric E. Niederkofler, 
Kemmons A. Tubbs, and Randall W. Nelson

Summary
Affinity mass spectrometry (AMS) is a proteomics approach for selectively isolating target pro-

tein(s) from complex biological fluids for mass spectrometric analysis. The resulting high-content
mass spectrometry (MS) data show the unique MS protein signatures (wild-type, posttranslation-
ally modified, as well as genetically modified forms of the protein target) that are present within a
biological sample. Information regarding such protein diversity is normally lost in classical pro-
teomic or immunoassay analyses. This chapter presents a step-by-step description of high-
throughput AMS in the population proteomic screening of the human plasma protein cystatin C.

Key Words: Affinity purification; mass spectrometry; human plasma proteins; high throughput.

1. Introduction
Clinical proteomics has evolved into a global protein biomarker discovery

program, the goal of which is to mass-spectrometrically identify novel proteins
that are useful for disease diagnosis/prognosis as well as therapeutic interven-
tion. Current classical proteomics initiatives have already identified numerous
candidate biomarkers; however, validation of these targets for clinical applica-
tion is problematic as a result of issues of reproducibility, throughput, and data
content. Such validation studies are often reserved for conventional
immunoassay platforms (enzyme-linked immunosorbent assay [ELISA],
radioimmunoassay [RIA], etc.), but their indirect detection methods are blind
to protein population variations, which are a result of genetic and/or post-
translational modifications (truncations, oxidation, phosphorylation, etc.). It
has now become apparent that such variants need to be accounted for in any
analysis, as subtle protein modifications can be the cause as well as the mani-
festation of disease.
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Therefore, second-generation proteomics technologies, which selectively
target a single protein as well as its associated variants, have assumed great
importance. A novel approach to targeted proteomics analysis is affinity mass
spectrometry (AMS), a hybrid of micro-affinity capture with matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) MS detection (1).
This approach allows for reproducible high-throughput analyses, producing
high-content data that readily differentiate multi-affinity forms of the same tar-
get protein (2,3). Presented here is an in-depth description of the mechanics
involved in the application of high-throughput AMS technologies, targeting the
human plasma protein cystatin C (CYSC) for a routine population proteomics
analysis.

2. Materials
1. Human plasma from a population of 96 individuals. The Li-heparin plasma sam-

ples used in this study were purchased from a commercial tissue bank (ProMedDx,
LLC, Norton, MA).

2. A 96-sample format robotic workstation (Multimek 96, Beckman Coulter, Fuller-
ton, CA).

3. One box of 96 activated underivatized carboxyl affinity pipets (Intrinsic Bioprobes,
Inc., Tempe, AZ) (see Note 1).

4. Antibody solution: anti-CYSC polyclonal antibody (A0451, DakoCytomation,
Carpinteria, CA). Solution stored at 4°C.

5. Ligand-coupling buffer: 10 mM NaCH3CO2 (pH 5.1). Solution prepared fresh.
6. Blocking reagent: 1 M ethanolamine (ETA, 39,813-6, Sigma-Aldrich, St. Louis,

MO) (pH 8.5). Solution stored at 4°C.
7. Hydrochloric acid: 60 mM. Solution stored at room temperature.
8. Reconditioning buffer: 10 mM HEPES-buffered saline (pH 7.4), 150 mM NaCl.

Solution stored at 4°C.
9. Dilution and rinse buffers: 10 mM HEPES-buffered saline (pH 7.4), 150 mM NaCl,

3 mM ethylenediamine tetraacetic acid (EDTA), and 0.005% Surfactant P20
(HBS). Solution stored at 4°C.

10. Double-distilled water.
11. Organic rinse: 20% (v/v) acetonitrile with 2 M ammonium acetate (pH 7.5). Solu-

tion stored at 4°C.
12. Normalization rinse solution: 10 mM n-octylglucoside (NOG, 10281772, Roche

Diagnostics, Mannheim, Germany). Solution stored at 4°C.
13. MALDI matrix: 10 g/L sinapic acid (SA, 85429, Fluka, Milwaukee, WI) in 33%

(v/v) acetonitrile and 0.4 % (v/v) trifluoroacetic acid (TFA) (see Note 2).
14. Calibration solution: 1 × 10-3 mg/mL equine cytochrome C (MW = 12,360.2;

9007-43-6, Sigma-Aldrich, St. Louis, MO) in double-distilled water. Solution
stored at 4°C.

15. A 96-well formatted MALDI target (Intrinsic Bioprobes, Inc., Tempe, AZ).
16. Linear Autoflex MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA).
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17. Proteome Analyzer Software (Intrinsic Bioprobes Inc., Tempe, AZ) on a Windows-
compatible computer station.

3. Methods
Affinity mass spectrometry revolves around micro-affinity pipet technology,

produced by Intrinsic Bioprobes, Inc. (IBI, Tempe, AZ). These affinity pipets,
when derivatized with an affinity ligand, are capable of selectively retrieving
and enriching protein target(s) from a variety of complex biological fluids (4–6)
and have been successfully applied to proteins at sub-µg/L concentrations (3,7).
The functional affinity pipet format is easily converted into a high-throughput
platform by integrating a parallel processing robotics workstation (2,8–10).
This automated system can be utilized for affinity pipets preparation (derivati-
zation with affinity ligand) as well as sample analysis (Fig. 1).

3.1. Derivatization of Affinity Pipets With Antibody

1. All materials for the derivatization of the affinity pipets are made ready: the anti-
CYSC antibody solution is diluted 1:100 in the ligand-coupling buffer and dis-
pensed into individual wells of a 96-well microplate in 100-µL aliquots; the ETA,

Fig. 1. High-throughput robotics platform outfitted with affinity pipets for automated
sample preparation and protein capture. The footprint consists of a six-stage work area
that can be used for automated affinity pipet derivatization, sample analysis, and ana-
lyte elution.
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hydrochloric acid, and reconditioning buffer solutions are also dispensed into 96-
well microplates, but at 200 µL per well.

2. The underivatized affinity pipets are loaded onto the robotic workstation along with
reagent microplates (Fig. 1).

3. The loaded affinity pipets first address the diluted antibody solution. The solution
is repetitively passed through the affinity pipets 400 times (50 µL per aspiration),
during which, antibody is covalently bound to the activated solid support within
each affinity pipet (11).

4. After coupling, residual binding sites are blocked by flowing ETA solution through
the affinity pipets 50 times (100 µL per aspiration).

5. Blocked affinity pipets are then rinsed with a mild acid solution. During the deriva-
tization process, antibodies may aggregate together, and the acid rinse is used to
liberate noncovalently attached antibody. The 60 mM hydrochloric acid is flowed
through the affinity pipets 30 times (100 µL per aspiration). This step is repeated
in a second microplate containing fresh reagent.

6. The immobilized antibody is then reconditioned by exposure to a buffer solution at
neutral pH. The reconditioning buffer is also flowed through the affinity pipets 30
times (100 µL per aspiration). This step is also repeated in a second microplate of
fresh reagent.

7. Once reconditioned, the derivatized affinity pipets are ready for use. However, they
can be stored wet in reconditioning buffer at 4°C for periods up to 3 mo (see Note 3).

3.2. Sample Preparation and Affinity Purification

1. Reagents and materials necessary for sample affinity purification are prepared:
human plasma samples are aliquotted (100 µL per sample) into individual wells of
a 96-deep-well microplate (see Note 4). Samples are then diluted to 1 mL with 900
µL of dilution buffer. Rinsing buffers and double-distilled water are aliquotted into
96-well microplates (200 µL per well). Buffers, water, and samples are warmed to
room temperature prior to the initiation of analysis (see Note 5).

2. The derivatized affinity pipets are loaded into the robotic workstation along with
samples and rinse microplates (see Note 6).

3. Affinity pipets are first rinsed with HBS (100 µL flowed through the affinity pipets
10 times) to remove any debris or contaminants that the affinity pipets may possi-
bly have come in contact with since they were prepared.

4. Rinsed affinity pipets are then immersed into the diluted plasma samples. The plas-
mas are flowed through the affinity pipets 150 times at 100 µL per aspiration.

5. After probing the diluted plasma samples, the affinity pipets are enriched with the
targeted protein. Nonspecifically retained proteins may accompany the target pro-
tein and are removed using a series of rinses. The first rinse is HBS, which is
flowed through the affinity pipets 10 times at 100 µL per aspiration.

6. The second rinse is double-distilled water. This too is flowed through the pipets 10
times at 100 µL per aspiration.

7. The next step is the organic rinse. The organic rinse mixture is flowed through the
affinity pipets 10 times at 100 µL per aspiration (see Note 7).
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8. The final rinse is double-distilled water. This rinse is split between two microplates
and is used to purge the affinity pipets of any residual salt. The water is flowed
through the affinity pipets 20 times (100 µL per aspiration).

3.3. Protein Elution

1. Reagents required for the elution of the affinity-retained proteins are prepared. This
includes distributing 150-µL aliquots of the 10 mM NOG solution into the wells of
a microplate, as well as pouring the 50 mL of bulk MALDI matrix in a basin for
parallel aspiration (see Note 8). At this point, a MALDI target is positioned within
the robotic system for eluant deposition (Fig. 1).

2. The elution protocol is initiated on the robotic workstation (see Note 9). The affin-
ity pipets are first treated with the normalization rinse. This involves a single aspi-
ration (100 µL per affinity pipet) of the NOG solution. Affinity pipets are blown
out and blotted to remove any residual NOG solution (the robotic elution method
will pause to allow for manual blotting of the affinity pipets).

3. Next, the affinity pipets undergo parallel aspiration (6 µL per affinity pipet) of the
matrix solution.

4. The affinity pipets, laden with matrix solution, are then positioned above the
MALDI target, where droplets of the matrix/protein eluates are formed and then
deposited directly onto the MALDI target surface (Fig. 2). The target is imprinted
with protein samples in the same 8 × 12 array format as the one in which the pro-
teins were captured from the samples (see Note 10).

5. After eluates deposition, the used affinity pipets can be discarded while the
imprinted samples are air-dried.

6. The drying MALDI target is then manually spotted with a calibration standard on
each of its four corners. A 4-µL spot containing a 1:1 mixture of calibration solu-
tion with MALDI matrix is used for each calibration point.

3.4. MALDI-TOF MS Analysis

1. Once the imprinted protein matrix samples are crystallized, the MALDI target is
inserted into the mass spectrometer for analysis.

2. Intact protein MALDI-TOF MS analysis is performed on a linear Bruker Autoflex
instrument. The system is operated in positive ion, delayed-extraction mode with a
20.00 kV full accelerating potential. Draw-out pulses of 1.350 kV and a 390 ns
delay are used for this analysis (see Note 11).

3. Resulting mass spectral data can be calibrated, viewed, and contrasted using the
Proteome Analyzer Software (see Note 12). The sample spectra are externally cali-
brated with the mass spectra acquired from the cytochrome C standards. A CYSC
protein profile was successfully produced for each sample. An overlay of all 96 mass
spectra is shown in Fig. 3. These target protein profiles showed the presence of wild-
type CYSC (MW = 13,343) as well as an oxidized variant (MW = 13,359) (see Note
13). N-terminally truncated variants of CYSC—desS- (MW = 13,272) and desSSP-
(MW = 13,072)—are also consistently observed. This basic profile is highly con-
served among the majority of samples, as shown in Fig. 4 upper trace; however, a
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few contained an increased number of truncated CYSC variants. The variants
observed in Fig. 4 middle trace show a progressive breakdown of CYSC as the pro-
tein is serially degraded from the N-terminus. These truncated forms include:
desSSPG- (MW = 13,015), desSSPGK- (MW = 12,887), and desSSPGKPPR- (MW
= 12,536). Eventually, CYSC degradation from both termini is indicated by the
appearance of desSSPGKPPR- & -DA (MW = 12,350) and desSSPGKPPRLV- & -
DA (MW = 12,138) truncated variants. A genetically mutated form of CYSC is also
observed in the sample population (Fig. 4 bottom trace) and is readily identifiable
form the wild-type form by an approx +30-Da mass shift.

4. Notes
1. AMS affinity pipets are available in various chemical formats. Activated carboxyl

affinity pipets were found to work best for plasma CYSC analysis and were utilized

Fig. 2. Auto-deposition of affinity-purified analyte onto a 96-well formatted
MALDI-target. (A) The eluate, a MALDI matrix/affinity purified protein mix, is
stamped in parallel onto the target. (B) Results in an 8 × 12 array of protein samples
that, when dry, are ready for mass spectrometric analysis.
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in this example. The coupling protocol and reagents described are specific for the
carboxyl affinity pipet format. Other affinity pipet chemistries may have enhanced
affinity capture when used with other target proteins and in other biological fluids.

2. For high-throughput automated elution, a 50-mL matrix is prepared fresh.
3. Even though stability tests show only a minimal loss of activity when derivatized

affinity pipets are stored wet at 4°C for a 3-mo period, we recommend immediate
use for optimal results.

4. The plasma samples are thawed and then spun for 5 min at 3,000g to pellet any
debris that may result from storage prior to being aliquotted. Moreover, sample
pretreatment steps as well as internal reference standard doping may also be
required for target and quantitative analysis (7), but are not needed in this example.

Fig. 3. Mass-spectrometric data for all 96 human samples. Cystatin C was detected
from all samples, with the majority sharing the same basic protein profile.
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5. Ensure that ample time is given to allow samples and reagents to warm to room
temperature. Affinity capture is temperature dependent, and variations can lead to
inconsistent results.

6. Prior to loading stored affinity pipets into the robotic workstation, manually remove
any residual reconditioning buffer that may be contained within them. The system
is unable to purge the affinity pipets of any initial volume of fluid. Such residual
fluid may aspirate into the head mechanism and contaminate the robotic system.

7. Because the components of the organic rinse mixture are not highly miscible, the
stock rinse is agitated and aliquotted just prior to use in the analysis. At that point,
the robotic method applied will pause to allow for the insertion of the organic mix
microplate into the rinse series.

8. Matrix is aspirated from a large basin that supports all 96 affinity pipets in a single
aspiration step. Aspirating matrix from a microplate results in poor sample crystal
formation and weak ion signals due to matrix precipitation within the individual

Fig. 4. Representative individual mass spectra from the targeted population pro-
teomics analysis for Cystatin C. The mass spectrometric analysis reveals that CYSC is
a heterogeneous mixture of wild-type CYSC and multiple variants. Upper trace: mass
spectrometry (MS) trace that is representative of the majority of the samples observed
in this high-throughput analysis. Wild-type, oxidized, and a truncated form of CYSC
are readily observed. Middle trace: MS trace from an individual whose CYSC profile
showed an increase in the number of truncation variants. Bottom trace: CYSC profile
from an individual who is heterozygous for a CYSC point mutation, which results in a
∆m = approx +30 Da.   



High-Throughput AMS 149

wells. Once the stock matrix solution is poured into the basin, let stand 5 min prior
to elution, to allow any matrix sediment to settle.

9. The elution protocol is series of scripted macros that were written specifically for
the AMS affinity pipet elution process.

10. The MALDI targets used are hydrophilic/hydrophobic contrasted, allowing for
optimum sample spot concentration for higher-quantity MS data and more efficient
data acquisition (8).

11. The MALDI-TOF MS instrument setting used was determined to provide optimum
sensitivity and resolution of proteins that are in the mass-to-charge (m/z) range of
11,500 to 13,500 thousand. Such settings must be adjusted for other protein targets
that are not in this m/z range.

12. MALDI-TOF MS data are technically observed as m/z values; however, the +1 ion
can be directly converted to molecular mass units (Da). For convenience and clar-
ity, all data presented here are in molecular mass units.

13. Externally calibrated mass spectra have observed masses that range from 13,339 to
13,344 and 13,358 to 13,362, respectively. These values translate into a parent pro-
tein mass accuracy of 300 ppm. When used in conjunction with the specificity of
affinity retrieval, such mass accuracies allow for variant identification with a high
degree of certainty.
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Isotope-Coded Affinity Tags for Protein Quantification

Christopher M. Colangelo and Kenneth R. Williams

Summary
An important goal in proteomics is to compare the relative amounts of different proteins in bio-

logical samples and to try to correlate these differences with changes in physiological state. The iso-
tope-coded affinity tag technique pioneered in Aebersold’s laboratory takes advantage of differential
tagging of cysteine residues in proteins with stable isotopes to significantly reduce the complexity
of peptide mixtures and increase the number of sequences that are identified in a single tandem mass
spectrometry experiment. In this approach, two samples are isotopically labeled (one heavy, one
light) through a reactive group that specifically binds to cysteine residues; the samples are com-
bined, separated with chromatography, and analyzed by mass spectrometry. The results are then
database searched and a list of hundreds of proteins and their heavy:light ratio is obtained.

Key Words: Isotope labeling; proteomics; liquid chromatography tandem mass spectrometry;
affinity labeling; ICAT.

1. Introduction
Isotope-coded affinity tag (ICAT) analysis profiles the relative amounts of cys-

teine-containing peptides derived from tryptic digestion of protein extracts. Rec-
ognizing that only a single tryptic peptide is needed to quantify the expression of
the corresponding parent protein, the ICAT reagent was designed to affinity iso-
late and quantify, via the use of a stable isotope, the relative concentrations of cys-
teine-containing tryptic peptides obtained from digestion of control vs
experimental samples (1). Hence, the newest ICAT reagent from Applied Biosys-
tems (ABI) (Fig. 1) has a thiol-specific reactive group adjacent to an alkyl linker,
which contains either nine [12C] or nine [13C] atoms, resulting in a mass differ-
ence of 9 Da between the control and the corresponding experimental version of
the same tryptic peptide. A nice feature of the ICAT approach is that the in vitro
incorporation of a stable isotope into one of the two samples being compared
obviates the need to analyze by mass spectrometry the control and experimental
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samples separately. The alkyl linker in the ICAT reagent is connected to a (cleav-
able) biotin group, which allows rapid affinity isolation of cysteine-containing
tryptic peptides. Although a tryptic digestion of a whole-cell human protein
extract might produce 550,000 peptides, less than 100,000 of these might be
expected to contain cysteine. Based on a search of the Swiss Database, less than
5% of human proteins lack cysteine and would be missed. As depicted in Fig. 2,
following derivatization of the control protein extract with the [12C]-ICAT reagent
and of the experimental protein extract with the [13C]-ICAT reagent, the pooled

Fig. 1. Cartoon diagram of cleavable isotope-coded affinity tag reagent (Applied
Biosystems).

Fig. 2. Flow chart depicting isotope-coded affinity tag/mass spectrometry-based pro-
tein profiling.



Isotope-Coded Affinity Tags 153

samples are subjected to trypsin digestion followed by cation exchange (CEX)
chromatography. Typically, a whole-cell or tissue-protein extract would be
divided into 36 cation exchange fractions, with each of them being subjected to
avidin chromatography isolation of cysteine-containing tryptic peptides followed
by liquid chromatography (LC)-tandem mass spectrometry (MS/MS) analysis to
identify ICAT peptide pairs and quantify the relative [12C]/[13C] ratios. ICAT-
derivatized peptide pairs that differ by exactly 9 Da are identified and quantified
by the Applied Biosystems ProICAT software. ProICAT can perform modified
database searches by extracting and using only data obtained on cysteine-con-
taining peptides, thus significantly reducing search and data analysis times.
ProICAT uses a three-dimensional LC/MS reconstruct algorithm to locate and
accurately determine experimental:control (heavy:light) peak ratios in complex
proteomic samples (see Note 1).

The resulting ICAT data, which are analogous to those obtained via the use
of two different fluorescent dyes in DNA microarray analysis of mRNA or
DIGE analysis of protein expression, provide the corresponding ratio for the
level of expression of the parent protein in the control vs experimental sample.
Currently, the largest number of proteins profiled by this approach from a sin-
gle sample was 491 proteins contained in microsomal fractions of native and in
vitro differentiated human myeloid leukemia cells (2). In order to perform high-
throughput proteomic profiling using ICAT technology, it is essential to auto-
mate as many steps as possible. The standard ICAT procedure from Applied
Biosystems requires manual syringe-based purification steps on both cation-
exchange and avidin cartridges. To address these challenges, we use an Applied
Biosytems Vision workstation to automate both these steps. By using the Vision
workstation, we are able to automate both the cation exchange high-perform-
ance liquid chromatography (HPLC) and avidin cartridge chromatography
steps. This greatly enhances our ability to process samples, to maximize sam-
ple throughput on the QSTAR XL mass spectrometer, and to substantially
reduce the possibility of errors associated with manual syringe-based purifica-
tion (see Note 2).

2. Materials
1. Vial of both C12 (light) and C13 (heavy) ABI Cleavable ICAT reagent (cat. no.

4339038).
2. ABI cleaving reagents A and B (supplied with ABI Cleavable ICAT reagent, cat.

no. 4339038).
3. 100 µg of control and experimental protein sample.
4. High-resolution cation-exchange column (PolySulfoethyl A Column, 5 µm 300 Å

bead, from PolyLC, Inc., 2.1 × 200 mm, cat. no. 202SE0503).
5. Sequencing-grade trypsin (100 µg, Promega cat. no. V5280).
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6. Electrospray ionization mass spectrometer with tandem MS capability (e.g., ABI
QSTAR XL mass spectrometer).

7. Nanoflow chromatography system (e.g., LC Packings Ultimate).
8. Nanoflow reversed-phase column (Atlantis Nanoease C18 Column from Waters,

100 µm × 150 mm, 3 µm bead, cat. no. 186002209).
9. Nanoflow reversed-phase trapping column (Atlantis Nanoease Trap column from

Waters, 0.18 × 23.5 mm, cat. no. 186002574).
10. HPLC system with fraction collection (e.g., ABI Vision Workstation).
11. Denaturing buffer: 25 mM Tris, 0.1% sodium dodecyl sulfate (SDS) (pH 8.5).
12. Reducing reagent: 50 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP).
13. CEX loading buffer: 10 mM KH2PO4, 25% acetonitrile (pH 3.0).
14. CEX clean buffer: 10 mM KH2PO4, 25% acetonitrile, 1 M KCl (pH 3.0).
15. CEX neutralizing buffer: 100 mM sodium phosphate (pH 10.0).
16. CEX storage buffer: 10 mM KH2PO4, 25% acetonitrile, 0.02% NaN3 (pH 3.0).
17. Affinity loading buffer: 2X phosphate-buffered saline (PBS) (20 mM phosphate

buffer, 150 mM NaCl), pH 7.2.
18. Affinity wash 2 buffer: 50 mM ammonium bicarbonate, 20% methanol (pH 8.3).
19. Affinity elute buffer: 30% acetonitrile, 0.4% trifluoroacetic acid (TFA).
20. Affinity storage buffer: 2X PBS (pH 7.2), 0.02% NaN3.
21. Avidin Cartidges (Applied Biosystems, cat. no. 4326694).
22. Cartidge Holder (Applied Biosystems, cat. no. 4326688).
23. ABI ProICAT software on Windows-compatible workstation.

3. Methods
3.1. Denaturing and Reducing of Protein Extracts

1. Add 80 µL of denaturing buffer to two tubes containing 100 µg each of protein. If
working with a concentrated sample solution, add denaturing buffer to bring vol-
ume up to 80 µL) (see Notes 3–5).

2. Add 2 µL of reducing reagent to each tube.
3. Vortex to mix, then spin (7000g for approx 15 s).
4. Place tubes in a boiling water bath for 10 min.
5. Vortex to mix, then spin for 1 to 2 min to cool tubes.

3.2. Labeling With Cleavable ICAT Reagents

1. Take one vial of both light and heavy cleavable ICAT reagent from freezer and
wrap with aluminum foil. The cleavable ICAT reagent is light sensitive, so be sure
to minimize exposure to light (see Note 6).

2. Wait 15 min to allow the ICAT reagents to reach room temperature before using.
3. Spin reagents to bring all powder to bottom of each vial.
4. Add 20 µL of acetonitrile to each reagent vial.
5. Vortex to mix, then spin.
6. Transfer contents of one of the protein vials to a vial of light ICAT reagent.
7. Transfer contents of the other protein vial to a vial of heavy ICAT reagent.
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8. Vortex to mix, then spin.
9. Incubate for 2 h at 37°C.

10. Vortex to mix, then spin.
11. Mix light-labeled sample with the heavy-labeled sample (this is your 1:1 sample,

total volume = 200 µL).

3.3. Trypsin Digestion Procedure

1. Reconstitute a vial of trypsin (100 µg) with 200 µL of Milli-Q water.
2. Vortex to mix, then spin.
3. Add trypsin solution to the empty, light-ICAT-labeled sample vial.
4. Transfer trypsin solution from the light-ICAT-labeled sample vial to the heavy-

ICAT sample vial that contains the 1:1 sample from Subheading 3.2., step 11.
5. Incubate 12 to 16 h at 37°C.
6. Vortex to mix, then spin.

3.4. Cation Exchange Chromatography

1. Depending on the number of proteins expected in the sample (<10, <200, or >200),
refer to Table 1 to determine the number of fractions collected during the cation-
exchange step. Typically, for whole-cell extracts we collect 36 CEX fractions over
the course of the gradient (see Note 7).

2. Take 400 µL of trypsin-digested ICAT-labeled peptides and dilute to 1 mL by
adding approx 600 µL CEX loading buffer.

3. Check the pH of the sample to be sure it is less then 3.0, and if necessary add 1 M
phosphoric acid to lower pH below 3.0.

4. Using the HPLC system, pre-equilibrate a 2.1 mm × 200 mm PolySulfoethyl A
column with CEX loading buffer at a flow rate of 150 µL/min.

5. Load entire sample on column and run a linear gradient of CEX clean buffer from
0 to 98% B in 90 min at a flow rate of 150 µL/min. The gradient is designed to
spread out the elution of doubly charged peptides, with these peptides usually elut-
ing starting at about 50 min into the run until approx 65 min, after which triply
charged peptides begin to elute.

6. Collect 200-µL fractions and store at 4°C if the avidin chromatography will be car-
ried out immediately; otherwise, store fractions at –20°C.

Table 1
Cation Exchange (CEX) Fractions for Isotope-Coded Affinity Tag Samples

No. proteins No. CEX fractions collected
Sample description expected and subjected to LC-MS/MS

Small protein complexes <10 1
Larger protein complexes <200 12
Whole-cell extracts >200 36

LC-MS/MS, liquid chromatography-tandem mass spectrometry.
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7. Clean the column using 10 mL of CEX clean buffer, and if the column will not be
immediately used again, wash and store the column with 10 mL of CEX storage
buffer.

3.5. Avidin Chromatography

1. For each CEX fraction, a parallel avidin chromatography column will have to be
run to isolate the Cys-containing tryptic peptides.

2. Take each CEX fraction and add 100 µL CEX neutralizing buffer to bring the pH
to approx 7.0.

3. Dilute fraction 4:1 by adding 400 µL affinity loading buffer, and then check that
the pH is approx 7.0.

4. Using the HPLC system, pre-equilibrate column with affinity loading buffer at a
flow rate of 500 µL/min.

5. Load entire fraction onto the affinity column and then wash with 6 mL of affinity
loading buffer to remove excess salt.

6. Wash nonspecifically bound peptides off the column with 6 mL of 1X PBS (50%
affinity loading buffer, 50% H2O) and follow with 6 mL of affinity wash 2 buffer.

7. Next remove wash buffer from sample by running 1 mL Milli-Q water over the col-
umn.

8. Elute Cys-containing tryptic peptides with 1.5 mL of affinity elute buffer and col-
lect this eluent.

9. Clean the column with 2 mL of affinity elute buffer. If the column will be stored,
wash the column with 6 mL of affinity storage buffer and store at 4°C.

3.6. Cleavage of ICAT-Labeled, Cys-Containing Tryptic Peptides

1. Dry down affinity-eluted fractions from the Avidin column in Speedvac overnight,
without heat.

2. In a clean tube, prepare final cleaving reagent by combining 95 µL of cleaving
reagent A and 5 µL of cleaving reagent B (from the ABI cleavable ICAT reagent
kit).

3. Vortex to mix, then spin.
4. Transfer 45 µL of freshly prepared cleaving reagent to each sample tube.
5. Incubate for 2 h at 37°C.
6. Dry down samples in Speedvac.
7. Dissolve each sample in 8 µL of 0.1% formic acid.

3.7. LC-MS/MS Analysis

1. For LC-MS/MS analysis, separate the avidin-purified samples on a reverse-phase
HPLC that is in front of and in line with a tandem MS-compatible mass spectrom-
eter.

2. Inject 8 µL of sample onto a nanoflow reverse-phase trapping column at 20 µL/min
in 0.1% TFA, 2% acetonitrile.

3. Place the nanoflow trap column inline with a 100 µm × 15 cm Waters Atlantis C18
column equilibrated with 0.1% TFA, 2% acetonitrile at a flow rate of 500 nL/min
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and elute individual peptides with a 60-min gradient using 0.1% TFA, 5% iso-
propanol, 85% acetonitrile.

4. Using a data-dependent method, set up MS acquisition to carry out an MS scan for
0.5 s from 400 to 1200 amu, and to select the two most intense peaks with charge
state 2 to 4 for an MS/MS product ion acquisition from 50 to 1800 amu with a 2-s
accumulation time.

5. After nanoflow LC-MS/MS, import the data into ProICAT software to automati-
cally quantify and identify differentially expressed proteins. The results of the
ProICAT data are stored in a Microsoft Access database for future data mining.

4. Notes
1. Quantitation accuracy for the entire experiment is approx ±20–25% of the actual

value, with a linear range of detection within a 10-fold difference between the con-
trol and treated samples. Differences in level of expression between individual pro-
teins in the control vs experimental samples that exceed 10-fold are likely to be
missed, as only the tryptic peptide from the protein that is expressed at the higher
concentration is likely to be detected and it is not generally feasible to manually
review all “singleton” LC/MS peaks.

2. Table 2 provides an example of the overall number of proteins that might be
expected to be identified and quantified using the ICAT technology to profile 100
µg crude protein extract from each of two human cell lines grown in culture and
when 36 CEX fractions are collected and individually subjected to LC/MS.

3. Sample preparation is key to optimal ICAT reagent labeling. Ideally, samples
should be free of contaminants (acid, salt, and detergents) and lyophilized. If this
is not possible, samples should be concentrated to approx 5 mg/mL and a volume
of 20 µL. Several methods, such as acetone precipitation, gel filtration chromatog-
raphy/spin columns, micro-dialysis, or ultracentrifugation, can be used to concen-
trate and remove contaminants from protein extract samples prior to labeling.
Additionally, low pH will hinder the iodoacetamide reaction; thus, it is imperative
to keep the pH of the sample between 8.0 and 9.0. Excess detergents can interfere with
the tryptic digest. Although we typically use SDS detergent, 6 M urea can be used
instead, provided that the sample is diluted to <2 M urea prior to trypsin digestion.

Table 2
Typical Results From Two Human Cell Lines

NB4/Monocytes NB4/Neutrophil

Identified human proteins 122 88
(two or more peptides/protein)

number of above proteins with ratios 40 10
above/below threefold difference 

number of human proteins identified 1554 615
with only one peptide  
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Also, some laboratories have used octoglucoside, radioimmunoprecipitation
(RIPA) buffer, and NP40, but these detergents need to be kept under 0.1% final
concentration. Finally the overall salt concentration of the reaction needs to be kept
below 40 mM.

4. Increasing the amount of protein above 100 µg/sample should allow the detection
of less-abundant proteins; however, this will require the use of one vial of ABI
ICAT reagent per 100 µg of protein labeled.

5. To ensure that the amount of extracted protein is carefully matched at 100 µg for
each control or treated sample, we use hydrolysis/amino acid analysis
(http://keck.med.yale.edu/prochem/aaa.htm) of an approx 1–5 µg aliquot of each
sample to accurately determine the protein concentration prior to labeling. Other
laboratories have used the Bradford assay to determine protein concentration, but
our experience is that this assay has a ±20–25% measurement error, as compared
to the ±5–10% measurement accuracy of amino acid analysis.

6. The ICAT reagents have a shelf life of 1 yr at –20°C.
7. The maximum loading capacity of the 2.1 mm × 200 mm polysulfoethyl A strong

cation exchange column is approx 5 mg, but for optimum chromatography we rec-
ommend limiting the loading to 1 mg total protein.
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Proteomic Analysis by Multidimensional Protein 
Identification Technology

Laurence Florens and Michael P. Washburn

Summary
Multidimensional chromatography coupled to mass spectrometry is an emerging technique

for the analysis of complex protein mixtures. One approach in this general category, multi-
dimensional protein identification technology (MudPIT), couples biphasic or triphasic microcap-
illary columns to high-performance liquid chromatography, tandem mass spectrometry, and
database searching. The integration of each of these components is critical to the implementation
of MudPIT in a laboratory. MudPIT can be used for the analysis of complex peptide mixtures
generated from biofluids, tissues, cells, organelles, or protein complexes. The information
described in this chapter will provide researchers with details for sample preparation, column
assembly, and chromatography parameters for complex peptide mixture analysis.

Key Words: Mass spectrometry; multidimensional chromatography; proteome; proteomics;
database searching; MudPIT; informatics.

1. Introduction
The integration of multidimensional chromatography and mass spectrometry

as a proteomic tool has developed into a mature technology. Numerous two-
dimensional (2D) chromatographic methodologies have been developed in order
to resolve peptide mixtures prior to analysis by mass spectrometry (reviewed
in ref. 1). One technique, multidimensional protein identification technology
(MudPIT), has proven itself a powerful method to study highly complex protein
samples. In MudPIT, a bi- or triphasic microcapillary column packed with
reversed-phase (RP) and strong cation exchange (SCX) high-performance liquid
chromatography (HPLC)-grade materials is loaded with a complex peptide mix-
ture generated from a biological sample (2–5). The microcapillary column is
interfaced with a quaternary HPLC pump coupled to a tandem mass spectrometer,
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and acts as the ion source. Peptides are directly eluted off of the microcapillary
column, ionized, and analyzed in the tandem mass spectrometer, which is capa-
ble of fragmenting peptides in a predictable fashion, which allows for the com-
putational determination of the peptide sequence by database-searching
algorithms like SEQUEST (6). Utilizing MudPIT, researchers are able to meas-
ure protein levels of whole proteomes (7–9), differential protein expression in
response to variable growth conditions (10), membrane proteins (11), and large
multi-protein complexes (12,13).

2. Materials
2.1. Sample Preparation

1. Benzonase (Sigma, St. Louis, MO).
2. Trichloroacetic acid (TCA).
3. Digestion buffer: 100 mM Tris-HCl (pH 8.5) (stored at 4°C), 8 M urea (added

fresh).
4. Tris(2-carboxylethyl)-phosphine hydrochloride (TCEP) (1 M stock, stored at

–20°C, diluted 1/10) (Pierce, Rockford, IL).
5. Iodoacetamide (IAM), 0.5 M stock (Sigma, St. Louis, MO).
6. Endoproteinase LysC (Roche Applied Science, Indianapolis, IN).
7. Calcium chloride, 500 mM stock.
8. Trypsin, modified sequencing grade: 0.1 µg/µL stock in water at –20°C (Roche

Applied Science, Indianapolis, IN).
9. 90% formic acid.

10. Elastase stock solution: 10 µg/µL in 10 mM Tris-HCl (pH 8.5), stored at –20°C
(Calbiochem, San Diego, CA).

11. Subtilisin A stock solution: 10 µg/µL in 10 mM Tris-HCl (pH 8.5), stored at –20°C
(Calbiochem, San Diego, CA).

12. Proteinase K stock solution: 15 µg/µL in water, stored at –20°C (Roche Applied
Science, Indianapolis, IN).

2.2. Microcapillary Column Construction and Sample Loading

1. 100 µm i.d. × 365 µm o.d. and 250 µm i.d. × 365 µm o.d. polyimide-coated fused
silica (Polymicro Technologies, Phoenix, AZ).

2. Model P-2000 Laser Puller (Sutter Instrument Co. Novato, CA).
3. Stainless steel pressurization device (Brechbuehler, Inc., Houston, TX, or MTA for

blueprints available by request from John Yates, Scripps Research Institute, La
Jolla, CA).

4. Five-micrometer C18 Aqua Reversed Phase Packing Material (Phenomenex, Tor-
rance, CA).

5. 5-µm Partisphere SCX packing material (Whatman, Florham Park, NJ).
6. M-520 Inline Micro Filter Assembly and F-185 Microtight 0.0155 × 0.025 Sleeves

(UpChurch Scientific, Oak Harbor, WA).
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2.3. Multidimensional Chromatography and Tandem Mass Spectrometry

1. Buffer A: 5% acetonitrile, 0.1% formic acid, made with HPLC-grade water.
2. Buffer B: 80% acetonitrile, 0.1% formic acid, made with HPLC-grade water.
3. Buffer C: 500 mM ammonium acetate, 5% acetonitrile, 0.1% formic acid, made

with HPLC-grade water.
4. 50 µm i.d. × 365 × µm o.d. polyimide-coated fused silica (Polymicro Technologies,

Phoenix, AZ).
5. P-775 MicroTee Assemblies and F-185 Microtight 0.0155 × 0.025 Sleeves

(UpChurch Scientific, Oak Harbor, WA).
6. Gold wire (Scientific Instrument Services, Inc., Ringoes, NJ).
7. Agilent 1100 series G1379A degasser, G1311A quaternary pump, G1329A

autosampler, G1330B autosampler thermostat, and G1323B controller (Agilent
Technologies, Palo Alto, CA).

8. LCQ DECA-XPplus tandem mass spectrometer (Thermo Electron, San Jose, CA).
9. Nano electrospray stage (MTA for blueprints available by request from John

Yates, Scripps Research Institute, La Jolla, CA). Other options include the
Thermo Electron Nanospray II ion source or PicoView Sources from New Objec-
tive (Woburn, MA).

3. Methods
3.1. Sample Preparation

A wide variety of samples have been analyzed via MudPIT, including pro-
tein complexes (13), organelles (14), whole proteomes (7,8), and biofluids
(15). The isolation of protein mixtures from any of these samples is beyond the
scope of this article. It is important to have a good idea what the total amount
of protein in a sample is, however, in order to add the proper amount of pro-
teases for digestion. In general, all of these samples from disparate sources
will be analyzed in the fashion outlined in this chapter, with the only variation
being that if a large amount of proteins is in the starting sample, it will be split
into 200- to 300-µg aliquots and each fraction will be TCA precipitated inde-
pendently and then recombined after resuspension for protease digestion. The
standard approach for the detection and identification of proteins is the endo-
proteinase LysC/trypsin digestion protocol. For the identification of posttrans-
lational modifications, high sequence coverage of individual proteins is
needed. In this case, samples will be split into at least three fractions and inde-
pendently digested with endoproteinase LysC/trypsin, elastase, and subtilisin
in a similar fashion to the protocol published by MacCoss et al. (16). The high-
pH proteinase K digestion protocol can also be used to generate high
sequence-coverage data from complex protein mixtures for post-translational
modification analysis (14).
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3.1.1. TCA Precipitation of Proteins From Solutions (see Notes 1–4)

1. Bring the final sample solution of a cellular extract or protein complex, for exam-
ple, to 400 µL with 100 mM Tris-HCl (pH 8.5). If a larger volume of final sample
solution is available, split the solution into multiple 200-µL aliquots followed by
the addition of 100 mM Tris-HCl (pH 8.5) to 400 µL. At the resuspension step
(Subheading 3.1.2., step 1), the resolubilized precipitated proteins may be recom-
bined.

2. Add 100 µL TCA (100%) to cold sample; mix well to give a final TCA concentration
of 20%. Reaction should be carried out on ice and the sample left overnight at 4°C.

3. Spin at 20,800g for 30 min at 4°C; aspirate the supernatant with gel loading tip,
leaving 5 µL in the tube so as not to disturb the pellet.

4. Wash with 2 × 500 µL of cold acetone. After each wash, spin for 10 min at 20,800g.
5. Dry using a speed vac for 5 min.

3.1.2. Protein Denaturation, Reduction, and Alkylation

1. Add 100 mM Tris-HCl (pH 8.5), 8 M urea to TCA precipitated proteins; vortex.
2. Bring solution to 5 mM TCEP with the 0.1 M TCEP solution (1 M stock diluted

1/10); incubate at room temperature for 30 min.
3. Bring solution to 10 mM IAM with 0.5 M stock; incubate at room temperature for

30 min in dark.

3.1.3. Endoproteinase LysC/Trypsin Digestion

1. Add endoproteinase LysC at 1 µg/µL (1:100) to the denatured, reduced, and car-
boxymethylated proteins; incubate at 37°C for at least 6 h.

2. Dilute to 2 M urea with 100 mM Tris-HCl (pH 8.5).
3. Add CaCl2 to 2 mM (stock at 500 mM).
4. Add trypsin at 0.1 µg/µL (1:100); incubate at 37°C overnight while shaking.
5. On the next day, add 90% formic acid to 5%.
6. Store sample at –80°C.

3.1.4. Elastase Digestion

1. Dilute the denatured, reduced, and carboxymethylated proteins to 2 M urea with
100 mM Tris-HCl (pH 8.5).

2. Add elastase to an enzyme-to-substrate ratio of 1:50 (w/w); incubate at 37°C for 6
h while shaking.

3. Add 90% formic acid to 5%.
4. Store sample at –80°C.

3.1.5. Subtilisin A Digestion

1. Dilute the denatured, reduced, and carboxymethylated proteins to 4 M urea with
100 mM Tris-HCl (pH 8.5).

2. Add subtilisin A to an enzyme-to-substrate ratio of 1:50 (w/w); incubate at 37°C
for 2–3 h while shaking.
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3. Add 90% formic acid to 5%.
4. Store sample at –80°C.

3.1.6. High-pH Proteinase K Digestion

1. Resuspend TCA-precipitated proteins in 100 mM sodium carbonate (pH 11.5).
2. Add solid urea to 8 M urea; vortex.
2. Bring solution to 5 mM TCEP with the 0.1 M TCEP solution (1 M stock diluted

1/10); incubate at room temperature for 30 min.
3. Bring solution to 10 mM IAM with 0.5 M stock; incubate at room temperature for

30 min in dark
4. Add proteinase K at 0.25 µg/µL, at an enzyme-to-substrate ratio of 1:100 (w/w);

incubate at 37°C for 4 h while shaking.
5. Add 90% formic acid to 5%.
6. Store sample at –80°C.

3.2. Microcapillary Column Construction and Sample Loading

Currently, all samples are desalted on-line using columns similar to the
three-phase microcapillary columns described in McDonald et al. (5). These
columns contain reversed-phase material, followed by strong cation exchange
material, followed by reversed-phase material. In an abbreviated fashion, they
are RP/SCX/RP columns. By using these columns, one does not need to carry
out additional sample cleanup and buffer exchange prior to loading. For sample
quantities of 400 µg or less, the triple-phase fused-silica microcapillary column
is used, and for samples containing more than 400 µg, the split triple-phase
fused-silica microcapillary column is used. In addition, the split triple-phase
column is used for samples that originally contained detergents, allowing for
more extensive washing after sample loading.

3.2.1. Pulling Columns

1. Make a window in the center of approx 50 cm of 100 µm × 365 µm fused-silica
capillary by holding it over an alcohol flame until the polyimide coating has been
charred. The charred material is removed by gently wiping the capillary with a tis-
sue soaked in methanol.

2. To pull a needle, place the capillary into the P-2000 laser puller. Position the
exposed window of the capillary in the mirrored chamber of the puller. Arms on
each side of the mirror have grooves and small vises, which properly align the
fused silica and hold it in place. Our four-step parameter setup for pulling approx
3-µm tips from a 100 µm i.d. × 365 µm o.d. capillary is as follows with all other
values set to zero:

Heat = 290, Velocity = 40, and Delay = 200
Heat = 280, Velocity = 30, and Delay = 200
Heat = 270, Velocity = 25, and Delay = 200
Heat = 260, Velocity = 20, and Delay = 200
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3.2.2. Triple-Phase Fused-Silica Microcapillary Column

1. Pull tip with laser puller as described under Subheading 3.2.1.
2. Place approx 20 mg of Aqua RP packing material into a 1.7-mL microfuge tube,

add 1 mL of MeOH, and place the tube into a stainless steel pressurization vessel.
Secure the pressurization vessel lid by tightening the bolts.

3. The lid has a Swagelok® fitting containing a 0.4-mm Teflon ferrule. Feed the
fused-silica capillary (pulled end up) down through the ferrule until the end of the
capillary reaches the bottom of the microfuge tube. Tighten the ferrule to secure the
capillary.

4. Apply pressure to the pressurization vessel by first setting the regulator on the gas
cylinder to approx 400–800 psi, then opening a valve on the pressurization vessel
to pressurize it. The packing material will begin filling the pulled needle capillary.
If it does not flow right away, gently open the tip using a capillary scriber. Pack the
capillary with 9 cm of RP packing material (see Note 5).

5. Slowly release the pressure from the pressurization vessel so as to not cause the
packed RP material to unpack. Open the stainless steel pressurization vessel and
remove the microfuge tube containing the RP material in MeOH.

6. Place approx 20 mg of Whatman Paritshpere SCX packing material into a 1.7-mL
microfuge tube, add approx 1 mL of MeOH, and place the tube into the pressur-
ization vessel. Secure the pressurization vessel as described.

7. Apply pressure as described in Subheading 3.2.2., step 4. Pack the capillary with
3 cm of the SCX material and then slowly release the pressure as described.

8. Place the tube with Aqua RP particles in methanol back into the pressurization ves-
sel and add 2–3 cm of RP material after the SCX material.

9. Wash with methanol for at least 10 min.
10. Equilibrate with buffer A (5% ACN, 0.1% formic acid) for at least 30 min.
11. To get rid of any particulates (which could clog the microcapillary column), spin

down the sample to be loaded for 30 min at 20,800g, and transfer the supernatant
to a new 1.7-mL microfuge tube.

12. Sample can then be loaded by placing the 1.7-mL microfuge tube into the pressur-
ization vessel.

13. After sample is loaded, 500 µL of buffer A is added to the microfuge tube that con-
tained the sample, and the loaded column is washed until installed onto the mass
spectrometer (at least 1 h).

3.2.3. Split Triple-Phase Fused-Silica Microcapillary Column

1. The first step in this process is to prepare a double-phase column out of 250-µm
fused silica microcapillary. Place approx 2 × 15 cm of 250 µm i.d. × 365 µm o.d.
fused silica capillaries on both sides of an M-520 Inline Micro Filter Assembly.

2. As described under Subheading 3.2.2., first pack the column with 3–4 cm of
Whatman Partisphere SCX packing material by leading the 250-µm capillary con-
nected to the fritted side of the inline micro-filter assembly into the pressurization
vessel. The capillary connected to the other end of the inline assembly serves as a
waste line flowing into an empty microfuge tube.
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3. Then pack with 2–3 cm of Phenomenex Aqua RP packing material.
4. Wash with methanol for at least 10 min.
5. Equilibrate in buffer A for at least 30 min.
6. Sample can then be loaded by placing the 1.7-mL microfuge tube into the pressur-

ization vessel.
7. After sample is loaded, 1.5 mL of buffer A is added to the microfuge tube that con-

tained the sample, and the loaded column is washed until it is installed onto the
mass spectrometer. Because the split three-phase columns are used for larger sam-
ple amounts and for samples that contained detergent, longer washing is necessary.
Ideally, all 1.5 mL of buffer A is used for washing.

8. Next, a single-phase RP column, to be added to the other end of the filtered union
assembly, is prepared by first pulling a tip using 100 µm i.d. × 365 µm o.d. fused
silica with the laser puller as described under Subheading 3.2.1. and packing 9 to
10 cm of RP material.

9. This single-phase RP column is equilibrated with buffer A (5% ACN, 0.1% formic
acid) for at least 30 min.

10. When both parts of the split column have been washed, the single-phase 100-µm
RP column can be connected to the loaded 250-µm double-phase capillary using
the filtered union.

3.3. Multidimensional Chromatography and Tandem Mass Spectrometry

The MudPIT system we use is a combination of the Agilent1100 quaternary
pump stack with thermostatted autosampler, LCQ DECA-XPplus tandem mass
spectrometer, and a nanoelectrospray stage that interfaces the two systems. Fur-
thermore, the hand-made microcapillary columns described above are single
use, and the fused silica portion of each column is discarded after every analy-
sis (see Note 6).

3.3.1. Setup of the Nanoelectrospray Stage

1. A detailed schematic of the nanoelectrospray stage is shown in Fig. 1. The tripha-
sic microcapillary column or split three-phase column should be attached as shown
to the P-775 MicroTee Assemblies.

2. One connection point of the cross contains the transfer line from the HPLC pump.
This consists of a piece of 100 µm i.d. × 365 µm o.d. polyimide-coated fused silica.

3. A second connection point contains a length of 50 µm i.d. × 365 µm o.d. fused sil-
ica capillary that is used as a split/waste line. This split line allows a majority of
the flow to exit through the split; therefore, very low flow rates can be achieved
through the packed capillary micro-column. The size and length of this section of
capillary depend on the flow rate from the pump and the length of the micro-col-
umn. A good starting point is to use a 12-in section of 50 µm i.d. × 365 µm o.d.
polyimide-coated fused silica for the split line.

4. Another connection contains a section of gold wire. This is to allow the solvent
entering the needle to be energized to 2400 V, thus allowing electrospray ioniza-
tion to occur.
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Fig. 1. Three-phase multidimensional protein identification technology (MudPIT) column setup. In the MudPIT system, a tripha-
sic microcapillary column with both strong cation exchange (SCX) and reversed-phase (RP) packing materials is prepared and loaded
off-line. Upon insertion of the system, a fully automated analysis can be run with salt bumps moving fractions from the RP to the
SCX by a first step reversed-phase gradient and to the to the RP using a series of salt bumps detailed in Tables 1–3. Upon the appli-
cation of RP gradients, peptides elute into the mass spectrometer. In this approach, a volatile salt must be used, like ammonium
acetate or ammonium formate.
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5. Place the packed, loaded, and washed column into a MicroTee on a stage, which in
this case is designed for the ThermoFinnigan DECA-XPplus series mass spectrom-
eter. This stage performs a threefold purpose: to support the MicroTee and hold it
in place along with the connections, to electrically insulate the MicroTee from con-
tact with its surroundings when it is held at high voltage potential, and to allow for
fine position adjustments of the micro-column with respect to the entrance of the
mass spectrometer (heated capillary) by using an XYZ manipulator.

6. Measure the flow from the tip of the capillary micro-column, using graduated glass
capillaries. To do this, set the flow rate of the Agilent1100 to 0.1 mL/min from the
controller. The target flow rate at the tip should be approx 200–300 nL/min and a
back pressure on the Agilent1100 of between 30 and 50 bars. If the flow rate is too
high, cut off a portion of the split line capillary. This will cause more of the flow
to exit out of the split and cause less flow through the micro-column. If the flow is
too low, a longer piece of 50-µm capillary or a section with a smaller inner diam-
eter can be used to force more flow through the micro-column. Measuring the flow
rate and adjusting the split line may have to be repeated a number of times until the
target flow rate is reached (see Notes 7 and 8).

7. Prior to initiating a run, position the micro-column using the XYZ manipulator so
that the needle tip is within 5 mm from the orifice of the mass spectrometer’s
heated capillary.

3.3.2. Instrument Method Design Description (see Note 9)

Data-dependent acquisition of tandem mass spectra during the HPLC gradi-
ent is also programmed through the LCQ Xcalibur™ software. Here we provide
guidance for setting the parameters for data-dependent acquisition using the
DECA-XPplus series mass spectrometer. The following settings are for a typical
data-dependent MS/MS acquisition analysis. The method consists of a contin-
ual cycle beginning with one scan of MS (scan one), which records all of the
m/z values of the ions present at that moment in the gradient, followed by three
rounds of MS/MS. Full MS spectra are recorded on the peptides over a 400 to
1600 m/z range. Dynamic exclusion is activated to improve the protein identi-
fication capacity during the analysis.

1. In the main Xcalibur software page, select “Instrumental Setup.”
2. In the next window, select the button labeled “Data Dependent MS/MS.”
3. The general settings for any given method is as follows: “segments” is set to 1;

“start delay” is set to 0; “duration” is 117 min; “number of scan events” is 4; “scan
event details” are first, MS, second, MS/MS of most intense ion, third, MS/MS of
second most intense ion, fourth, MS/MS of third most intense ion.

4. For scan event one, highlight the bar showing “Scan Event 1.” Below this, check
“Normal Mass Range”; “Scan Mode” is MS, and “Scan Type” is full. Set “m/z
range” to 400–1400, “Polarity” to positive, and “Data Type” to centroid.

5. The “Tune Method” box specifies the path for a file containing the parameters for
the electrostatic lenses and ion trap. These parameters are established through the



168 Florens and Washburn

“LCQ Tune” as described in the “ThermoFinnigan LCQ Getting Started” manual.
The capillary temperature is 200°C and the electrospray voltage is 2.4 kV.

6. The data-dependent settings are as follows, with only these options engaged:
“default charge state” is 2, “default isolation width” is 3, “normalized collision
energy” is 35, “activation time” is 30, “minimal signal required” is 100,000, “min-
imal MSn signal required” is 5000, “exclusion mass width low” is 0.80, and
“exclusion mass width high” is 2.20. Dynamic exclusion is enabled, with the fol-
lowing settings: a repeat count of 2, a repeat duration of 0.5, an exclusion list of
50, an exclusion duration of 5.00 min, an exclusion mass width low of 0.80, and
an exclusion mass width high of 2.20.

7. In the “Timed Events” window of the instrument setup, the following sequence
should be inserted:

Time (min) = 0.00, Settings = Contact 1, Value = Open
Time (min) = 0.05, Settings = Contact 1, Value = Closed
Time (min) = 0.10, Settings = Contact 1, Value = Open

3.3.3. Gradient Profiles for Complex Mixture Analysis

We use two general gradient profiles. One is for analyzing protein com-
plexes and one is for analyzing organelles or other cellular fractions. The
method for analyzing protein complexes takes approx 10 h, and the second
method takes approx 20 h. Because we use three-phase columns, the first step
in any run is a reversed-phase gradient to move any bound peptide from the
first RP to the SCX material inside the column. Then, successive salt bumps
are run to move small amounts of peptides from the SCX onto the last RP, fol-
lowed by a slow reversed-phase gradient to resolve peptides within the last RP
before they are eluted off into the mass spectrometer. In the “Gradient Pro-
gram” window of the instrument setup, the following sequences are steps that
can be used or adjusted by a researcher. An example base peak chromatogram
is shown in Fig. 2 as an example of the profile that should be seen from one
step of a successful sample.

This is the general gradient profile that we use for all additional steps where the % of
buffer C increases with each step:

Table 1
Gradient Profile of First Step

Time (min) Flow Rate (mL/min) % Buffer A % Buffer B

0 0.1 100 0
16 0.1 60 40
17 0.1 0 100
20 0.1 0 100



Fig. 2. Chromatographic profile of the fifth step of a multidimensional protein iden-
tification technology (MudPIT) analysis of the HeLa cell mediator component
CRSP70. As described in Sato et al. (13), the HeLa cell mediator component CRSP70
was FLAG tagged and affinity purified from HeLa cell extracts and analyzed via the
six-step MudPIT chromatographic elution profile shown in Table 4. (A) The % buffer
composition of buffers A, B, and C over the 117-min step 5, which contains a 70%
buffer C salt bump. (B) The base peak chromatogram (m/z 400–1400) of this step for
the CRSP70 analysis, which is a general representation of the peptides eluting from the
biphasic MudPIT column into a tandem mass spectrometer.
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This is the last step for any given MudPIT analysis, and is designed to try to remove
everything off the column:

In the Xcalibur software main page, check the “sample list” button. In the “Sequence
Setup” window, fill in the “Filename,” “Path,” and “Inst Method” lines with the appro-
priate methods indicated previously. Save the sequence to the same directory of the
paths for the *.RAW files. In the table below are the sequences we use for the analysis
of a protein complex (6-step MudPIT) and for more complex mixtures like an organelle
(12-step MudPIT):

Table 3
Gradient Profile of 100% Buffer C Step

Flow Rate
Time (min) (mL/min)  % Buffer A % Buffer B %Buffer C

0 0.1 100 0 0
2 0.1 100 0 0
2.1 0.1 0 0 100

22 0.1 0 0 100
22.1 0.1 100 0 0
27 0.1 100 0 0
37 0.1 80 20 0
85 0.1 30 70 0
90 0.1 0 100 0
90.1 0.1 0 100 0
95 0.1 0 100 0
95.1 0.1 100 0 0
97 0.1 100 0 0

Table 2
Gradient Profile of X(2–80)% Buffer C Step

Time Flow Rate  
(min) (mL/min) % Buffer A % Buffer B % Buffer C

0 0.1 100 0 0
3 0.1 100 0 0
3.1 0.1 98 0 X
5 0.1 98 0 X
5.1 0.1 100 0 0

10 0.1 100 0 0
10.1 0.1 100 0 0
25 0.1 85 15 0

117 0.1 55 45 0
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5. Once everything is set up and the needle is positioned correctly in front of the
heated capillary on the mass spectrometer, hit “Actions” and “Run Sequence.” A
box will come up that should have the “Agilent1100 Quat,” “Agilent 1100 Ther-
mostatted AS,” and “LCQ DECAXP MS” listed, and “Yes” should be typed under
the “Start Instrument” box of the “Agilent 1100 Thermostatted AS.” The “start
when ready” box should be checked, as well as “After Sequence Set System to
–Standby.” Both the “pre-acquisition” and “post-acquisition” boxes under “run
synchronously” should contain check marks. Hit “OK” and the run will begin. A
message will likely come up saying that there are devices that need to be turned on;
hit “OK.”

6. Upon the completion of a run, the *.RAW files that have been accumulated by the
mass spectrometer need to be converted to *.DAT files for SEQUEST analysis. To
do this, go to the “Home Page” and hit the “Tools” and “File Converter” buttons.
Follow the instructions to select the jobs that need to be converted to *.DAT files,
and hit “OK.”

3.4. Data Analysis

For complex peptide mixture analysis via MudPIT, database searching is an
important component and requires a computer cluster to analyze tandem mass
spectra. SEQUEST (6) clusters are available from IBM and ThermoElectron
(San Jose, CA), and Mascot (17) clusters are available from Matrix Science
(Boston, MA). In addition, researchers who have the necessary expertise can
design their own cluster and purchase licenses for these software platforms to
install on their cluster. Lastly, an open-source tandem mass spectral searching

Table 4
Multidimensional Protein Identification Technology (MudPIT) 
Analyses Methods

Method 6 step MudPIT 12 Step MudPIT

20 min reverse phase Yes Yes
2% Buffer C Yes
6% Buffer C Yes
10% Buffer C Yes
15% Buffer C Yes Yes
20% Buffer C Yes
30% Buffer C Yes Yes
40% Buffer C Yes
50% Buffer C Yes Yes
60% Buffer C Yes
70% Buffer C Yes
80% Buffer C Yes
100% Buffer C Yes Yes  
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algorithm named X!Tandem (18,19) is emerging as an alternative to
SEQUEST (6) and Mascot (17). There is growing evidence in the literature
that single-peptide hits to proteins from complex mixtures must be considered
with great care, but proteins that are identified by at least two good-quality tan-
dem mass spectra are likely to be real identifications (20,21). The manual
assessment criteria listed below offer suggestions on how to evaluate spec-
trum/peptide matches.

3.4.1. SEQUEST Analysis

1. The software algorithm 2to3 (22) is used to determine charge state and to delete
spectra of poor quality.

2. SEQUEST (6) is used to match MS/MS spectra to peptides in a database contain-
ing protein sequences (typically *.fasta files downloaded from the National Center
for Biotechnology Information and updated frequently), complemented with
sequences for common contaminants, including human keratin variants and
immunoglobulins.

3. The validity of peptide/spectrum matches is assessed using the SEQUEST-defined
parameters, cross-correlation score (XCorr), and normalized difference in cross-
correlation scores (DeltCn). Spectra/peptide matches are retained only if they have
a DeltCn of at least 0.08 and minimum XCorr of 1.8 for singly, 2.5 for doubly, and
3.5 for triply charged spectra. In addition, the peptides have to be at least seven
amino acids long.

4. The program DTASelect (23) is used to select and sort peptide/spectrum matches
passing this criteria set. Peptide hits from multiple runs are compared using CON-
TRAST (23).

3.4.2. Manual Assessment Criteria

1. The MS/MS spectrum must be of good quality, with fragment ions clearly above
baseline noise. Sometimes a spectrum will consist purely of “sticks.” In general,
these are poor-quality spectra. There should be some noise that allows one to define
what the baseline noise is.

2. There must be some continuity to the b and y ion series. Of ions that are matched
by SEQUEST to the original tandem mass spectrum, the matched ions should cor-
respond to signal rather than noise. Furthermore, better matches contain strings of
ions rather than isolated ions here and there throughout the sequence.

3. The intensity of a b or y ion resulting from a proline should be far more intense
than the other ion in the spectrum. If there are multiple prolines present in a pep-
tide, one may see internal fragment ions corresponding to the mass of the portion
of the peptide between the two prolines.

4. When evaluating peptides generated by nontryptic digestions, be aware that
because basic residues can be located anywhere within the peptides, doubly
charged precursor ions can lead to doubly charged fragments, which will appear as
unmatched intense peaks in most spectrum displays (24).
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4. Notes
1. For samples that likely contain large amounts of DNA, the addition of 0.1 U of

Benzonase to the sample prior to TCA precipitation and incubation at 37°C for 30
min is critical. This will decrease the viscosity of the mixture and prevent column
clogging during sample loading, washing, or analysis.

2. Using the TCA precipitation protocol as the starting point, the only chemical that
cannot be dealt with is glycerol. The TCA precipitation protocol has been useful in
detergent removal. When the presence of glycerol cannot be avoided, loading such
samples on split columns with extensive washes may prevent column clogging.

3. With the TCA precipitation protocol and protein complexes, it is common to not
see a pellet. For this reason, a small amount of acetone should be left at the bottom
of the tube during washing to be sure to not aspirate and discard the pellet.

4. When handling samples, gloves must be worn at all times in order to prevent the
addition of large amounts of human keratin and immunoglobulins to a sample.

5. Placing a black three-ring binder about 6 in. behind the loading column will pro-
vide the contrast necessary to see the status of column packing.

6. The microassemblies used for the split three-phase columns can be reused by first
sonicating in 50% methanol:50% water and allowing them to air dry. However, we
discard the filters (M-120X filter end fitting from UpChurch Scientific, Oak Har-
bor, WA) and use a new one for each sample.

7. If the Agilent1100 reaches the high-pressure limit (set at 100 bars), the most likely
place for clogging is the small piece of 100 µm i.d. × 365 µm o.d. fused-silica tub-
ing that connects the two MicroTees (Fig. 1). If changing the capillary does not
alleviate the pressure, removing the MicroTees and sonicating them in 50%
methanol:50% water and allowing them to air dry may solve the problem.

8. For columns that clog during loading of the sample, washing of the sample, or test-
ing of the flow rate prior to analysis, heating the length of the column with a
Varitemp Heat Gun (model VT-750C, Master Appliance Corp, Racine, WI) usually
makes it flow again. Once a column starts flowing again, extensive additional
washing with buffer A is recommended to prevent subsequent clogging.

9. Especially with whole cell extracts and their analysis by MudPIT, it is critical to
clean and tune the mass spectrometer according to the manufacturer’s instructions
at least every 10 d.
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Isolation of Glycoproteins and Identification 
of Their N-Linked Glycosylation Sites

Hui Zhang and Ruedi Aebersold

Summary
Protein glycosylation has long been recognized as a very common posttranslational modifi-

cation. Protein glycosylation is prevalent in proteins destined for extracellular environments.
These include proteins localized on the extracellular surface and those secreted to body fluids. In
search of a method that has the potential to identify and quantify most proteins found in body flu-
ids or the cell surface, we have recently developed a novel method for solid-phase extraction of
formerly N-linked glycosylated peptides from glycoproteins. It has been shown that proteins
secreted to body fluids or localized on the cell surface can be specifically enriched by this
method. The technique is based on the conjugation of glycoproteins to a solid support using
hydrazide chemistry, removal of nonglycosylated peptides by trypsin digestion, stable isotope
labeling of glycopeptides, and the specific release of formerly N-linked glycosylated peptides via
peptide-N-glycosidase. The recovered formerly N-linked glycopeptides are then identified and
quantified by tandem mass spectrometry.

Key Words: Glycoprotein; glycopeptide; N-linked glycosylation; proteomics; glycopro-
teomics; mass spectrometry; protein identification; membrane protein; secreted protein; plasma;
serum; body fluid; cell surface proteins; immunotherapy target; biomarker.

1. Introduction
Protein glycosylation is the most common posttranslational modification of

proteins that are destined for extracellular environments (1), and it has been
shown that glycosylation plays a critical role in protein interactions, folding,
protein stabilization, subcellular localization, and protein function (2). Typi-
cally, carbohydrates are linked to the side chains of serine or threonine residues
(O-linked glycosylation) or to asparagine residues (N-linked glycosylation) (2).
N-linked glycosylation sites generally fall into the N-X-S/T sequence motif, in
which X denotes any amino acid except proline (3). There is no consensus



178 Zhang and Aebersold

motif that has been identified to date for O-linked glycosylation. Protein glyco-
sylation, and in particular N-linked glycosylation, is prevalent in extracellular
surface proteins, secreted proteins, and proteins contained in body fluids (blood
serum, cerebrospinal fluid, urine, breast milk, saliva, lung lavage fluid, pancre-
atic juice, and so on). These also happen to be the specimens in the human body
that are most easily accessible for diagnostic or therapeutic purposes. It is there-
fore no surprise that many clinical biomarkers and therapeutic targets are gly-
coproteins. These include Her2/neu in breast cancer, human chorionic
gonadotropin and α-fetoprotein in germ cell tumors, PSA in prostate cancer,
CA125 in ovarian cancer, and CEA for colon, breast, pancreatic, and lung can-
cer (4). The Her2/neu receptor is also the target for a successful immunother-
apy of breast cancer using the humanized monoclonal antibody Herceptin (5).
It is believed that the majority of serum-specific proteins, cell-surface proteins,
and secreted proteins are in fact glycosylated (6). Therefore, the specific isola-
tion of glycopeptides from serum, tissues, and cells focuses on an information-
rich protein population that is likely to contain useful immunotherapy targets on
the cell surface or disease biomarkers in body fluids (7).

We have recently developed a novel method for solid-phase extraction of for-
merly N-linked glycosylated peptides from glycoproteins (SPEG) and shown that
it can specifically enrich proteins secreted to body fluids or localized on the cell
surface (8–10). The method we describe here in detail is a proteome-wide
approach to identify glycoproteins and their N-linked glycosylation sites. The
principle of this method is that glycoproteins can be conjugated to a solid support
via their carbohydrate chains, using hydrazide chemistry. The cis-diol groups in
oligosaccharide chains of glycoproteins can be oxidized by periodate oxidation to
produce di-aldehydes, which are reactive to hydrazide on a solid support to form
covalent hydrazone bonds. After removal of the nonglycosylated peptides by pro-
tease digestion and washing, the immobilized glycopeptides are released from the
solid support by N-linked glycosylation-specific enzymatic cleavage. The isolated
peptides are analyzed by mass spectrometry. The glycopeptides can also option-
ally be isotopically labeled at their amino termini to allow the quantities of gly-
copeptides isolated from different biological samples to be compared.

The procedure of SPEG is schematically illustrated in Fig. 1. The method
includes the following steps: (1) glycoprotein oxidation; (2) coupling of glyco-
proteins to a solid support; (3) proteolysis—the immobilized glycoproteins are
proteolyzed on the solid support and the nonglycosylated peptides are removed
by washing, whereas the glycosylated peptides remain on the solid support; (4)
isotopic labeling (optional)—the amino groups of the immobilized glycopep-
tides are labeled with the light (d0, contains no deuteriums) or heavy (d4, con-
tains four deuteriums) forms of succinic anhydride after conversion of the
ε-amino groups of lysine to homoarginine; (5) release—formerly N-linked gly-
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copeptides are released from the oligosaccharides and solid-phase support by
peptide-N-glycosidase F (PNGase F) treatment; (6) analysis—the formerly N-
linked glycopeptides and corresponding proteins are identified and quantified
by tandem mass spectrometry combined with database searching. The data are
finally analyzed using a suite of software tools (11–13).

2. Materials
2.1. Isolation of N-Linked Glycopeptides From a Complex Protein
Mixture

1. Coupling buffer: 100 mM NaOAc, 150 mM NaCl (pH 5.5).
2. Sodium periodate: 10.7 mg/mL stock in water (50 mM stock solution; light sensi-

tive, make fresh as required).
3. Tube rocker.
4. Affi-gel Hz hydrazide gel (cat. no. 153-6047, Bio-Rad Laboratories).
5. Denaturing buffer: 8 M urea, 0.4 M NH4HCO3; make fresh as required.
6. 80% acetonitrile.
7. 100% methanol.
8. 100 mM ammonium bicarbonate (make fresh as required).
9. Milli-Q water or equivalent.

10. PNGase F (P0705S, New England Biolabs, store at 4°C): resuspend 0.3 µL
PNGase F in 0.3 mL of 0.1 M ammonium bicarbonate buffer (make fresh).

11. Desalting column (732-2010, Bio-Rad Laboratories).
12. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP): make 200 mM stock in

water (Pierce, Rockford IL).

Fig. 1. Schematic diagram of an exemplary method of isolation, identification, and
quantification of glycopeptides.
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13. Iodoacetamide: make 46.5 mg/mL stock in water (250 mM, make fresh).
14. 1.5 M sodium chloride.
15. 0.4% acetic acid.
16. Sequencing-grade trypsin (Promega).
17. SpeedVac.
18. 1-mL glass vial with polyethylene snap cap (WAT025054, Waters).

2.2. N-Terminal Labeling of Glycopeptides

1. Succinic anhydride (Sigma).
2. Succinic-d4-anhydride (C/D/N Isotopes, Pointe-Claire, Quebec, CA).
3. 15% NH4OH (NH4OH/H2O = 15/85 v/v, pH > 11.0).
4. 1 M methylisourea in 15% NH4OH.
5. Dimethylformamide (DMF)/pyridine/H2O = 50/10/40 (v/v/v).

2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 
and Detection of Proteins by Silver Staining

1. Control glycoprotein sample: α1-antitrypsin, α2-HS-glycoprotein, and α1-
antichymotrypsin (Calbiochem, San Diego, CA).

2. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel
(Bio-Rad).

3. Running buffer: 25 mM Tris, 200 mM glycine, 0.1% (w/v) SDS.
4. 3X sample loading buffer: 187.5 mM Tris-HCl (pH 6.8 at 25°C), 6% w/v SDS,

30% glycerol, 150 mM dithiothreitol (DTT), 0.03% w/v bromophenol blue.
5. Prestained molecular-weight markers.
6. Fixation solution: 50% methanol, 10% acetic acid.
7. Silver staining sensitization solution: 0.02% sodium thiosulfate, 0.2 g/L of

Na2S2O3·H2O, freshly made.
8. AgNO3, 0.2 g/100 mL
9. Developing solution (100 mL): 3 g Na2CO3, 50 µL of 37% HCOH, 2 mL of 0.02%

of sodium thiosulfate.
10. Stopping solution: 14 g/L ethylenediamine tetraacetic acid (EDTA).

2.4. Identification of N-Linked Glycopeptides by Tandem 
Mass Spectrometry

1. LCQ ion-trap mass spectrometer (Thermo Finnigan, San Jose, CA).
2. Peptide cartridge packed with Magic C18 resin (Michrome Bioresources, Auburn,

CA).
3. FAMOS autosampler (DIONEX, Sunnyvale, CA).
4. Microcapillary high-performance liquid chromatography (HPLC) (10 cm × 75 µm

i.d.) column packed with Magic C18 resin (Michrome Bioresources, Auburn, CA).
5. HP1100 solvent-delivery system (Hewlett-Packard, Palo Alto, CA).
6. Solvent B: acetonitrile, 0.4% acetic acid, and 0.005% heptafluorobutyric acid

(HFBA).
7. Solvent A: 0.4% acetic acid and 0.005% HFBA.
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3. Methods
3.1. Isolation of N-Linked Glycopeptides From a Complex Protein Mixture

1. Suspend 1 mg of protein in 80 µL of coupling buffer containing 100 mM NaOAc,
150 mM NaCl (pH 5.5) (see Note 1).

2. Add 20 µL of sodium periodate stock solution. Mix well and gently shake the sus-
pension using a tube rocker for 60 min at room temperature in the dark.

3. Prepare 500 µL of 50% hydrazide slurry per sample. Wash hydrazide resin three
times by adding three column volumes of water and spinning the resin at 3000g for
5 min after each wash. Wash/equilibrate three more times with three column vol-
umes of coupling buffer and spin the resin down again. After equilibration, resus-
pend the hydrazide resin with 250 µL of coupling buffer to make a 50% slurry (see
Note 2).

4. Equilibrate a desalting column twice with 20 mL of coupling buffer for each sam-
ple. Add the oxidized protein sample to the prepared desalting columns, and col-
lect the protein using a new collection tube. This will remove excess sodium
periodate from the sample (see Note 3).

5. Save a small amount of the protein before adding the hydrazide resin (see Note 4).
6. Add hydrazide resin equilibrated in coupling buffer to the sample. Mix well and

gently shake the suspension using a tube rocker for 10–24 h at room temperature.
7. Spin the resin down at 1000g for 5 min, and save the supernatant after coupling.

Proteins remaining in the supernatant can be analyzed by SDS-PAGE and com-
pared with the protein profile before coupling from step 5 (see Subheading 3.3.
for details).

8. Wash the resin three times with 1 mL of denaturing buffer, followed by spins at
3000g for 5 min after each wash. After the last wash and removal of the denatur-
ing buffer, the hydrazide resin is resuspended with 300 µL of denaturing buffer.

9. Add 12 µL of TCEP solution and incubate at room temperature for 30 min.
10. Add 16 µL of prepared iodoacetamide solution to the hydrazide resin and incubate

at room temperature for another 30 min.
11. Wash the resin three times with 1 mL of denaturing buffer.
12. After the last wash and removal of the denaturing buffer, the hydrazide resin is

resuspended in 50 µL of denaturing buffer. Trypsin is added at 10 µg in 900 µL of
water for each sample, and incubated at 37°C overnight.

13. Eliminate nonglycosylated peptides by spinning down at 1000g for 5 min and
removing the supernatant. This fraction contains the nonglycosylated peptides (see
Note 5).

14. The trypsin-released peptides are removed by washing the resin three times each
with 700 µL of the following solutions: 1.5 M NaCl, 80% acetonitrile, 100%
methanol, water, and ammonium bicarbonate buffer. (For isotopic labeling, pro-
ceed to Subheading 3.2. after the third methanol wash step.) Remove supernatant
by spinning at 3000g for 5 min after each wash step.

15. Prepare PNGase F by diluting 0.3 µL of PNGase F with 0.3 mL of ammonium bicar-
bonate buffer. N-linked glycopeptides are released from the resin by the addition of
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0.3 mL of diluted PNGase F solution, followed by incubation at 37°C with mixing
overnight.

16. Spin down the resin at 1000g for 5 min, transfer the supernatant to a glass vial, and
wash the hydrazide resin twice with 200 µL of 80% acetonitrile. Combine the
washes with the supernatant in the glass vial.

17. The released glycopeptides are dried in a SpeedVac and resuspended in 10 µL of
0.4% acetic acid for mass-spectrometry analysis (see Subheading 3.3. for detail; 5
µL can be used in each analysis).

3.2. Isotope Labeling of Glycopeptides

1. For isotopic labeling of glycopeptides with succinic anhydride following the
methanol wash at Subheading 3.1., step 14, wash the glycopeptide-attached resin
twice with 1 mL of 15% NH4OH (pH > 11.0).

2. Add 200 µL of 1 M methylisourea in 15% NH4OH (NH4OH/H2O = 15/85 v/v) and
incubate at 55°C for 10 min.

3. Wash the beads twice with 1 mL of water, twice with 1 mL of DMF/pyridine/H2O
= 50/10/40 (v/v/v), and resuspend in 200 µL of DMF/pyridine/H2O = 50/10/40
(v/v/v).

4. Add the d0 or d4 succinic anhydride solution to a final concentration of 2 mg/mL.
Incubate the mixture at room temperature for 1 h.

5. Wash the mixture three times with 1 mL of DMF, three times with 1 mL of water,
and six times with 1 mL of 100 mM ammonium bicarbonate.

6. Release peptides from the beads using PNGase F as described in Subheading 3.1.,
steps 15–17.

3.3. Determination of Glycopeptide Capture Efficiency 
From a Three-Control Protein Mix Using SDS-PAGE and Silver Staining

1. Three glycoproteins (50 µg each) are suspended together in 80 µL of water.
2. This control protein sample is then coupled to hydrazide beads as described in

Subheading 3.1., steps 1–7.
3. Aliquots are removed from the sample both before and after overnight hydrazide

resin coupling.
4. Identical aliquots of all samples are mixed with enough 3X sample-loading buffer

to yield a 1X concentration (each control protein is also included separately for
analysis on SDS-PAGE).

5. Proteins are denatured by heating the samples at 95°C for 5 min, then cooled on ice.
6. Samples are microcentrifuged for 5 min.
7. Proteins are loaded onto an SDS-PAGE gel and separated at 200 V for 1 h, fol-

lowing the manufacturer’s instructions for the specific electrophoresis system.
SDS-denatured proteins are negatively charged and will migrate to the anode (+).

8. After electrophoresis, the gel is fixed by agitation in a 50% methanol, 10% acetic
acid solution for half an hour.

9. The gel is washed five times with deionized water for 20 min each wash.
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10. Then the gel is incubated in silver staining sensitization solution (Na2S2O3, 0.2
g/L) for 2 min.

11. Following incubation, the gel is washed three times with deionized water for 30 s
each wash.

12. The gel is then incubated in an AgNO3 solution (0.2 g/100 mL) for 25 min at 4°C.
13. After incubation, the gel is washed three times with deionized water for 60 s each

wash.
14. The gel is incubated with developing solution for up to 10 min. Proteins are visu-

alized as dark brown bands, and longer incubation times will increase the back-
ground.

15. The development is stopped by incubating with stopping solution for at least 10
min.

16. Afterwards, the gel is washed with deionized water for a length of time, then stored
in water.

17. The gel is dried and the gel image is scanned.

The results are shown in Fig. 2. As expected, all three protein bands were
essentially depleted by the coupling reaction (silver-stained bands present

Fig. 2. Capture of glycoproteins by hydrazide resin. Total protein staining of three
standard glycoproteins before and after capture of glycoproteins by hydrazide resin.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and stained with silver staining reagents.   
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before and absent after the coupling). This result shows that the hydrazide
beads bind the oxidized glycoproteins efficiently.

3.4. Identification of N-Linked Glycopeptides by Tandem 
Mass Spectrometry

1. The peptides and proteins are identified by tandem mass spectrometry using an
LCQ ion-trap mass spectrometer.

2. Formerly N-linked glycopeptides are injected into a homemade peptide cartridge
packed with Magic C18 resin using a FAMOS autosampler.

3. The peptides are then passed through a 10 cm × 75 µm i.d. microcapillary HPLC
column. The C18 peptide trap cartridge, µ-ESI-emitter/µ-LC pulled-tip column
combination, high-voltage ESI line, and waste line are each connected to separate
ports of a four-port union (Upchurch Scientific, Oak Harbor, WA) constructed
entirely of polyetheretherketone (14).

4. A linear gradient of acetonitrile with 5–32% solvent B over 100 min at a flow rate
of approx 300 nL/min is applied for reverse-phase liquid chromatography using an
HP1100 solvent-delivery system.

5. The eluting peptides are directly ionized by electrospray ionization and detected,
and the specific peptide ions are automatically selected and fragmented by colli-
sion-induced dissociation (CID) to generate a tandem mass spectrum (MS/MS
spectrum or CID mass spectrum). The mass spectrometer is operated in a data-
dependent MS/MS mode (a full-scan mass spectrum is followed by a tandem mass
spectrum), where the precursor ion is selected “on the fly” from the previous scan.
An m/z ratio for an ion that has been selected for fragmentation is placed in a list
and dynamically excluded for 3 min from further fragmentation.

6. The acquired MS/MS spectra are searched against the human protein database
using the computer program SEQUEST (11). The mass window for each peptide
being searched is given a tolerance of 3 Da between the measured average mass
and the calculated average mass, with the b and y ion series included in the
SEQUEST analysis. The sequence database search is set to expect the following
modifications: carboxymethylated cysteines, oxidized methionines, and an
enzyme-catalyzed conversion of Asn to Asp at the site of carbohydrate attachment.
There are no other constraints included in the SEQUEST search.

4. Notes
1. Proteins in other solutions can be transferred to coupling buffer by buffer exchange.
2. Other hydrazide resins can be used to couple the oxidized glycoproteins to a solid

support. The capacity and the amount of hydrazide resin needed for efficient cou-
pling of proteins should be determined using the protein standards described under
Subheading 3.3.

3. Buffer exchange or removal of excess periodate can also be achieved by protein
precipitation, protein dialysis against the coupling buffer, or by sample filtration
using filters with a low-molecular-weight cutoff.

4. Sample aliquots removed for SDS-PAGE analysis both before and after hydrazide
coupling should be adjusted for any volume changes due to the addition of hydrazide
resin.
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5. The trypsin-released peptides are removed and collected. The peptides can be ana-
lyzed to identify peptides from proteins containing a single N-linked glycosylated
peptide or no N-linked glycosylated peptide.
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N-Glycosylation Analysis Using the StrOligo Algorithm

Martin Ethier, Daniel Figeys, and Hélène Perreault

Summary
N-glycosylation of proteins is the predominant glycosylation in mammals and confers specific

conformations, localization, and functions to proteins. High-throughput proteomics techniques
have focused on the identification of proteins through amino acid sequence determination, with
little attention paid to their post-translational modification, in particular, glycosylation. High-
throughput mass spectrometric data often contain information about glycosylation, but this is sys-
tematically discarded by proteomic search engines. We have developed an algorithm, StrOligo
(for STRucture of OLIGOsaccharides), capable of automated analysis of oligosaccharide com-
position and possible structures by mass spectrometry.

The algorithm analyzes tandem mass spectrometry (MS/MS) data in an automated three-step
process and provides possible structures and a discrimination score. In the first step, the algorithm
constructs a relationship tree of the monosaccharide moiety losses observed in the MS/MS spec-
trum. In the second step, the algorithm uses the tree to propose possible compositions and structures
from combinations of adduct and fragment ions as well as a discrimination score, which reflects the
fit with the experimental results. Finally, an interface is available to visualize the proposed struc-
tures and their scores. As well, the MS/MS spectrum is displayed with relevant peaks labeled for
the proposed structure with the highest discrimination score, using a modified nomenclature. 

Key Words: N-linked oligosaccharides; mammalian cells; structure determination; tandem
mass spectrometry; automated interpretation; algorithm; sugar composition.

1. Introduction
The advent of high-throughput technologies in genomics and proteomics has

led the way to development of bioanalytical methods involving automated
instrumentation and interpretation of data. Matrix-assisted laser desorption/ion-
ization  (MALDI)-mass spectrometry (MS) is now recognized as a technique of
primary importance as part of automated bioanalytical systems, because of its
simplicity and rapidity of data acquisition. The production of predominant
singly charged [M+H]+ and [M+Na]+ ions of biomolecules and the ability to



188 Ethier, Figeys, and Perreault

elucidate the structures of such MALDI ions using either post-source decay
(PSD) (1) or tandem MS (MS/MS) (2,3) have made this technique highly use-
ful in bioanalysis.

The elucidation of glycan structure and function in glycoproteins remains
one of the most challenging tasks given to biochemists and bioanalysts, and
constitutes a very important field of posttranslational modification studies.
Although some glycosylation rules are already established according to
biosynthetic pathways, several types of carbohydrates (Fig. 1) have been

Fig. 1. Type of oligosaccharides attached to proteins (A) N-linked glycans and (B)
O-linked glycans. Solid circle, galactose; open circle, mannose; solid square, N-acetyl-
glucosamine; open triangle, fucose; solid diamond, sialic acid.
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characterized in glycoproteins (4), and thus rules are very particular to each
type considered. N-linked glycans in mammals are beta-linked to the amide
nitrogen of asparagine (Asn) in the consensus sequence Asn-X-Ser/Cys/Thr,
where X can be any amino acid except proline. These glycans have in com-
mon a trimannosyl core, which also comprises two N-acetylglucosamine
residues. Depending on the type of branching originating from the core, they
are classified as high-mannose, hybrid, or complex structures. These N-linked
structures are thus predictable, whereas in the case of O-glycosylation, no
simple motif can predict sugar structures. O-glycosylation occurs on the
hydroxyl group of, for example, threonine, tyrosine, and serine, and gives rise
to diverse glycan types. 

Recent literature shows that efforts have been made to automate the inter-
pretation of tandem mass spectra of oligosaccharides (5–7); however, each
technique is limited to one part of the analysis.

The StrOligo algorithm (8–10) described in this study uses some routines,
although modified, from three existing studies (5–7) and joins them in a new
innovative fashion to perform the analysis of N-linked glycans. User interven-
tion is kept to a minimum. It must be noted that although this algorithm con-
siderably reduces the time needed for interpretation, it is not intended to be a
complete replacement for human intervention. It is intended to quickly suggest
possible structures to facilitate the analysis and direct the user towards further
adequate experiments.

2. Materials
1. Sample: Recombinant human β-interferon (β-IFN) extracted from a Chinese ham-

ster ovary (CHO) cell line stably transfected with human β-IFN gene. 
2. Sample preparation:

a. Deglycosylation was performed using PNGase F enzyme (Roche, Indianapo-
lis, IN).

b. Labeling of the glycans was performed using 2-aminobenzamide (2-AB)
(Sigma-Aldritch, St. Louis, MO).

c. Sample was deposited using the dried-drop method on the MALDI target using
2,5-dihydroxybenzoic acid (DHB) (Sigma-Aldrich, St. Louis, MO) as the matrix.

3. Tandem mass spectrometry (MS/MS): MALDI-MS/MS spectra were acquired on
a prototype hybrid quadrupole-quadrupole-time-of-flight (QqTOF) mass spec-
trometer, built in the Department of Physics and Astronomy, University of Mani-
toba (11).

3. Methods
The StrOligo algorithm is composed of four main steps: isotopic simplifi-

cation, relationship tree building, composition analysis, and proposition of
structures. 
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3.1. Isotopic Simplification

Biomolecules contain large numbers of atoms. Because most atoms possess
different isotopes, an accumulation of atoms will result in a complicated isotopic
distribution for the molecule. Using the QqTOF instrument, it is possible to dif-
ferentiate some of the isotopes owing to sufficient resolving power (approx
10,000). The mass spectrum features a peak representing the monoisotopic state
(all atoms are in their lightest isotope state) and other peaks corresponding to the
addition of one or more neutrons to any atom. The height of a peak in an isotopic
cluster in mass spectrometry is dictated by the number of atoms of a given type
and the probability of appearance of all isotopes of that atom. 

Combinatorial mathematics can then be used to predict the appearance of the
isotopic distribution in the mass spectrum. With increasing molecular size, the
isotopic distribution becomes more and more complicated. The atoms con-
tained in nonsulfated glycans are usually limited to C, H, N, and O, and the
probability of occurrence of their isotopes is well characterized. 

In an automated analysis, every peak is analyzed. One must take isotopic dis-
tributions into account or the analysis will be complicated by superfluous infor-
mation from these distributions. Addition of every peak from isotopic
distributions at the monoisotopic peak positions would solve this problem.
Because the appearance of isotopic distribution changes with increasing mass,
no simple pattern can fit all distributions throughout the mass spectrum in order
to simplify all isotope clusters to a single monoisotopic peak. 

Calculating the predicted isotopic distribution for each peak would solve the
problem of relative intensities varying with increasing m/z. To do so, an empiri-
cal formula would be needed for each peak. Such information is not readily
available, but knowledge about the type of molecules studied can help.
Oligosaccharides are composed of monosaccharide units that all have atomic
compositions approaching a CnH2n+1On ratio. By calculating an average mass for
a monosaccharide unit based on experimental evidence, it is possible to find an
approximate empirical formula for any mass value. 

Monoisotopic peaks are thus identified by calculating a predicted isotopic
distribution for any m/z value for an oligosaccharide.

1. The file containing the MS/MS spectrum to analyze is opened using the StrOligo
algorithm. The data from the mass spectrometer is fed to the algorithm as an ASCII
format text file (flat file) (see Note 1).

2. The parent ion m/z value used to acquire the MS/MS spectrum is written in the par-
ent ion monoisotopic mass field. Figure 2 shows the information that the algorithm
needs.

3. The ion mode in which the acquisition was made is also provided to the algorithm.
4. The labeling agent used to derivatize the glycans is selected from the list of avail-

able labels (see Note 2).
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5. By clicking on the Apply button, the algorithm calculates the maximum number of
monosaccharides of each type allowed by the parent ion mass entered (see Note 3).

6. By clicking on the OK button, the software opens the MS/MS spectrum and shows
it to the user (see Note 4).

7. The user can perform the isotopic simplification by clicking on the S icon. Fig. 3
shows an example of simplified MS/MS spectrum.

3.2. Relation Tree

Tandem mass spectra contain many types of peaks. Some are due to frag-
ments of the parent ion and others are due to fragments of contaminating
species or background signal. Only the fragment peaks deriving from the par-
ent ion are informative. The algorithm also analyzes superfluous peaks as
potential fragments, thus increasing analysis time and the chance of random fit-
ting. It is thus necessary to discard these uninformative peaks.

Some fragments observed, called inter-ring fragments, arise from the cleav-
age of the molecule between two monosaccharides. Other fragments, called
cross-ring fragments, originate from the cleavage in the middle of a monosac-
charide. Depending where the cleavage occurs in the monosaccharide, cross-
ring cleavages can give a variety of fragments. Inter-ring fragments have fewer
possibilities of cleavage positions and are thus easier to explain. The goal of

Fig. 2. Windows used to gather information about the experiment.
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this algorithm was to study the monosaccharide’s sequence; thus, only inter-
ring fragments are necessary. Cross-ring fragments would be needed only for
specific connectivity analysis.

Similarly to the method used in protein sequence analysis by mass spec-
trometry (12), the identity of a residue (either an amino acid or a monosaccha-
ride) can be determined by finding the m/z value between two fragments
differing by only one residue. Because only inter-ring fragments are monitored
in this analysis, only the loss of whole monosaccharides will be considered.
Thus, fragments differing by only one residue should be easy to find, and iden-
tification of monosaccharide residues present should be possible.

The information gathered from this analysis is presented to the user in a
graphical form called a relationship tree. The tree consists of related nodes rep-
resenting peaks. Peaks are related if the difference in m/z corresponds to the
loss of a known residue, thus allowing the identification of one monosaccharide
present in the glycan. 

To build the relationship tree, the algorithm looks for losses of intact mono-
saccharides in the mass spectrum. The difference of m/z in each pair of peaks is
compared to a list of losses of known monosaccharide (see Note 5). 

1. While the simplified MS/MS spectrum is the active window, the user can make the
algorithm build the relationship tree by clicking on the RT icon.

2. The user then needs to provide the algorithm with a threshold value. Peaks with
heights under the threshold will be neglected (see Note 6).

Fig. 3. Example of tandem mass spectrometry spectrum after isotopic simplification.
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3. The user can also provide the tree with a degree of optimization (see Note 7).
4. The tree is composed of nodes, which represents peaks. The links between nodes

correspond to known losses. The different tabs represent series of peaks that could
not be related by the algorithm. Figure 4 shows a typical relationship tree obtained
by this method.

3.3. Composition Analysis

The next step is to find the monosaccharide composition of the glycan. The
algorithm starts by finding probable compositions. To achieve this, the algo-
rithm finds every possible combination of monosaccharides totaling to the m/z
value of the glycan studied. A score is assigned to each composition based on
its agreement with the relationship tree. 

1. While the relationship tree is the active window, the user can start the composition
analysis by clicking on the FC icon. Figure 5 shows a typical composition analysis.

Fig. 4. Example of relationship tree built.
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2. The user is presented with two sets of compositions. The top set is for composi-
tions with an H+ adduct and the bottom set is for the Na+ adduct (see Note 8). 

3. The user can verify the extent of agreement by clicking on the index of a compo-
sition (see Note 9). 

3.4. Proposition of Structures

The last step of the StrOligo algorithm is to assign possible structures to the
molecule represented by the experimental mass spectrum. StrOligo starts by
finding possible structures for a given composition using accepted biosynthetic
rules for N-linked glycans. A template summarizing these rules was created and
included in the algorithm. 

To suggest a possible structure, StrOligo builds possible structures according
to the template using one monosaccharide at a time, taken from the composi-
tion of interest, until every monosaccharide is accounted for. A score is then
assigned to each possibility based on the comparison of a theoretical MS/MS
spectrum to the experimental data (see Note 10).

1. While composition analysis is the active window, the user can start the structural
analysis by clicking on the FAS icon. Each composition is then tested for possible
structures. Figure 6 shows a typical structural analysis.

2. The different tabs represent possible structures. The number on the tab is the score.
A higher score corresponds to a better match.

3. When a tab is clicked on, peaks explained in the simplified MS/MS spectrum are auto-
matically labeled with the corresponding fragmentation nomenclature (see Note 11).

4. Notes
1. The ASCII files consists of a list of m/z values and intensities. Each line contains

only one m/z value and its corresponding intensity separated by a tab. The file is

Fig. 5. Example of composition analysis.
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sorted in increasing values of m/z. The transfer of the data to this format is highly
dependent on the acquisition software. No attempt to cover these details will be
made here.

2. If the label used is not in the algorithm, it is possible to add it to the list by pro-
viding the algorithm with the number of each atom type added to the glycan and
the maximum number of label(s) added to the glycan.

3. Detailed structural analysis is limited to the five most commonly encountered
monosaccharides. Other monosaccharides can be added to the list by providing the
algorithm with a name, observed loss in the mass spectrometer, and the maximum
number of units that can be added to the glycan. However, manually added mono-
saccharides allow only partial analysis, because the biosynthetic pathways for
these monosaccharides are not included in the original algorithm. In these
instances, the analysis will stop at the composition step.

4. The user can zoom in on a desired region by clicking and holding on the left
mouse button on the upper-left corner of the region and dragging the mouse to
the lower-right corner of the region. To come back to the full spectrum, the user
must click and hold the left mouse button and drag the mouse toward the upper-
left corner.

Fig. 6. Example of structural analysis with automated labeling of fragments.
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5. Because experimental variations in measured m/z values are expected, peaks
falling within a window of 50 mDa around the value of the known loss are
accepted.

6. The user will choose a value that rejects most of the noise but will keep most of
the valid peaks. A typical value of five is suggested, but can be adjusted depending
on the quality of the spectrum.

7. The degree of optimization has nothing to do with the analysis. It is used to
improve the visual appearance of the tree. If the user is interested in a quick analy-
sis, it can set the degree to “none.”

8. The type of N-linked glycan present is indicated beside the composition. Only
complex N-linked glycans can figure as proposed structures.

9. The color of the nodes in the relationship tree will be change to reflect this. Red
nodes are in agreement, whereas white ones are not.

10. The algorithm calculates a score for each possibility of adduct and each type of
fragment. The global figure of merit is represented as a geometrical shape. The
larger its area, the better the agreement.

11. The nomenclature used is described in ref. 9. Y fragments correspond to ions with
the charge on the reducing end. B fragments are for ions with the charge on the
other end. Indices represent the number of monosaccharides between the fragmen-
tation site and the reducing end.
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MALDI-MS Data Analysis for Disease 
Biomarker Discovery

Weichuan Yu, Baolin Wu, Junfeng Liu, Xiaoye Li, Kathy Stone, 
Kenneth R. Williams, and Hongyu Zhao

Summary
In this chapter, we address the issue of matrix-assisted laser desorption/ionization mass spec-

trometry (MS) data analysis for disease biomarker discovery. We first give a general framework
of MS data analysis, then focus on several key steps. After that, we show some application exam-
ples using an ovarian sera cancer dataset. Finally, we discuss the limitations of current approaches
and possible future research directions. 

Key Words: Proteomics; MALDI-MS data analysis; peak detection; peak alignment; feature
selection; sample classification.

1. Introduction 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry

(MS) is widely used in proteomics research as a high-throughput, high-sensi-
tivity technique to identify proteins and their post-translational modifications.
In addition, MALDI-MS produces single charges on most peptide/protein ions,
thus simplifying the interpretation of the resulting data. In this chapter, we
address issues related to the analysis of MALDI-MS data, aiming at developing
a robust and efficient biomarker discovery methodology. 

Generally, we follow the framework outlined in Fig. 1 for biomarker analy-
sis of MALDI-MS spectra. First, baselines are corrected to reduce the influence
of background noise. Then, the data are smoothed to remove high-frequency
noise. After that, biologically significant peaks are identified and aligned
together across all sample spectra. These aligned peaks serve as the feature
points for subsequent statistical analysis.

Among the previously mentioned steps, baseline correction and smoothing
can generally be handled using well-established methods (e.g., during baseline
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correction we usually use curve-fitting techniques to eliminate the influence of
background intensity variation before detecting and analyzing peaks [1]),
whereas approaches for the peak identification and alignment steps that occur
during data preprocessing are less well established. Finally, feature selection and
classification are the critical last steps that occur during biomarker discovery. In
the following, we will address these issues in more detail. Before our general dis-
cussion, the critical need for developing statistical as well as visualization tools
for biomarker studies is demonstrated in Fig. 2. The five m/z ratios indicated in
this figure by vertical  lines were identified by computational analysis in (2) as
biomarkers of ovarian cancer. However, a closer look at representative mass spec-
tra around these biomarkers strongly suggests they do not arise from the ioniza-
tion of biologically meaningful peptides that are differentially expressed in sera
from normal vs ovarian cancer patients. Rather, the positions of these biomarkers
seem to mark regions with differing baseline and/or noise intensities. 

2. Materials
The MALDI-MS spectra used in our research were acquired on desalted

human sera samples by a Micromass M@LDI-L/R instrument. First, 2 µL of
each serum sample is deposited into a 96-well plate (ABgene Thermo-Fast 96,

Fig. 1. General framework of biomarker analysis of mass spectrometry data.

Fig. 2. Five vertical lines denote the location of five biomarkers that were identified
in the ovarian cancer example in ref. 17. Clearly, none of these biomarkers appear to
correspond to biologically relevant peaks. The spectra were downloaded from the
National Institutes of Health Clinical Proteomics Program Data Bank, http://clinical-
proteomics.steem.com/, which is no longer available. 

http://clinicalclinicalproteomics.steem.com/
http://clinicalclinicalproteomics.steem.com/
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Skirted) and acidified by the addition of 10 µL 0.1% trifluoroacetic acid (TFA;
Pierce). A Packard MassPrep robot then desalts the samples in groups of four.
The C-18 ZipTips (P10 size, 0.6 µL, Millipore) are washed with 50% acetoni-
trile (Baker, HPLC grade), 0.05% TFA, and are then equilibrated with 3 × 20
µL 0.1% TFA. Each sample is aspirated up and then expelled back into the orig-
inal sample well eight times, and the ZipTip is then washed five times with 20
µL 0.1% TFA. Peptides/proteins are eluted from the ZipTip with 10 µL of 50%
acetonitrile, 0.1% formic acid, and deposited into a new 96-well plate. A 2-µL
aliquot of each sample eluent is manually removed (which was found to be
more reliable and efficient than robotic spotting on the Packard robot), mixed
with 1.0 µL of a saturated (approx 4.5 mg/mL) solution of alpha-cyano-4-
hydroxycinnamic acid matrix (Waters) in 50% acetonitrile, 0.05% TFA, con-
taining an internal standard of 25 fmol/2 µL bradykinin (Sigma) (M+H C12
mono-isotopic mass: 1060.569), as a marker for the reflectron analysis, and 100
fmol/2 µL of insulin chain B, oxidized (Sigma) (M+H average mass: 3496.95)
as a linear marker. This sample solution was then spotted manually onto the
MALDI-MS target and subjected to automated MALDI-MS on a Micromass
M@LDI-L/R mass spectrometer.

The M@LDI-L/R mass spectrometer automatically acquires two sets of data
in positive ion detection mode. The mass range acquired is dependent on the
mass analyzer being used, with 700–3500 Da for reflectron and 3450–28,000
Da for linear. Although the mass range is adjustable, meaningful data are not
acquired below approx 700 Da, because of interference from the matrix. The
mass of 28,000 Da is about the upper limit for the α-cyano-4-hydroxy cinnamic
acid matrix. For higher masses, the sample would have to be re-spotted using a
different matrix. The linear analyzer is used for the high-mass region because
with the reflectron analyzer the sensitivity of detection decreases substantially
above 3500 Da. Currently, with the laser operating at 5 Hz, the M@LDI-L/R
sums 10 individual laser shots to form one spectrum. The laser moves in a ran-
dom walk around the target well, acquiring data from a maximum of 20 differ-
ent locations within each 2-mm-diameter well. A spectrum is considered
acceptable if it has a signal that is more than 2% above background noise, less
than 95% of saturation, and if there is at least one peak detected in the mass
range from 1125 Da to 3500 Da for reflectron mode, and one peak between
3450 Da and 28,000 Da for linear mode. The M@LDI-L/R is programmed to
retain up to 40 acceptable spectra, but if it sequentially acquires 4 unacceptable
spectra, it will move to another location within the same target well. The instru-
ment uses incrementally increasing laser energy to acquire acceptable spectra.
This ensures that the lowest possible laser energy is used to obtain acceptable
spectra while maintaining the best possible mass resolution. If the M@LDI-L/R
acquires 20 acceptable spectra at one position, it will then move to another posi-
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tion in the same sample well, and will acquire another 20 acceptable spectra,
unless interrupted by 4 unacceptable spectra. Once the M@LDI-L/R has shot
(not acquired) 40 acceptable spectra, it will move to the next sample well. This
means there can be a maximum of 40 acceptable spectra acquired for each sam-
ple, and that if at no point it acquires acceptable data, it will try up to 10 dif-
ferent locations within the same sample target well before moving on to the
next sample. Typically, the resulting spectrum represents the average of 20–40
spectra. The expected mass resolution is 14,000 at M+H 2465, and mass accu-
racy is better than +70 ppm. 

Linear spectra are calibrated using as external calibrants the three peaks
derived from equine cytochrome C (M+2H, 6181.05; M+H, 12361.1; and
2M+H, 24721.2). The calibrant is located on target spots adjacent to the sam-
ple spots. For data processing, the linear spectra are aligned using the insulin
chain B peak/mass.

Each (averaged) reflectron MALDI-MS spectrum is converted to a text-file
listing of approx 94,900 m/z vs intensity data points spanning the m/z range
from 700 to 3,500, which is then suitable for further analysis. Data points in
the linear MALDI-MS that overlap with the 3450 to 3500 region of the reflec-
tron spectrum are deleted, resulting in a “continuous” spectrum from 700 to
28,000 daltons, with the reflectron/linear breakpoint appearing at 3500 Da.
The linear spectrum from 3500 to 28,000 Da contains approx 36,900 data
points. The merged reflectron plus linear spectrum thus contains approx
131,800 data points.

All spectra are visually screened so that poor quality spectra can then be re-
shot manually from the same targets. If the manually acquired spectrum appears
to be visually superior to the automatically acquired spectrum, then the file is
overwritten with the manually acquired spectrum. Additional information on
both automated desalting of serum samples and MALDI-MS data acquisition
can be found at http://info.med.yale.edu/wmkeck/prochem/biomarker.htm.

3. Methods 
3.1. Data Preprocessing

1. Global alignment: to circumvent the slight variation in m/z values for the same rel-
ative data points in different spectra, reflectron data points are numbered consecu-
tively by assigning the observed m/z value that is closest to the expected MH+ for
the C12 isotope of bradykinin, which is 1060.569, as data point zero. Linear data
points are numbered consecutively by assigning the observed m/z value that is clos-
est to the expected average MH+ of oxidized insulin chain B, which is 3496.95, as
data point 100,000 (see Notes 1 and 2 for related approaches and our ongoing
effort on multiple-peak alignment).

2. Exclusion of data around bradykinin internal standard: To eliminate the bradykinin
peak from consideration as a possible marker and to prevent its intensity from

http://info.med.yale.edu/wmkeck/prochem/biomarker.htm
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impacting on normalization of reflectron mass spectra (discussed later), m/z values
that range from 1060.4 to 1063, which include the C12 and the first two of three
apparently observable isotope peaks, are excluded from consideration. The third
isotope peak potentially could be erroneously determined to be a marker, which is
a possibility that needs to be kept in mind. However, by excluding only up to 1063
we leave open the possibility of finding a real marker in the 1063 to 1064 region.
Assuming that we exclude the 1060.4 to 1063 region and that data points are num-
bered as indicated above, then data points numbered from approx -6 to +112 will
be excluded from consideration as possible markers.

3. Initially, all isotope peaks from each peptide ion are included in the search for bio-
markers. This approach will better allow peptide biomarkers to be identified whose
isotopic envelopes overlap with envelopes resulting from nonbiomarker peptides.
Hence, if we want the program to search for 10 peptide markers, we need to allow
40 data point markers, with one for each of the four isotopes that might commonly
be observed from reflectron data (see Notes 3–7 for our current approaches on
envelope extraction).

4. Baseline correction is carried out separately for linear and reflectron data as follows:
a. Take the natural log of all intensities.
b. Use a sliding window of 1000 data points; determine the least-squares, robust

local polynomial fit curve that best represents the baseline, and for each data
point subtract the corresponding baseline intensity.

5. Link together each reflectron spectrum with its corresponding linear spectrum at
3500 Da to produce a spectrum from 700 to 28,000 Da, and exclude the linear
internal standard of oxidized B-chain of insulin.

6. Linearly normalize each spectrum and delete unacceptable spectra.
a. Determine an overall, baseline-corrected median spectrum.
b. Determine a linear normalization factor for each spectrum that will minimize the

summed difference between all intensities observed within the specified mass
range from 710 Da to 27,990 Da and the corresponding intensities in the over-
all, baseline-corrected median spectrum.

c. Because different spectra may have slightly different mass ranges, which would
change the dimensions of the dataset, we normalize with respect to only those
points in the mass range 710 to 27,990 Da, even if the actual data extend beyond
this range.

d. The normalization factor, fn, is calculated by minimizing the difference between
In and Imedian, which requires finding a fn to make fn × In = Imedian. This involves
a least-square regression analysis of all observed intensities in the specified mass
range in the median curve vs those in each individual spectrum, with the slope
of this curve = fn.

e. Re-normalize each spectrum’s raw normalization value (as determined previ-
ously) by setting the median overall raw normalization value equal to 1.0, then
delete from the dataset all spectra with re-normalized factors F below 0.5 or
above 2.0 (the latter spectra should be flagged, individually examined, and if
needed, be repeated, as they are likely to include poor spectra).



MALDI-MS Data Analysis 205

f. If any spectra are eliminated via the above test, then re-normalize the remaining
spectra.

g. Multiply each background-corrected, data point intensity in each spectrum by
this re-normalization factor. 

7. Remove background noise that otherwise would lead to instability in the classifi-
cation program and limit peak consideration to one mass-vs-intensity data point for
each observed peptide ion isotope. Hence, each data point must pass the following
criteria in order to be considered as a possible marker:

a.Minimum intensity level test: rank the normalized intensities for each spec-
trum and take only data points whose intensities are within the top 20%. 

b.Peak test: assume that only data points in completely or partially resolved
peaks result from peptide ions and are likely to be meaningful. Data points in
partially resolved peaks may represent the intensity sum of a useful marker
superimposed on an unrelated, nonmarker peptide ion. 

i. At least three of four successive data point intensities before or after each
candidate marker data point must show a progressive increase or decrease
in background corrected, normalized peak intensity.

ii. Extend each peak by an additional four data points before/after the last data
point that passed the peak test. Hence at this point we include a band width
around each peak.

iii. At least 10% of the cases or controls need to pass the peak test for this peak
to be considered as a useful marker peak.

8. Unique peptide origin test: because there is no benefit in having multiple markers
that all originate from different isotopes of the same peptide ion, all potential
markers must have m/z values that differ from each other by at least 3.1 Da.
Hence, if multiple potential markers are found that differ from each other by less
than 3.1 Da, only the best marker (as judged by its individual ability to discrimi-
nate all cases from control samples in the training set) is considered. It is possible
(e.g., if there are incompletely resolved, unrelated peptide ions that overlap with
the C12 isotope peak of a marker peptide ion) that the best isotopic representative
of a marker ion is not the C12 isotope. Without carrying out the unique peptide
ion origin test, the variable importance measure determined by the RF algorithm
would be unstable. That is, markers arising from different isotopes of the same
peptide should be surrogates for each other. If one marker (i.e., from the C12 iso-
tope) from a peptide is selected in a tree construction, then randomly permuting
the values of the corresponding C13 isotope peak from this same peptide would
not be expected to significantly change our classification ability. Hence, both these
markers would appear to be unimportant. Instead, for each peptide we select only
one mass-vs-intensity data point from whichever isotope (assuming the marker
arises from a reflectron spectrum; note that this will not be a problem with linear
spectra where peptide/protein isotopes are not resolved), which can best discrim-
inate all cases from controls in the training set based on some criterion. For this
purpose, we carry out an initial rough filtering, using the normalized difference
between case/control group for all candidate markers within the 3.1-Da mass
range to identify the best marker. 
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3.2. Feature Selection and Sample Classification

The data points obtained from the data preprocessing step then represent
potential biomarkers. The following is a step-by-step outline of the basic fea-
tures of a random forest algorithm (1) we have implemented to find markers
that can best discriminate cases from control samples (see Notes 8–11 for a
review of different classification methods and our motivation for using the ran-
dom forest algorithm):
1. Prespecify the number of trees to grow (currently, we are using 5000 trees), which

will constitute our forest. Each tree will be grown as follows:
Randomly divide the training sample into training/testing set-approx 67% as the

training set, 33% as the testing set. Our tree will be constructed based on the train-
ing set according to the following procedure. Keep in mind that each training set is
a resample with replacement from the original training sample; on average it con-
tains approx 67% of the original training samples, and the remaining “testing” set
contains approx 33% of the spectra in the training set. 
a. Start from all samples as one root node. Randomly select mtry variables without

replacement from all variables (say 60 mz vs intensity values that passed the peak
test and other tests described above); for each variable, find the best cutoff inten-
sity value to best split the root node, which means to find the intensity cutoff value
that will divide the maximum number of cases vs control samples correctly. This
will then provide a measure of the decrease of impurity (i.e., two child nodes
should contain a more homogeneous mix than the root node) from root node to
two child nodes for each selected variable. Among these mtry variables, select the
best one, based on the decrease of impurity, as our final split variable for the root
node. As for measure of impurity, we use the Gini index, 1-(P1^2 + P2^2), where
P1 is the proportion of case samples, P2 is the proportion of normal samples, and
P1 + P2 = 1. When P1 = 0 or 1, Gini is 0, which is least impure. When P1 = P2 =
0.5, Gini is 0.5, which corresponds to a maximum impure sample. Our overall
goal is to reduce this Gini index, and the overall decrease of Gini index due to one
variable can reflect the importance of this variable. After we select a split variable,
we can split the root node into two child nodes, and the decrease of impurity is
measured as: P1^2 + P2^2 - (R1^2 + R2^2) - (L1^2 +L 2^2), where P1 and P2 are
the proportions of cancer/control for all samples in the root node, R1/R2 and L1/L2

are the proportions in the right/left child nodes, P1 + P2 = R1 + R2 = L1 + L2 = 1.
This function is always positive, and we want to maximize it by choosing differ-
ent cutoff values for selected split variables.

b. For each child node, repeat the previous growing step as for the root node. We
keep on growing until the tree perfectly fits the data, i.e., all terminal nodes con-
tain only one class of samples.

c. Repeat the above two steps 5000 times to get 5000 trees, with each tree having
an associated training and testing set. 

2. Use these 5000 trees to get a prediction for each sample and a measure of impor-
tance for each variable, as described in the following:
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a. For each sample S, find those trees which are based on a training set not con-
taining this sample, label this set as Pred, and suppose Pred has m trees. Put S
down Pred to get m predictions for S. The final prediction for S will be the
majority vote of these I>m predictions. For these m predictions, we will get a
margin for S: margin = proportion of correct prediction - proportion of incorrect
prediction (this assumes there are only two classes of samples; for >2 classes,
we will minus the maximum of incorrect class predictions). Ideally we want
margin to be as large as possible, and one of our importance measures will be
based on this margin.

b. The importance measure for the mth variable is calculated as follows: For each
tree, we have a testing set. Randomly permute the value of the mth variable in the
testing set, and we can get a new prediction for testing samples. Proceed as pre-
viously for all 5000 trees. Finally, we can get a new prediction error and also a
new margin for each sample. The decrease of margin after permutation will
reflect the importance of the mth variable. The increase of prediction error can
also serve as an importance measure, but intuitively this measure will be very
crude, because essentially it loses some information by summarizing the contin-
uous margin with a discrete value (0/1). 

c. Select mk (e.g., 28) biomarkers based on the importance measure, and construct
a random forest for these mk variables as previously. As a new sample comes in,
use this forest to predict the class of this sample. Our confidence in the predic-
tion can be measured with the margin.

3. Export a list of potential biomarkers. For each marker, plot the following:
a. m/z vs intensity for all background corrected, normalized case vs all control

samples for the m/z region extending for 3 Da on either side of the marker. 
b. Make a similar plot as described previously for every fifth case vs control sample.
c. Overall median case vs control intensities around each marker, extending for 3

Da on either side of the marker.
4. Delete all potential markers that cannot reasonably contribute to a partially or com-

pletely resolved peptide isotopic cluster. 
5. Use the resulting markers to develop, as discussed later, the quantitative criteria for

the diagnosis of unknown samples, with the first step being normalizing the
unknown sample with respect to the training set. 
a. For these selected markers, construct binary classification trees for future pre-

diction. We grow 5000 trees instead of one tree. Basically, the more trees we
have, the more stable the final prediction error is. We can run several times with
1000 to 10,000 trees to evaluate the effects. Typically, 5000 trees will give a very
stable result. We use random selections in the tree construction process. Conse-
quently, we can have different results, although the markers used are exactly the
same for different trees.

b. The following is one typical run of our construction process:
i. Sample with replacement from all samples to form a new training set.

ii. For this new training set, construct one tree. At each node split, we randomly
select one m/z marker value to split.
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iii. Repeat steps i and ii until desired number of nodes and trees is reached.
iv. For future samples, we do a majority vote using all of the trees.

3.3. Sample Split Analysis: How Will the Sample Size Affect Prediction
Accuracy? 

This can be addressed by estimating a “sample size” vs “prediction accu-
racy” curve. This basically requires the following procedure:

1. Suppose we have a very large population S, which contains all potential samples.
2. Given a sample size N.
3. Randomly take N samples from S to form a training set TN, and construct a classi-

fier C(TN, .) using our procedure.
4. Use C(TN, .) to classify a random sample from S, and calculate its error rate

Ea∈SC(TN,a)

Here the expectation is taken over all potential samples from S.
5. Take the average over the previous error to get the error estimation for sample size N:

E|TN| = NEa∈SC(TN,a)

Generally, we do not have the full population S. Instead, we only have a finite sam-
ple, Sn (n = 187 for our ovarian cancer dataset described later), which will be used
as an estimator of S. In practice, we use the following estimation procedure, based
on a finite sample Sn:
a. Given sample size N (<n), we take N = 40, 80, 120 to get a rough estimate for

the general trend of error vs sample size curve.
b. Randomly take N samples (without replacement) from Sn to form a training set

TN. Then construct a classifier C(TN, .).
c. Use C(TN, .) to classify Sn and get an error estimate

where

is the total error rate we reported using our RF program, and

is similar to an out-of-bag error estimation (error for samples not in training set).
d. Repeat steps b and c M times, e.g., M = 100, to get M error estimations E1,

... , EM

e. Use (E1 +...+ EM)/M to estimate the final error rate for sample N.
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3.4. Application Example 

In this section, we apply the methods described in the previous section to an
ovarian cancer dataset to identify cancer-related biomarkers. The MALDI-MS
spectra were acquired as described previously on sera (obtained from the
National Ovarian Cancer Early Detection Program at Northwestern University
Hospital) from 77 control cases and 93 disease cases, using a Micromass
M@LDI-L/R instrument, with 700–3500 Da for reflectron and 3450–28,000 Da
for linear, and this resulted in a merged dataset consisting of MS spectra that
extend from 700 to 28,000 Da.

Figure 3 shows how our workflow preprocesses the input raw data. On the
left is an example of a MALDI-MS raw spectrum obtained on serum, the
decreasing tendency is obvious. After taking a logarithm transformation on both
the m/z and intensity axis, we estimate the baseline of the curve and subtract the
baseline from the data. The resulting curve on the right plot clearly shows that
the decreasing tendency has been removed. 

After data preprocessing, we apply the random-forest method on the peaks
to identify biomarkers that are most informative in terms of distinguishing dis-
ease cases from control cases. Figure 4 gives a two-dimensional visualization
of the samples based on the proximity matrix generated when we run the ran-
dom-forest algorithm. In the graph, most samples are well separated, but some
of them mix together.

Figure 5 shows the impact of training size on the classification rate, as well
as the additional information offered by the data from the linear range. We can
clearly see the trend that larger training sets result in smaller classification

Fig. 3. Data preprocessing example. Left: original raw data. Right: mass spectrome-
try data after baseline correction. 
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errors. And for a fixed training set, classification error drops dramatically from
5 to 20 biomarkers and then it levels off at approx 20–40 biomarkers for the
combined reflectron + linear data. With 136 samples in the training set, we can
achieve approx 20% classification error. 

4. Notes 
1. During peak alignment, simply using a linear shift may not work all the time, as

previous studies have shown that the variation of peak locations in different
datasets is nonlinear (3,4), and this variation still exists even for technical replicates
(data not shown). The reasons that underlie data variation are extremely compli-
cated, including differences in sample preparation, chemical noise, co-crystalliza-
tion and deposition of the matrix-sample onto the MALDI-MS target, and laser
position on the target. Here we are interested in reducing the variation and align-
ing these peaks together. As for peak alignment, we are exploring a superset idea
that is very similar to the clustering approach in (5). Based on the assumption that
the peak variation range is smaller than the minimal distance dmin, we construct a
superset of all peaks as follows:
a. Set a distance threshold as the smallest distance between neighboring peaks in

all peak sets. 
b. Initialize the superset as the first peak set. 

Fig. 4. The symbol “0” represents the samples from control group and “1” represents
cancer group. 
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c. For each point in a new peak set, check its counterpart in the superset that has
the smallest distance:
i. Over the threshold: new peak, add to the super set; 

ii. Below the threshold: already in the superset, ignore. 

Repeat step 1c until all new peak sets are processed. After the superset is con-
structed, we can align every peak in each peak set to the superset. It is guaranteed
that each peak point in a peak set has at least one possible counterpart in the super-
set. 

2. There are related approaches to address the peak alignment problem. Coombes et
al. (6) pooled the list of detected peaks that differed in location by three clock ticks
or by 0.05% of the mass. Yasui et al. (7) believed that the m/z axis shift of peaks
are approx ±0.1% to ±0.2% of the m/z value. Thus, they expanded each peak to its
local neighborhood, with the width equal to 0.4% of the m/z value of the middle
point. This method certainly oversimplifies the problem. In another study (8), they
first calculated the number of peaks in all samples, allowing certain shifts, and
selected m/z values with the largest number of peaks. This set of peaks is removed
from all spectra, and the procedure is iterated until all peaks are exhausted from all
the samples. In a similar spirit, Tibshirani et al. (5) proposed to use complete link-
age hierarchical clustering in one dimension to cluster peaks, and the resulting

Fig. 5. The fivefold cross validation classification error estimations for our ovarian
cancer data. After adding the linear data, the best classification error achieved drops
from approx 25% to 20% and the classification error estimation is also more stable.
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dendrogram is cut off at a given height. All the peaks in the same cluster are con-
sidered as the same peak in further analysis. Randolph and Yasui (9) used wavelets
to represent the MS data in a multi-scale framework. They used a coarse-to-fine
method to first align peaks at a dominant scale and then refine the alignment of
other peaks at a finer scale. From the signal representation point of view, this
approach is very interesting. But it remains to be determined whether the multi-
scale representation is biologically reasonable. Johnson et al. (10) assumed that the
peak variation is less than the typical distance between peaks, and they used a clos-
est point matching method for peak alignment. The same idea was also used in Yu
et al. (11) to address the alignment of multiple peak sets. Certainly, this method is
limited by the data quality and it cannot handle large peak variation. Dynamic pro-
gramming (DP) based approaches (3,12) have also been proposed. DP has been
used in gene expression analysis to warp one gene expression time series to another
similar series obtained from a different biological replicate (13), where the corre-
spondence between the two gene expression time series is guaranteed. In MS data
analysis, however, the situation is more complicated, because a one-to-one corre-
spondence between two datasets does not always exist. Although it is still possible
to apply DP to deal with the short-of-correspondence problem, some modifications
are necessary (such as adding an additional distance penalty term in the estimation
of correspondence matrix). It also remains unclear how DP can identify and ignore
outliers during the matching. Eilers (4) proposed a parametric warping model with
polynomial functions or spline functions to align chromatograms. In order to fix
warping parameters, he added calibration example sequences into chromatograms.
Although the idea of using a parametric model is interesting, it is difficult to repeat
the same parameter estimation method in MS data, because we cannot add many
calibrator compounds into the MS samples. Also, it is unclear whether a second-
order polynomial would be enough to describe the nonlinear shift of MS peaks.

3. Peak detection is an essential step in data preprocessing. The results in this chapter
are obtained using a simple peak identification method. Right now, we are applying
the amplitude modulation (AM) technique to form a peak envelope signal for each
peptide. The AM technique is widely used in telecommunication and broadcasting,
where a carrier with a fixed frequency f0 moves the original signal up to a trans-
mitting frequency range. After receiving the transmitted signal, we use an envelope
detection technique to reconstruct the original signal. Our idea here is to apply the
envelope detection on the MS data before searching for the local maxima. In this
way, the multiple peaks corresponding to the same peptide can be considered as a
sampled version of a much smoother envelope signal. Envelope detection makes it
much easier to group these successive peaks together, thus to reduce the complex-
ity of the spectrum such that each peptide will be represented by only a single peak.
It should be noted that applying a simple low-pass filter (like a Gaussian filter) will
not guarantee the extraction of the envelope signal, because the carrier frequency f0
may move the envelope signal beyond the low-pass region. Consequently, the low-
pass filtering will over-blur the signal. Here we apply a Gabor filter (14) centered at
f0 on the data and take the amplitude of the filter response as output. The Gabor fil-
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ter consists of an even real part (i.e., Gaussian weighted cosine function) and an odd
imaginary part (i.e., Gaussian weighted sine function). Because the amplitude
response is not sensitive to the phase variation, this process is also called quadrature
filtering. We can then search for local maxima with a discrete differentiation
method, followed by a peak width check, in which we keep only those local max-
ima whose left and right neighboring local minima have distances larger than a
threshold value. In this algorithm, several parameters need to be determined, and
they are different based on specific applications. 

4. As we have mentioned, most ions produced in MALDI-MS have only single
charges. Thus, the isotopically resolved peaks are assumed to have a constant dis-
tance of 1 Da. The equal spacing property of the MALDI data has been used in sev-
eral approaches to identify peptides from isotopically resolved peaks. Breen et al.
(15) used morphology and watershed algorithms to first detect a set of individual
peaks and then use a Poisson distribution model (based on equal spacing between
isotopic peaks) to detect peptides. They also demonstrated that their algorithm can
separate two overlapping peptides using the Poisson isotopic distribution model.
Similarly, Gras et al. (16) used a template-matching algorithm to identify peptides
from a set of detected peaks, while they used the equal spacing property in the con-
struction of their parameterized template. The same equal spacing property is the
basis for extracting the envelope signal in this approach. 

5. Envelope detection does not preserve the total intensity of a single peak, which is
very important for quantitative studies. The point here, however, is to reduce the
redundancy among multiple peaks that correspond to the same peptide. Guided by
the envelope signal-based peak detection results, we still can go back to the data
before envelope detection and detect different isotope peaks for the same peptide.
Roughly speaking, this is a kind of top-down strategy, whereas previous
approaches in (15,16) used a bottom-up strategy.

6. Normally, spectral peaks are local maxima in MS intensity data. In most published
algorithms, peaks are mostly defined with respect to their nearby points. All these
methods are based on similar intuitions and heuristics. Several parameters need to
be specified beforehand in these algorithms, e.g., the number of neighboring points
and the intensity threshold value. In fact, the parameter settings are related to our
understanding/modeling of the underlying noise. Coombes et al. (6) defined noise
as the median absolute value of intensity. Satten et al. (17) used the negative part
of the normalized MS data to estimate the variance of noise. Wavelets-based
approaches (18,19) have also been proposed to de-noise the MS data before peak
detection. Based on the observation that there are substantial measurement errors
in the intensity value, Yasui and his coworkers (7) argued that binary peak/nonpeak
data is more useful than the absolute values of intensity, while they still used a local
maximum search method to detect peaks. Clearly, the success of noise-estimation-
plus-threshold methodology largely depends on the correctness of the noise model,
which remains to be validated.

7. Another issue in peak detection is to avoid false-positive peaks. This is often done by
adding an additional constraint (e.g., the peak width constraint [7]) or by choosing a



214 Yu et al.

specific scale level after wavelets decomposition of the original MS data ((9)). In the
case of high-resolution spectra, it has been proposed that more than one isotopic vari-
ant of a peptide peak should be present before a spectral peak is considered to result
from peptide ionization. It may also be possible to use prior information about the
approximate expected peak intensity distribution of different isotopes arising from
the same peptide during peak detection (i.e., the theoretical relative abundance of the
first peptide isotope peak may range from 60.1% for polyGly (n = 23, MW 1329.5
Da) to 90.2% for poly Trp (n = 7, MW 1320.5 Da). Certainly, we also have to con-
sider the issue of limited resolution and the consequent overlapping effect of neigh-
boring peaks.

8. There are many classification methods, e.g., linear and quadratic discriminate
analysis, and k–nearest neighbor. Most of these methods were developed in the pre-
genome era, where the sample size was usually very large whereas the number of
features was very small. One can intuit that the sample classification error rate will
increase with more noise in the data. Therefore, directly applying these methods to
proteomic datasets may not work. Instead, feature selection methods are usually
applied to select some useful features at first, and then the selected features are
used to carry out sample classification based on traditional classification methods.
In this context, feature selection serves two purposes: for biological interpretation
and for reducing the impact of noise. Two sample t-test statistics or variants thereof
are often used to quantify the difference between two groups in the analysis of gene
expression data (e.g., see ref. 19). However, determining the right dimension of
features in feature selection still remains a difficult problem: if we only select a
small number of features, we may miss many useful features. If we select a large
number of features, we may over-fit the data with noise. Another problem with a t-
statistic is robustness: the univariate feature selection based on a t-statistic is very
sensitive to noise. 

9. Instead of using univariate feature selection methods, it may be useful to consider
multivariate feature selection methods. Lai et al. (20) analyzed the co-expression
pattern of different genes to select genes that have differential gene-gene co-
expression patterns with a target gene. Some interesting genes have been found to
be significant and have been reported to be associated with prostate cancer, yet
none of them showed marginal significant differential gene expressions. Generally,
the multivariate feature selection is a combinatorial approach. To analyze two
genes at a time, we need to consider n2 possibilities instead of n for the univariate
feature selection. For analyzing the interaction of K genes we need to consider nK
possibilities, this quickly becomes intractable.

10. Machine learning-based approaches have been proposed to couple feature selection
and sample classification. They implicitly approach the feature selection problem
from a multivariate perspective. The significance of a feature may highly depend
on other features. Isabelle et al. (21) have reported using support vector machines
(SVM) to select genes for cancer classification from microarray data. Qu et al. (22)
applied a boosting tree algorithm to classify prostate cancer samples and to select
important peptides using MS analysis of sera. Wu et al. (1) reported using random
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forest to select important biomarkers from an ovarian cancer dataset based on
MALDI-MS analysis of patient sera, and showed good performance of random-
forest feature selection compared to univariate t-statistic selection.

11. For the random-forest algorithm from Breiman (23), randomness is introduced at
each node split. Specifically, at each node split, a fixed number of features is ran-
domly selected from all the features, and the best split is chosen among these
selected features. On the other hand, for the random subspace method developed
by Ho (24), a fixed number of features is selected at first and is used for the same
original data to produce a tree classifier. Thus, both models have the effect of ran-
domly using a fixed subset of features to produce a classifier, but differ in the
underlying tree-building method.
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Using the Global Proteome Machine 
for Protein Identification

Ronald C. Beavis

Summary
This chapter describes the use of an open-source, freely available informatics system for the

identification of proteins using tandem mass spectra of peptides derived from an enzymatic
digest of a mixture of mature proteins. The chapter describes the use of features of the Global
Proteome Machine (GPM) interface that assist in making comprehensive assignments between
spectra and sequences, including the detection of point mutations, posttranslational modifica-
tions, and experimental artifacts. The use of this interface to validate results using the GPM
Database is also described. This data repository allows analysts to compare their own results to
those obtained by other scientists to determine the degree to which their data are consistent with
previous measurements.

Key Words: Bioinformatics; protein identification; peptide sequencing; spectrum interpretation.

1. Introduction
Proteomics has become dominated by the ability to associate the proteins in

a sample with previously observed protein sequences. The older, more estab-
lished immunological techniques for performing this type of assignments, such
as Western blotting or enzyme-linked immunosorbent assay (ELISA), have
become secondary validation techniques. The faster, easily automated, lower
unit cost mass spectrometry (MS)-based methods currently dominate the
research in the literature. Of the MS-based techniques, the use of trypsin diges-
tion followed by reverse-phase chromatography with an online tandem mass
spectrometer as a detector has become by far the most widely used and accepted
instrumental protocol (1–3).

The bioinformatics approaches being used for performing the data analysis
can be divided into two approaches: those that require interpretation of the mass
list (Class A) (4), frequently referred to as sequence mass tagging, and those
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that require no interpretation (Class B) (5). Both types of algorithms have been
used since very early in the development of algorithms for MS-base proteomics.
They have also both been used to develop commercial software products.

Class B type analysis has become a commonplace method of determining the
sequence of a peptide. This analysis is done by comparing a spectrum with all
of the peptide sequences that are known for a particular organism’s proteome.
Until recently, it was necessary to use proprietary algorithms and software to
perform this analysis. The development of open-source informatics has revolu-
tionized the field (6,7).

The Global Proteome Machine (GPM) (8) is one of the new open-source sys-
tems. It utilizes a Class B open-source search engine, X! Tandem (6). It uses a
new type of user interface, which allows ready access to genomic information
and literature resources. It also incorporates information obtained from a repos-
itory of experimental information that allows the immediate comparison of a
particular result with those obtained in other laboratories. This repository
allows investigators to benchmark their results against those of other groups, as
well as to use the details of others’ results to plan their own experiments.

The X! Tandem search engine uses a different strategy for performing searches
(9). Rather than attempting to compare a collection of tandem mass spectra against
all possible variations of all proteins in a proteome, the search process is broken
up into two rounds of calculation. In the “survey” round, the spectra are compared
against all of the sequences in the proteome, but with a limited number of poten-
tial modifications and with the assumption that the proteolytic enzyme used to pro-
duce peptides generated an ideal set of peptides-no missed or unexpected bond
cleavages. The “refinement” round takes the protein sequences that were identified
as having statistically significant matches to the spectra and performs matches
using only these sequences, using multiple sets of search parameters that explore
many possible post-translational and artifact side-chain modifications, unantici-
pated peptide bond cleavages, and amino acid point mutations.

2. Materials
1. An Internet-connected computer (PC or Macintosh).
2. An HTTP browser (e.g., Internet Explorer, Firefox, Safari). 
3. A Scalar Vector Graphics (SVG) plugin for your browser (e.g., Adobe, Corel). 
4. A collection of tandem mass spectra, organized in a standard file format (e.g.,

mzXML, mzData, DTA, or Mascot Generic Format). 

3. Methods
3.1. Assigning Mass Spectra to Protein Sequences

1. Enter the universal resource locator (URL) of a GPM server, e.g.,
http://h.thegpm.org. The main user data input page (Fig. 1) should appear in the
browser window (see Notes 1 and 2).

http://h.thegpm.org
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2. Select a set of default parameters associated with the type of tandem mass spec-
trometer that you used to collect the results, from the “Predefined methods” selec-
tion box (see Note 3).

3. Enter an appropriate value for the fragment ion mass tolerance. The quality of a
spectrum-to-peptide match depends strongly on the fragment ion mass tolerance
value being set correctly (see Note 4).

4. Locate your input spectrum data file on your computer, by using the “Browse” but-
ton (see Note 5).

5. Select the appropriate cleavage reagent that was used to create peptides from the
intact protein samples. If you are using an enzyme or cleavage chemistry that is not
listed, you will need to go to the “Advanced” search page and specify the cleavage
chemistry. For example, trypsin’s cleavage is specified by the string “[KR]|{P}”,
which is interpreted as cleavage at any peptide bond between either a lysine (K) or
arginine (R) residue and any other residue, except proline (P). Square brackets indi-
cate allowed residues and french brackets indicate forbidden residues. If there is no
specificity for residues, then “X” is used, e.g., “[X]|[X]” is interpreted as cleavage
at any peptide bond.

Fig. 1. The Global Proteome Machine experimental data query interface. Each sec-
tion of the search form can be expanded (or hidden) by clicking on the appropriate “+”
symbol next to the section header.
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6. Select the appropriate complete side-chain modifications for your sample. Cysteine
residues are often modified completely to improve peptide recovery: common cys-
teine modification chemistries are listed in a menu. If your chemistry is not pres-
ent, you may specify it. These modifications will be used for both the survey and
refinement rounds of analysis. Modifications that are not shown on the interface
can be added manually, using the following format: “m@r”, where r is the single
letter abbreviation for the residue to be modified and m is the mass difference
between the modified and normal residue. For example, oxidized methionine (the
addition of a single oxygen atom, m = 16) would be indicated by “16@M”.

7. Select the appropriate potential side-chain modifications for the survey round.
These modifications can be biologically relevant, such as phosphorylation or acety-
lation, or they may be experimental artifacts, such as methionine oxidation or
asparagine deamidation. It is recommended that you specify only very common
modifications in the survey round, as the addition of many types of modification at
this step can be very time consuming. These modifications are tested for every
occurrence of the specified residue type.

8. Specify the potential modifications desired for the refinement rounds of identifica-
tion. Sets of predefined modifications are available through a selection box. Multi-
ple modifications can be set by holding down the “Alt” key and clicking the desired
entries. Other modifications can be set manually. These modifications are tested for
every occurrence of the specified residue type.

9. Specify potential modification motifs for the refinement rounds of identification.
These motifs allow potential modifications at sequence-specific residues. For
example, the motif specification “80@[ST!]XX[DE]” allows for a modification of
80 Daltons (characteristic of phosphorylation) at S or T residues, only if they are
followed by two residues of any type followed by a D or E residue. The residue to
be modified is indicated by an exclamation point. 

10. Choose whether or not the proteins selected for refinement should be tested for
unanticipated peptide-bond cleavage. These cleavages can be caused by endo- or
exopeptidases in the original protein extract or contaminating enzymatic activity in
the selected cleavage reagent, e.g., chymotryptic activity in a trypsin preparation.

11. Choose whether or not the proteins selected for refinement should be tested for sin-
gle amino acid point mutations. If selected, each peptide will be checked against
the input spectra with every possible single amino acid substitution for that peptide
sequence.

12. Choose whether or not the spectra should be filtered for redundancy, prior to
searching (“spectrum conditioning” section). If this option is selected, all of the
spectra in a set will be compared, and spectra that appear to be repeats will be
flagged and removed prior to searching. The most intense example of any set of
repeated spectra will be retained.

13. Select the species or list of species that you would like to use for your search from
the “Taxon” selection box. This species should correspond to the organism used to
obtain the protein samples analyzed. Multiple species can be selected by holding
down the “Alt” key and clicking on multiple entries in this box (see Note 6).
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14. Click on the “Find models” button. The GPM refers to the interpreted results from
a collection of spectra as a “model” of the data.

3.2. Interpreting the Results of an Assignment

1. Once a search has been completed, the “model” page will be displayed automati-
cally (Fig. 2). This page shows the results of a search, with a series of clickable
links that allow the data to be displayed in a number of different views. The model
page shows the overall results, tabulated so that the most confident protein assign-
ments are listed at the top of the page. Confidence is expressed in terms of expec-
tation values: an expectation value of 0.01 implies that there would be 1 assignment
of this quality every 100 times if the assignment were random (see Note 7).

2. The headings for the model page are as follows:
a. Rank: an ordinal number, in decreasing order of assignment confidence.
b. log(e): the base-10 logarithm of the expectation value for the protein assignment.
c. log(I): the base-10 logarithm of the summed intensity of all of the fragment ion

mass spectra associated with this assignment.
d. #: the number of peptides unique to the protein sequence assigned to spectra.
e. Total: the number of spectra assigned to the protein.
f. Mr: the molecular mass of the intact protein sequence, calculated assuming all

12C isotopes.
g. Accession: the appropriate accession number for the assigned protein (see Note 6).

Fig. 2. The results page describing the proteins found by a single search. Each of the
proteins found in the search are displayed in a separate row, in order of the confidence
of assignment.
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3. The accession heading has several clickable links, which lead to specific displays:
a. gpmdb: lead to a display that shows all occurrences of this particular accession

number in the GPMDB database.
b. Homologs: displays sequences that were assigned, but which appear to be

homologous (see item 4 below).
c. Protein: displays the details of the protein’s assignment (see item 5 below).

4. The homolog display is composed by inspecting the list of proteins assigned, from
best to worst expectation value. Starting at the best assignment, all other assign-
ments that use the same spectra as the best assignments are declared as homologs of
the best assignment. If these homologs do not have any other spectra assigned to
them, then their accession numbers occur only on the homolog list. If they do have
additional spectra, they appear on the model list, with an (H) prefix added to the
accession number. It should be noted that this interpretation of homolog may have
somewhat different results than a definition based solely on the protein’s sequence. 

5. The “protein” display shows the details of the assignment of a set of mass spectra
to a protein sequence (Fig. 3). The display is composed of five sections:
a. A tool bar giving clickable links to additional information about the protein, if

available.
b. A protein coverage map (see item 8).
c. A display of the protein sequence (see item 6).
d. A display of the peptides assigned to the sequence (see item 7).
e. A description of the biological context of that protein, if available.

Fig. 3. Individual result for a single protein. The protein sequence, available exon-
intron boundary, and single nucleotide polymorphism information, as well as the
detailed assignment of peptides found during the search, are displayed.



Using the GPM for Protein Identification 223

6. The protein sequence section of the display can be in two different forms. The sim-
plest form shows the sequence with the assigned portions of the sequence in dark
red and the unassigned portions in light red. The dark red sequence can be clicked,
to directly show the peptide assignment details. This simple form of display is used
when detailed gene model information is not available for a sequence or for organ-
isms where the exon-intron structure is either very simple (e.g., brewer’s yeast), or
nonexistent (e.g., all prokaryotes). The second form shows the sequence on two
lines, with the known genomic sequence above and the assigned sequence as fol-
lows. The genomic sequence indicates the exon structure of the gene model by
alternating between black and blue letters, with exon boundaries that involve both
exons in the nucleic acid triplet coding for residues in red. Known single nucleotide
polymorphisms are indicated with red-background cells framing the appropriate
residue. Placing the mouse cursor over these cells will produce a display showing
the possible amino acid substitutions caused by the polymorphism. Known poly-
morphisms that do not produce amino acid substitutions are indicated with a green
background. If a point mutation has been detected during the search, the position
of the point mutation is indicated with a red-background cell on the assigned pro-
tein sequence (see Note 8).

7. The assigned peptide portion of the display sets out the peptide sequences that have
been assigned to spectra in a table. By default, only the best assignments to a par-
ticular peptide sequence are listed; a full listing can be obtained by clicking on the
“show all” link at the top of the page. The peptide sequences are ordered from the
N-terminus to the C-terminus of the protein. The tabular headings are as follows:
a. Spectrum: a number corresponding to the position on the original spectrum list

of the spectrum assigned to this sequence. (Note: if a spectrum is assigned to
more than one peptide sequence, this is indicated by the number following the
decimal place.)

b. log(e): the expectation value for the spectrum-to-sequence assignment.
c. log(I): the summed intensity of the spectrum.
d. m+h-the protonated molecular mass of the sequence, assuming all 12C isotope

composition.
e. Delta: the difference between the measured and calculated protonated molecular

mass, in Daltons.
f. : the charge of the parent ion used for fragmentation.
g. Sequence: the peptide sequence, shown in the context of the full protein

sequence (this sequence is a clickable link to the “peptide” display; see item 9).
8. An important feature of the protein display is the sequence coverage map, dis-

played just above the protein sequence. This map, a line with a set of variable-
intensity red bars, indicates the portions of the protein sequence have been
observed in this experiment. The intensity of a red bar indicates the confidence of
assignment: the darker the bar, the more confident the assignment. For a variety
of reasons, not all portions of a protein sequence may be amenable to proteomic
analysis. Certain peptide sequences seem to have the appropriate physical proper-
ties to be very readily observed, and the pattern of which peptides are most often
observed is a characteristic of a protein sequence. These readily observed peptides
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are referred to as proteotypic peptides (10). The “validate” link adjacent to the
protein coverage map will produce a display from the GPMDB of the best assign-
ments that have been made between spectra and the protein sequence in question
(Fig. 4). The figure displays the coverage map of the current run on top, with maps
from stored data displayed below, in descending order of confidence. Inspection
of this diagram can be used to validate that an assignment conforms to previous
data. This type of comparison is particularly useful when an assignment contains
a limited number of peptide sequences.

9. The peptide sequence displayed shows the portion of sequence assigned in blue,
with the sequence immediately N-terminal and C-terminal to the peptide shown in
black. The residue numbering is relative to the N-terminus of the protein. Any
residue that was chemically modified is represented by a blue-background cell, and
any residue detected as a point mutation has a blue-background cell. Placing the
mouse cursor over the colored cell will produce a display describing the modifica-
tion(s) or mutation. Clicking on the blue peptide sequence will pop up a new win-
dow, showing the peptide display (see item 10). 

10. The peptide display shows the details of one spectrum-to-sequence assignment
(Fig. 5). The display has four sections:
a. A toolbar with links to information about the peptide sequences (if available).
b. A short description of the peptide sequence, describing modifications and muta-

tion details (if applicable).

Fig. 4. Protein validation page derived from the protein result page (Fig. 3). The cov-
erage map for the current result is displayed on the top of the diagram, followed by the
coverage maps of the best assignments to the same protein sequence available in the
Global Proteome Machine data repository.
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c. A graphical display of the mass spectrum used to make the assignment (see item
11 below).

d. A table of potential fragment masses, with the peaks assigned in the spectrum
highlighted in bold text in color.

11. The graphical display of the mass spectrum has three component sections. The
color scheme used for the table of fragment masses is used to indicate assignments
in each of these component sections. These sections are as follows:
a. A fragmentation diagram (top left-hand corner) showing the intensity of

assigned peaks, plotted on the peptide sequence, with N-terminal fragments
shown below the sequence and C-terminal fragments shown above.

b. A conventional mass spectrum (center), with the peaks assigned to the peptide
sequence marked in color (unassigned peaks shown in black).

c. An error scatter plot (right-hand side) showing the difference between the
observed and calculated masses for each assigned peak.

12. The “validate” link on this page leads to a selection of spectrum-to-sequence
assignments from the GPMDB for this particular peptide sequence, with the graph-
ical displays for each assignment stacked on top of each other (not shown). The
default display has the 10 best assignments, arranged so that the spectrum most like

Fig. 5. Detailed display of a spectrum-to-peptide sequence assignment. A fragmen-
tation diagram, annotated spectrum, and fragment ion mass deviations are shown graph-
ically, followed by a table showing the possible theoretical fragment masses for the
sequence. The color coding is consistent between the table and the graphs.
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the current observed spectrum is displayed immediately below the current result.
These assignments can be used to validate your result, as the pattern of peptide-
bond cleavage is a property of the peptide sequence and is reproducible between
different instruments. The spectra shown for validation all have the same charge
state as the current spectrum; the fragmentation pattern for a sequence is depend-
ent on the parent charge state (see Note 9). 

4. Notes
1. The GPM interface and underlying informatics can be downloaded for free from

http://www.thegpm.org. 
2. The GPM interface is subject to change, from time to time. Various parameters dis-

cussed previously may be available on either the simple or advanced user inter-
faces. 

3. The default settings for most parameters can be used for common types of analy-
sis. Instructions and explanations for each of the parameters can be obtained by
clicking the “?” icon associated with each entry box.

4. The performance of a mass spectrometer is often quoted as its mass accuracy in
parts per million (ppm). A specification of ±20 ppm means that for an ion of m/z
= 1000.0, the error associated with that mass will be 1000 × 0.000020 = ±0.020
Da. There is a temptation to over-specify the accuracy of parent ion mass meas-
urements, based on this type of instrument specification, leading to significant
missed identifications. These missed identifications have several causes. It is
assumed that the all 12C peaks (A0) in the isotope cluster corresponding to a pep-
tide have been correctly determined. Most software actually assigns the most
abundant peak in the isotope cluster, which is often not the A0 peak. This leads to
systematic errors of 1 or 2 Da. Overconfidence can lead to misinterpretation, such
as the assignment of nonexistent deamidations of asparagines or glutamine
residues, which compensate for the systematic error in mass assignment. It is
important to note that very accurate determination of a parent ion mass is not an
important parameter for peptide identifications. The pattern of fragment ion
masses is used to assure a good identification, not the parent ion mass. X! Tandem
can compensate for this effect, by estimating which parent ions are likely to be
improperly assigned and using that information to correct peptide sequence
assignments.

5. When performing large searches, which require large amounts of calculation time,
it is good practice to test a subset of the spectra first, to determine the appropriate
parent ion and fragment ion mass tolerances that will generate the best results.

6. The proteome sequences available through the public GPM interface correspond to
the protein translations of curated genomic or cDNA sequence collections. The use
of sequence collections that are simply lists of all protein sequences that may have
been reported for a species, such as the US National Center for Bioinformatics
nonredundant (nr) collection, is strongly discouraged. These phenomenological
lists contain many repetitions of some sequences (such as immunoglobulin chains)
and they over-represent certain sequences that have been the subject of cross-

http://www.thegpm.org
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species evolutionary studies, such as animal oxygen carriers or plant photosynthe-
sis-related proteins. More model species are added as new genomic resources
become available.

7. The GPM attempts to use the latest information about a particular protein to pro-
duce its displays. Therefore, the system does not store a permanent record of the
annotation associated with a particular protein accession number. When a new
accession number is identified by the system, a query is made to the primary data
source for that type of accession number (e.g., ENSEMBL (11) for human
sequences or SGD (12) for yeast) and a local cached copy of this information is
kept on that server. The protein display page for a particular result includes a but-
ton just above the external protein information section that allows the user to
refresh the external information stored in the cache, to get the latest annotation for
that protein accession.

8. Interpreting results that allow for point mutations in the peptide sequence can be
difficult. If a sequence appears to have many point mutations, this is probably
caused by unanticipated chemical modifications of residue side chains. Inspection
of the mass shifts associated with the “point mutations” will often suggest the iden-
tity of the modification chemistry, e.g., unexpected amino group formylation (+27
Da) or acetylation (+42 Da). Point mutations do occur naturally, but there should
be no more than one or two in a protein sequence, if the proteome examined is from
the same species as the sample.

9. In addition to using the GPMDB data to validate new results, the database sys-
tem has many other potential uses in proteomics. It can be search by keyword,
peptide sequence, peptide mass, protein accession number, or GPM model num-
ber (a unique model number is assigned to each set of spectra searched). Infor-
mation regarding the regions of a protein that can be observed using proteomics,
likely homologs of a protein, proteins commonly observed along with a particu-
lar protein, and known potential side-chain modifications can all be determined,
prior to performing an experiment. The GPM model accession numbers can be
used for future reference, and links through to specific results in the GPMDB are
encouraged.
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A

Affinity ligands, 136, 143
Affinity mass spectrometry, 142
Affinity pipets, 143, 146

sample purification, 144
carboxyl surface, 146
derivatization, 143
organic rinse, 148
protein elution, 145
reconditioning, 144
storage, 147

Affinity tag, 53
Agarose, 85
2-aminobenzamide, 189
Aminopeptidase, 52, 53
Aminosilane, 5, 7, 33
Ampholytes, 89
Antibody,

anti-biotin, 19
anti-digoxygenin, 20
processing/preparation, 20
specificity, 26
sulfo-GMBS-activated, 19

Antigenic polypeptides, 52
Avidin chromatography, 156
Avidin-streptavidin, 5, 11, 12

B

BIA/MS, see SPR-MS
Biomarkers, 141, 178, 199
Bis(sulfusuccinimidyl) suberate, 6
Bradykinin, 203
Buffer,

lysis/labeling, 75, 79, 89
rehydration, 75, 80, 82
sample, 76, 79
running, 77
equilibration, 82

C

Calibration constant, 99
Carbohydrates, 177, 178, 188, 193
Carboxymethydextran, 133
Cation exchange chromatography,

155
cDNA, 2
Cell culture, 79

lysis, 54, 58, 80
Cell-free extract, 4
Clinical proteomics, 141
Colloidal gold particles, 32
C-terminal tag, 7
Cy2, see CyDyes
Cy3, see CyDyes
Cy5, see CyDyes
CyDyes, 16, 72, 73, 80

labeling with, 78, 80
Cystatin C, 142, 145
Cysteine-containing peptides, 152

D

Denaturation, protein162
Detectors

Ultraviolet, 98, 104
Refractive index, 98, 104
Light scattering, 98, 104
Calibration of, 105, 110

Detergents, 74, 103
Sodium dodecyl sulfate (SDS), 89

Dimethyl suberimidate, 5, 12
DNA

circles, 18
primer, 18

Dyes, fluorescent, see CyDyes
Dyes, minimal labeling, see CyDyes
Dyes, saturation, see CyDyes
Dyes, cyanine, see CyDyes
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E

Elastase, 160, 162
Endopeptidase, 52
Endoplasmic reticulum, 52
Endoproteinase Lys C, 160, 162
Extinction coefficient, 99

F

Fmoc synthesis, 59, 61
Fragmentation diagram, 225

G

Glass slides, 5, 7
Global proteome machine, 218
Glycan, see carbohydrates
Glycopeptides

isolation, 181
isotope labeling, 182

Glycoproteins, 177, 188
Glycosylation, 177, 189
GST antibody, 6
GST protein, 6, 7

H

Hemolysin, 101
Hydrazide, 178, 179, 181, 184
Hydrogel slides, 16

I

Iodoacetamide, 160, 162, 180
IPG strip, 76, 81, 82, 92
Isoelectric focusing, 56, 71, 76, 81
Isotope-coded affinity tags (ICAT),

151, 154
alkyl linker, 152
sample preparation, 157

Isotopic distribution, 190

L

LC-MS/MS, 86, 156
Light scattering, 97

M

Major histocompatibility complex
(MHC), 52

MALDI-TOF mass spectrometry, 86,
132, 133, 199

calibration, 149
data analysis, 199

preprocessing, 203
peak alignment, 210, 211
peak detection, 212
baseline correction, 204
spectra normalization, 204

isotope peaks, 204, 205, 213
matrix, 133, 148
targets, 149

Maltoporin, 102
Mass accuracy, 226
Membrane, low protein-binding, 109
11-mercaptoundeclyamine, 115, 117,

124
Microarrays, 1, 15, 31,

antibody, 32, 33
archiving, 38, 46
binding capacity, 3
blocking, 11, 36
calibration curves, 41, 46
capture efficiency, 3
data processing, 24, 25, 38
detection schemes, 15, 32
DNA, 3, 115, 117
drying, 12, 38
glycerol, 21
humidity control, 11, 22, 36, 44
imaging, 24, 38
multiplexing, 33
pins, 36, 45
printing, 10, 20, 36

hardware, 21
protein orientation, 3
reagent selection and

characterization, 41
sample incubation, 11, 23, 37
slides, 7, 16, 21, 33,
spacer molecule, 3
spot localization, 25
stability, 3
storage, 11, 22, 27, 36
surface chemistry, 3
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Microcapillary column,
gradient profile, 168
three phase, 159, 160, 163

Monodispersity, 108
Monosaccharides, 192, 195
Multidimensional chromatography, 161,

165
Multidimensional protein identification

technology (MudPIT), 159

N

NHS-biotin, 16, 22
NHS-digoxigenin, 16, 22
N-octylglucoside, 142, 145
Nucleic acid contamination, 89
Nucleic acid programmable protein

array (NAPPA), 4

O

Oligomeric state, proteins, 98, 99, 106
Oligonucleotides,

thiol, 18
Cy3-labeled, 20

Oligopeptides, 52
Olligosaccharides, see Carbohydrates

P

Plasma, human, 37, 132, 144, 147
Plasmids, 4, 5, 9

biotinylation, 7, 10
PNGase F, 179, 181, 189
Polyubiquitination, 52
Posttranslational modifications, 134,

146
Precipitation, protein, 76, 81, 88, 162,

173
Proteases, 52
Proteasome, 52,

activity profiling, 53, 57, 64, 65, 66
immunoproteasome, 52

Protein truncation, see Posttranslational
modifications

Protein variants, see Posttranslational
modifications

Proteinase K, 160, 163
Proteolysis, 51
Proteolytic inhibitors (probes), 53,

synthesis, 56, 59, 61, 63
radiolabeling, 56, 60
electrophilic trap, 53

Psoralen-biotin, 6, 7

R

Random forest algorithm, 206, 215
classification error, 210
sample classification, 206, 214

Refractometry, 98
Resonance light scattering (RLS), 32

staining, 32, 38
particle archiving, 38

Reticulate lysates, 4, 6, 13
Rolling-circle amplification, 16

signal generation, 23

S

SDS-PAGE, 56, 71, 76, 83, 85, 180,
182

casting gels, 84
scanning/imaging, 78, 85
silver staining, 182
spot picking, 78, 86
tryptic digest, 86

Serum, human, 200
proteins dynamic range, 74

Sequence coverage map, 223
SEQUEST, 172, 184
Silicon wafers, 115, 123
Single nucleotide polymorphisms, 223
Size-exclusion chromatography, 97

columns, 104, 109
Solid phase extraction, 178
Specific refractive index, 100, 110
Surface plasmon resonance (SPR), 113,

131, 133
equilibrium measurements, 114
fixed angle, 114
fixed wavelength, 114
flow rate, 136
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imaging, 114
kinetics, 114
sensor chip, 132, 136

SPR Imager
angle adjustment, 120
background pixel intensity, 121
flow cell assembly, 119, 124
index matching fluid, 119
prism, 119
rotation stage, 120
sample holder, 119

SPR-MS, 132
chip cutter, 136
interface, 133, 136
matrix applicator, 137

StrOligo algorithm, 189
composition analysis, 193
isotopic simplification, 190
relation tree, 191

Subtilisin, 160, 162
Succinic anhydride, 180, 182

T

Tandem mass spectrometry (MS/MS),
161, 165, 180, 184, 189

collision-induced dissociation, 184
fragments, 191
fragment ion mass tolerance, 219

Tris(2-carboxyethyl)phosphine (TCEP),
80, 91, 160, 162, 179

Troponin I, cardiac, 133, 134
Trypsin, 78, 155, 160, 162, 180, 181,

219
Two-dimensional difference gel

electrophoresis (2D-DIGE), 72
sample preparation, 78
prefractionation, 90

Two-dimensional gel electrophoresis
(2D-GE), see SDS-PAGE

W–Z

Western blotting, 56, 59, 64
ZipTip, 202
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