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Preface

Calcium plays an important role in a wide variety of biological processes.
This divalent metal ion can bind to a large number of proteins; by doing so it
modifies their biological activity or their stability. Because of its distinct chemi-
cal properties calcium is uniquely suited to act as an on—off switch or as a
light dimmer of biological activities. The two books entitled Calcium-Binding
Protein Protocols (Volumes I and II) focus on modern experimental analyses
and methodologies for the study of calcium-binding proteins. Both extracellu-
lar and intracellular calcium-binding proteins are discussed in detail. How-
ever, proteins involved in calcium handling (e.g., calcium pumps and calcium
channels), fall outside of the scope of these two volumes. Also, calcium-bind-
ing proteins involved in bone deposition will not be discussed, as this specific
topic has been addressed previously. The focus of these two books is on studies
of the calcium-binding proteins and their behavior in vitro and in vivo. The
primary emphasis is on protein chemistry and biophysical methods. Many of the
methods described will also be applicable to proteins that do not bind calcium.

Calcium-Binding Protein Protocols is divided into three main sections. The
section entitled Introduction and Reviews provides information on the role of
calcium in intracellular secondary messenger activation mechanisms. More-
over, unique aspects of calcium chemistry and the utilization of calcium in
dairy proteins, as well as calcium-binding proteins involved in blood clotting, are
addressed. The second section entitled Calcium-Binding Proteins: Case Studies
provides a wealth of information about protein purification and characterization
strategies, X-ray crystallography, and other studies that are focused on specific
calcium-binding proteins. Together, these two sections comprise Volume I of
this series. By introducing the various classes of intra- and extracellular cal-
cium-binding proteins and their modes of action, these two sections set the
stage and provide the necessary background for the third section. The final
section entitled Methods and Techniques to Study Calcium-Binding Proteins
makes up Volume Il of Calcium-Binding Protein Protocols. Here the focus is
on the use of a range of modern experimental techniques that can be employed
to study the solution structure, stability, dynamics, calcium-binding proper-
ties, and biological activity of calcium-binding proteins in general. As well,
studies of their ligand-binding properties and their distribution in cells are
included. In addition to enzymatic assays and more routine spectroscopic and
protein chemistry techniques, particular attention has been paid in the second
volume to modern NMR approaches, thermodynamic analyses, kinetic mea-

vii



Viii Preface

surements such as surface plasmon resonance, strategies for amino acid
sequence alignments, as well as fluorescence methods to study the distribu-
tion of calcium and calcium-binding proteins in cells. In preparing their chap-
ters, all the authors have attempted to share the little secrets that are
required to successfully apply these methods to related proteins. Together the
two volumes of Calcium-Binding Protein Protocols provide the reader with a
host of experimental methods that can be applied either to uncover new
aspects of earlier characterized calcium-binding proteins or to study newly
discovered proteins.

As more and more calcium-binding proteins are being uncovered through
genome sequencing efforts and protein interaction studies (e.g., affinity chro-
matography, crosslinking, or yeast two-hybrid systems) the time seemed right
to collect all the methods used to characterize these proteins in a book. The
methods detailed here should provide the reader with the essential tools for
their analysis in terms of structure, dynamics, and function. The hope is that
these two volumes will contribute to our understanding of the part of the pro-
teome, which relies on interactions with calcium to carry out its functions.

In closing, I would like to thank Margaret Tew for her invaluable assistance
with the editing and organization of these two books. Finally, I would like to
thank the authors of the individual chapters, who are all experts in this field,
for their cooperation in producing these two volumes in a timely fashion.

Hans J. Vogel, php
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METHODS AND TECHNIQUES
TO STuDY CALCIUM-BINDING PROTEINS






1

Quantitative Analysis of Ca2*-Binding
by Flow Dialysis

Michio Yazawa

1. Introduction

Ca?+-binding to proteins can be measured directly by equilibrium dialysis
(1,2), the standard method for the direct measurement of the binding of small-
ligand molecules by macromolecules. In this method, a semipermeable cellu-
lose bag containing a solution of macromolecules is immersed in the buffer
solution containing ligand molecules and is incubated to attain both the chemi-
cal and diffusion equilibrium. The method can be improved with the use of two
small thin chambers separated by the cellulose membrane, which may reduce
the incubation time required to achieve diffusion equilibrium (microdialysis)
(3). Ligand molecules are usually labeled with the radioactive isotopes for
quantitative determinations, and ligand molecules bound to the macromolecule
in the equilibrium state are determined directly from the difference between
the free concentration in the dialysate and the total concentration in the protein
solution. Binding of ligand to the protein molecule can be calculated from the
known value of the protein concentration, and the ligand bindings at several
free concentrations of the ligand are determined from independent experiments
to yield a ligand binding curve from which the maximum number of ligand
binding and the equilibrium constants are estimated. In this method, the ligand-
binding equilibrium, which is usually obtained within less than a second, has
to be assessed after attainment of the diffusion equilibrium of ligands across
the membrane, which usually takes a much longer time — on the order of
several hours.

This major drawback in the equilibrium dialysis method has been overcome
by the flow-dialysis method (4,5). In this method, a sample chamber contain-

From: Methods in Molecular Biology, vol. 173:
Calcium-Binding Protein Protocols, Vol. 2: Methods and Techniques
Edited by: H. J. Vogel © Humana Press Inc., Totowa, NJ
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Fig. 1. Schematic representation of a flow-dialysis cell.

ing a protein solution is separated by the cellulose membrane from the buffer
chamber filled with the buffer solution (see Fig. 1). Each solution in both of the
chambers is continuously mixed with a magnetic stirring bar, and the concen-
tration of free ligand in the protein solution is determined based on the rate of
diffusion into the buffer chamber, which is proportional to the concentration of
free ligand. The buffer chamber is connected to the reservoir and is flushed
continuously with the fresh buffer solution at a constant rate and the outlet is
connected to a fraction collector to monitor the radioactivity in the effluent.
When small amounts of the labeled ligand in a small volume are added to the
sample chamber, chemical equilibrium is attained usually within a fraction of a
second and the ligand molecules free from the protein molecule diffuse into the
buffer chamber at a rate depending on the equilibrium concentration and the
characteristics of the membrane. Under the constant flow rate of the buffer
solution in the buffer chamber, the radioactivity in the buffer chamber becomes
constant in a matter of minutes when the steady state is reached, which can be
a measure of the concentration of the free ligand in the sample chamber. Then
small amounts of the unlabeled ligand in a small volume are added to the
sample chamber, a new chemical equilibrium is attained together with a rapid
exchange between isotopes, and the free ligand diffuses at a different rate
depending on the concentration in the sample chamber giving a new steady-
state level of radioactivity in the effluent. After successive additions of the
unlabeled ligand, followed by determinations of the respective steady-state lev-
els of the radioactivity, excess unlabeled ligand in a small volume is added, a
maximum value for the radioactivity (C,) in the effluent is reached. This can
correspond to that expected when no appreciable fraction of the labeled ligand
is bound. That is, this value becomes a measure of the total concentration of the
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radioactive ligand in the sample chamber under the conditions where the total
unavoidable loss of the radioactive ligand from the sample chamber is suffi-
ciently small and can be neglected. Under such conditions, the concentration
of free ligand (L;) in the protein solution at each titration step is estimated from
the steady-state value of radioactivity (C;) in the effluent and the known value
of total concentration of the ligand (Lt;), because L;/Lt;= C;/C,. Then the con-
centration of the bound ligand can be calculated. As a result, a complete ligand-
binding curve can be obtained through a simple titration experiment on a single
protein solution within an hour.

Therefore, once the flow dialysis apparatus necessary is constructed, the
method rapidly yields a reliable Ca?*-binding curve in about an hour, and the
Ca’*-binding protein can be characterized extracting the Ca?*-binding constants
and the number of Ca*-binding sites from computer-aided curve-fitting giving
the best-fit curve (6—10). In this chapter, a protocol for the flow-dialysis method
is shown, which illustrates the apparatus that has been used for measurement
of Ca?*-binding to calmodulin in our laboratory (8,11) (see Notes 1 and 2).

2. Materials

1. Flow-dialysis cell: The flow-dialysis apparatus used in our laboratory is a
Reichard-type flow-dialysis cell (5), which consists of two blocks, a cylindrical
upper chamber (sample chamber) and the lower chamber (buffer chamber). The
chambers are separated by a sheet of cellulose membrane that is clamped by the
two blocks held with four plastic screws (see Fig. 1). The Reichard-type cell is
made of Teflon and the precise shop drawing is shown in Fig. 2. The cross-
sectional area of the cylindrical chamber is 1.32 cm?, and a capacity of the lower
chamber is 0.66 mL, whereas the upper chamber can accommodate up to 2.5 mL.
of the sample solution. After assembling the cell, it is immersed in the water
bath made of glass, and the water at a constant temperature is circulated through
its water jacket (see Fig. 3). The whole assembly is placed on a magnetic stirrer
(see Notes 3 and 4).

Thermostated water bath equipped with a circulator.

Magnetic stirrer and Teflon-covered magnetic stirring bars.

Peristaltic pump.

Fraction collector and plastic tubes (1.1 x 7.4 cm).

Liquid scintillation counter.

Atomic absorption spectrometer.

Dialysis membrane: A square cut, 1.9 x 1.9 cm, or preferably a circular cut with
a diameter of 1.9 cm from cellulose dialysis tubing is prepared for use as a dialy-
sis membrane. Select the appropriate membrane considering the rate of dialysis,
as well as the pore size to keep proteins and effectors other than the ligand in the
sample chamber. Spectra Pore 6 cellulose membrane with molecular cutoff 1000
(Spectrum Industry Inc., Los Angels, CA) is suitable for the purpose of
calmodulin (M, 16,700) and its complex with target peptides (M, around 3000) (8).

e o
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Fig. 2. Shop drawing for the Reichard-type flow-dialysis cell. Left, the upper cham-
ber; right, the lower chamber. Dimensions are shown in millimeters. The flow-dialysis
cell is made of Teflon.

10.

11.

The membranes are heated to approx 80°C on the boiling water bath for approx
30 min once in 1 mM ethylenediaminetetracetic acid (EDTA), twice in deionized
water, then in 1% acetic acid, and twice in deionized water. The washed mem-
branes in deionized water are stored in the refrigerator.

Buffer solution: A suitable buffer solution (approx 500 mL) is prepared using
deionized distilled water or a Milli-Q water. The buffer solution is preferable to
contain 50 mM or higher concentration of NaCl or KCI. It should be degassed
sufficiently with stirring under reduced pressure using an aspirator immediately
before the measurement, which is essential for preventing formation of bubbles
in the buffer chamber.

Stock solutions of Ca?*: The stock solutions of Ca?+ used in the Ca?* titration are
prepared from CaCl,-2H,0O by weight and stored in plastic bottles (see Note 5).
The Ca2+ concentration can be determined by atomic absorption spectrometry.
Radioactive Ca2* (3Ca2*): The radioactive isotope available for Ca, 43Ca, is a
B-emitting nuclide with a half-life of 164 d and a maximum energy of 0.254 MeV.
We purchase 43CaCl, solution with sufficiently high specific radioactivity from
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DuPont-NEN and the molar concentration of it is calculated from the specifica-
tion data shipped with the radionuclide.

Protein solution: Contaminating Ca2* in the protein solution should be reduced to
less than 0.1 mol/mol of the total Ca?*-binding sites in the initial sample solution.
Several methods have been reported to reduce the contaminating Ca2* in the
neutral pH such as addition of 50—100 mM EDTA or ethyleneglycol-bis
(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (optionally in the pres-
ence of 6 M urea) followed by passage through a Sephadex G-25 desalting col-
umn (12), and extensive dialysis against or column chromatography with
Chelex-100 chelating resin (2). For stable proteins such as calmodulin, troponin
C, and parvalbumin, addition of trichloroacetic acid to 3% precipitates Ca?*-free
proteins, which can be renatured by neutralization (6,13). Precipitates were collected
by centrifugation, homogenized with addition of small volume of deionized water,
and dissolved with addition of small volume of 2 M Tris base, which is followed
by passage through a Sephadex G-25 column. The concentration of contaminating
Ca?* in the protein solution is determined by atomic absorption spectrometry, and
is taken into account in the calculation of the Ca?+-binding data.

Protein concentrations must be determined with a suitable and reliable

method, such as quantitative amino acid analysis or UV spectro-photometric
determination.

3. Methods

The following procedures, except for the final calculation step, as well as
the dilution of 43Ca?* aforementioned, are to be carried out in a room equipped
with facilities necessary for handling of radioisotopes.

3.1. Assembly of the Flow-Dialysis Cell

When everything is ready to begin, the flow-dialysis cell, which has been
stored as disassembled parts, is assembled with mounting a dialysis membrane
(see Fig. 3) (see Note 6).

1.

2.

Immerse the degassed buffer solution in the 500 mL Erlenmeyer flask in the water
bath and equilibrate at 25°C.

Fill a disposable plastic syringe (5 mL) with the buffer solution and, after
removal of air bubbles, connect it to the PE tube (inlet) of the buffer chamber of
the dialysis cell.

. Fill the buffer chamber with the buffer solution sent from the syringe through the

PE tube.
Fill the other PE tube (outlet) with the buffer solution from the chamber by suck-
ing with another syringe connected to the other end of PE tube.

. Put a magnetic stirring bar (discoid, 1 cm in diameter) into the chamber, and fill

the chamber with the buffer solution.
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6.

10.
11.

3.2.

. Immerse the assembled dialysis cell in a glass incubator, which is placed on a

10.

Take out a washed dialysis membrane, trim away the corners of the square cut to
fit within a circle (1.9 cm in diameter), and rinse it with deionized water (handle
the membrane with clean tweezers).

. Cover the solvent surface in the buffer chamber with the rinsed dialysis mem-

brane (handle with clean tweezers).

. Remove the air bubbles, if any, in the buffer chamber using a 200-uL pipeteman,

and fit the membrane on the Teflon surface on which the bottom of the upper
chamber sits to clamp the membrane.

. Set the upper chamber gently adjusting carefully the positions of the screw holes.

Hold the two blocks together with four plastic screws driven evenly.
Remove the buffer solution overflowed into the upper chamber during the assem-
bling with use of a 200-uL pipeteman.

Flow Dialysis

magnetic stirrer and has been equilibrated at 25°C by circulating the thermostated
water.
Remove syringes at the tips of PE tubings after pinching them with the hemostat,
and connect one tip (inlet) to the end of a tube filled with the buffer leading from
the buffer reservoir through the peristaltic pump and the other tip (outlet) to the
drain.

. Release the hemostats, start the magnetic stirrer and the peristaltic pump at a

constant flow rate of 1-3 mL/min (3 mL/min is recommended), and watch the
buffer chamber to confirm that no air bubbles are formed.

Switch off the magnetic stirrer and put into the upper chamber a magnetic stirring
bar (rod, 0.1 cm in diameter and 1 cm in length).

. Add 1.5 mL of the protein solution to the upper chamber, and resume stirring.

About 5-10 times the anticipated K, value is recommended for the initial con-
centration of the Ca2*-binding protein (5). In the case of calmodulin, the apparent
K, is around 5 uM and an initial concentration of 20—100 uM is suitable for the
measurement.

. Equilibrate the solutions for about 5 min while stirring both chambers and con-

tinuously flushing of the buffer chamber.

. Take out 0.5 mL of the protein solution from the upper chamber, transfer it into a

microtube and store on ice for an exact determination of the protein and contami-
nating Ca2* concentrations later.

. Connect the effluent tip to the fraction collector, and start to collect the effluent

(1 mL/plastic tube) continuously through the end of titration.

At tube number 7, add 5 uL of ¥3Ca?* with sufficient specific radioactivity (1-5 x
107 cpm, and the amount of Ca?* equal to about 1/10 of the total number of the
Ca?+-binding site) to the upper chamber.

At tube number 13, add 5 uL of the unlabeled Ca?+ (the amount of Ca2* equal to
about 1/10 of the total number of the CaZ*-binding site).



10

cpm/ 150ul

Ca binding (mol/mol)

w

o

o

(=]
1

A

—o— Calmodulin
—o— +CaD40K
—— +M13

1
10

10

[Ca®'] (M)

10+

L4

©

Yazawa
—30000
{%~25000 o
-]
3
20000 3
(<]
£
415000 =
=
410000
(2]
-5000
L_lg
90
Calmodulin
+M13
+CaD40K

Fig. 4. Examples of the Ca?* titration curves for the measurements of Ca*-binding
to calmodulin (A), and the resulting Ca**-binding curves (B). Flow dialysis was car-
ried out on smples of 16.5 uM calmodulin (LJ), 0.1 M NaCl, and 0.02 M MOPS-NaOH
(pH 7.0) at 25°C at a flow rate of 1 mL/min. Measurements were also carried out in the
presence of target peptide: the 40-kDa fragment of caldesmon (CaD40K, O; 28.5 uM),
and M13 peptide from myosin light chain kinase (; 43.9 uM). In each titration, 4> Ca*
(6.67 x 10° cpm for [J, O, and 9.73 x 106 cpm for <) was added at tube number 7, then
at every six collected tubes, unlabeled Ca** was added successively. During the titra-
tion, 1.5—6.6% of *Ca?* in the sample chamber was lost. The interaction of calmodulin
with CaD40K increases the cooperativity of Ca2*-binding, whereas the interaction with
the M13 peptide markedly increases the affinity for Ca?* (B), which is differently
reflected in the titration curves (A)
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11.

12.

13.

3.3.

. Start the peristaltic pump to wash out the radioactive solvent in the lower cham-

3.4.

1.

Similarly, add 5 to 10 uL of the unlabeled Ca?* successively at every six tubes
collected. The recommended total amount of Ca2* to be added at each step of the
successive six steps is 2/10 of the total number of the Ca?+-binding site, which
covers to 1.4 times the total CaZ*-binding sites.

Finally, add 10 uL of 1 M CaCl, to chase practically all of the bound 3Ca?*, and
collect six more tubes, then switch off the pump and the fraction collector. Con-
nect the effluent tip to the bottle for the waste 43Ca+.

Take out a constant volume of the effluent in each collected tube and quantify
43Ca?* with the liquid scintillation counter. Make a titration curve to confirm that
steady-state has been reached at each titration step as shown in Fig. 4A.

Disassembly of the Flow-Dialysis Cell

ber with the fresh solvent. Collect the radioactive effluent into the bottle for waste
43Ca?*. Then switch off the pump.

Take out the radioactive sample solution in the upper chamber and transfer into
the bottle for waste 3Ca2* with use of a Pasteur pipet.

. Add a small amount of the detergent solution into the sample chamber, rinse with

it the inner surface and transfer the resulting radioactive solution into the bottle
for waste Ca?*. Repeat at least three times to remove the radioactivity.

Take out the dialysis cell from the incubator, place it on the bench, and discharge
the solvent in the lower chamber into the bottle for waste >Ca?*.

. Disassemble the apparatus carefully with releasing screws. With tweezers, put

the upper and lower chambers and stirring bars into the detergent solution, and
the dialysis membrane into the can for the radioactive waste.

. Wash the disassembled parts thoroughly with detergent solution, rinse with the

distilled water.

Calculation to Make a Ca?*-Binding Curve

Average the steady-state values of the radioactivity usually obtained in two or
three tubes just prior to the addition of next Ca?* and subtract the averaged
baseline value obtained before the initial addition of 43CaZ*. Then, correct for the
dilution at each step of titration to yield the net average value of radioactivity, Cy,
C,,....., C, at each step of titration.

Considering the dilution factor again, calculate the total concentration of Ca2*;
Ca,, Cay,....... , Ca, at each step from the amounts of added Ca?* and initial con-
centration of Ca2* in the protein solution determined by atomic absorption spec-
trometry.

. Calculate the concentration of free Ca* in the upper chamber at each step from

[Ca?*]free = Cq,; C;/C,.

Calculate concentration of bound Ca?* from the difference between concentra-
tions of total Ca2* and free Ca2* at each step, which gives a molar ratio of bound
Ca?* to the Ca%*-binding protein (CaZ*-binding number) considering the dilution
factor in the calculation of the concentration of Ca?*-binding protein.
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5. Plot the calculated Ca?*-binding number against pCa = —Log[CaZ?*]fre¢ ag shown
in Fig. 4B.

The resulting Ca”*-binding curve (see Fig. 4B) can be analyzed by curve
fitting based on several different models of Ca**-binding equilibrium (2,6-12),
details of which are described in Chapter 3 by Haiech.

4. Notes

1. The method is based on the following assumptions: (1) The rate at which the
ligand leaves the sample chamber is proportional to the concentration of free
ligand. (2) Ca**-binding equilibrium in the sample chamber is attained rapidly
compared with the response time of the apparatus. (3) Ca?* bound to the protein
in the sample chamber can be exchanged rapidly with the free Ca?* compared
with the response time (4,5). Under these conditions, the rate of change in the
number of Ca?* in the lower chamber can be given by dN/dt = L,D-Nv/V, because
the rate of diffusion of Ca2*+ across the membrane into the lower chamber is given
by the product of its concentration (L;) and a constant determined by the proper-
ties of membrane (D), and the rate of exit of Ca?* (initially N molecules present)
from the lower chamber is determined by its volume (V) and the flow velocity (v)
of the buffer solution. Therefore, at the steady state, the concentration of Ca%* in
the lower chamber, which is given by N/V = L,D/v, is proportional to the concen-
tration of the free Ca2* in the upper chamber.

2. Practically, the steady state in the lower chamber is attained when the volume v¢
flowing through the lower chamber is four times the volume of the lower cham-
ber (4,5), and the required time # = 4V/v is termed a response time of the cell. The
response time can be determined experimentally by monitoring the *Ca?* in the
effluent (see Fig. 4A). In our dialysis cell, the volume of the lower chamber is
0.66 mL and when the lower chamber is flushed with a flow rate of 1 mL/min, the
response time is 4 x 0.66 = 2.64 min, that is, a new steady-state is attained in 2.64
min after the addition of the ligand. Intervals of adding Ca?* in the titration can
be estimated from the response time, which is determined by the flow rate and the
volume of the lower chamber.

3. As indicated by the basic equation shown in Note 1, 43Ca?* detectable in the
effluent may increase with decrease in the flow rate, and seems favorable for the
measurement. We have, however, another basic assumption: (4) Total amounts of
ligand diffused out into the buffer chamber during the whole titration process are
small and can be neglected (4,5). Considering this basic assumption, gaining high
signal by decreasing the flow rate is incorrect because 3Ca?* in the upper cham-
ber may be lost too much during the whole titration process. ¥Ca2* with higher
specific activity should be used for this purpose. Similarly unnecessary repetitive
titration at highly saturating concentrations of Ca?* must be avoided. Because
with a given apparatus *Ca?* detected in the effluent is determined by the flow
rate, one should confirm it experimentally and set up the experimental flow rate and
repetitive numbers of titration considering the amount of unavoidable loss. In our
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apparatus, 0.42 and 0.10% of 43Ca?* in the upper chamber is detected in the effluent
at a flow rate of 1 mL/min and 3.3 mL/min, respectively, which makes up the loss.
When the loss of more than 10% of the initial ¥3Ca2* cannot be prevented because
of other reasons, experimental result must be corrected for the loss, which can be
estimated by summing up the radioactivity in the effluent. Details for the correc-
tion are described by Stemmer and Klee (10).

. Plastic containers are recommended to keep solutions. Plasticware may be soaked

in 1 M HCI for several hours to eliminate contaminating Ca?* and rinsed thor-
oughly with deionized water.

. A more efficient model of Reichard-type flow-dialysis cell has been constructed

by Porumb (5,9). Another advanced model of the flow-dialysis cell has been con-
structed by Feldmann (6,14). In the Feldmann-type cell, the volume of the lower
chamber is minimized by engraving a spiral groove on the surface of a solid
dome and the loss of *Ca?* can be minimized. Unfortunately, it was a little diffi-
cult for our shop to construct it.
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Calcium Binding to Proteins Studied via
Competition with Chromophoric Chelators

Sara Linse

1. Introduction

Optical spectroscopic techniques can be used to measure Ca?*-binding con-
stants when the Ca?+-bound and free forms of the protein display a difference
in, for example, the UV absorbance, CD or fluorescence spectrum, or fluores-
cence polarization. One may then start with the Ca*-free form, titrate in Ca2*
stepwise, measure a spectrum or intensity at each step, and obtain the binding
constants from computer fitting to the data. The best accuracy is achieved when
the protein concentration is roughly the same as the dissociation constant (the
inverse of the binding constant) such that there are significant populations of
both bound and free forms at several titration points. This limits the useful
range of such direct measurements to binding constants below 10® M~! (K, >
1 uM), because of the practical difficulty of making buffers with less than
0.5—-1 uM free Ca*. For Ca?*-binding proteins with affinities of 10® M~! and
up, one has to rely on indirect measurements. One popular such approach uses
around 1 mM ethylenediaminetetracetic acid (EDTA) or ethylene glycol-bis
N,N,N',N'-tetraacetic acid (EGTA), and a much smaller amount of protein so
that the free-Ca>* concentration is essentially controlled by the Ca**-buffering
capacity of EDTA or EGTA. A potential risk with such approaches is binding
of EDTA or EGTA to the protein with consequences for its Ca** affinity.
Another type of indirect approach outlined in this chapter involves the use of a
chelator whose absorbance or fluorescence is Ca** dependent (1-3). A mixture
of equal (10-50 uM) amounts of chelator and protein is titrated with Ca>* and
the binding to the chelator is monitored spectroscopically. The Ca?*-binding
constants of the protein are extracted by fitting to the absorbance or fluores-

From: Methods in Molecular Biology, vol. 173:
Calcium-Binding Protein Protocols, Vol. 2: Methods and Techniques
Edited by: H. J. Vogel © Humana Press Inc., Totowa, NJ

15



9T

1.2
00" -
! A <COO“ ‘OOC.:C> C )
L L, oo T, _
0 1
’ L1y
' NO, Rl .
) z \\ b
“ l’ A} ] 0.8
1 A .
' \
m I} \ .
Q i
8 / : 0.6
} =1 0.
2 : L.
o) ! '
@ ' \ .
'2 ,l |‘ .
) . 104
v -
v
s
1Y ’l “-
5 K § 0.2
.. * 4 T
Sea —T \\_J’ .
0 [ 1 I L L 1 L I 1 L L L 1 1 l 1 1 3 1 ] I 1 1 L L] I L L L 1 I L 1 1 i I L L L 1 ' 1 L 1 L J O

250 300 350 250 300 250 300 350 400 450 500
wavelength / nm

Fig. 1. Molecular structures and absorbance spectra of (A) quin-2; (B) 5,5'Br,-BAPTA; and (C) SN-BAPTA. (- - -) calcium free
and (—) calcium bound forms.
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Table 1
Molecular Structures, Spectra and Properties of 3 Chelators

KDI/M¢ KDIM KDIM
Chelator Amax/nm  e/M/cm  low salt? 0.15 M KC1 0.15 MNaCl Mw ref.
quin-2 2395 4.2-10* 5.2.10° 1.2:1077 694¢ 1,2
5,5Br,-BAPTA 2395 14104 1.0-107 2.3-10°° 1.410° 787¢ 1-4
SN-BAPTA 340 6.0-103 1.7-10° 2.7-107 5214 1,4

aAll KD’s are in 2 mM Tris-HCI at pH 7.5.

bNo salt added beyond the HCI needed to set the pH.

¢Tetra potassium salt.

4Free acid.

Quin-2 can be obtained from Fluka, Buchs, Switzerland, and 5,5'Br,-BAPTA and SN-BAPTA

from Molecular Probes, Eugene, OR.

cence as a function of total Ca?* concentration. This method gives very high
precision in the deduced constants, but the accuracy is never better than the
accuracy in the Ca** affinity for the chelator. Although much lower concentra-
tions of chelator are used, this method is also potentially hampered by interac-
tions between chelator and protein. Another source of errors are electrostatic
screening effects from highly charged proteins that perturb the calcium affinity
for the chelator from its value in a protein-free solution.

2.

1.

Materials

UV absorbance or fluorescence spectrometer.

2. Quartz cuvets.

3.

Chromophoric calcium chelator. An ideal chelator is one with a calcium affinity
close to that of the protein to be studied. This will ensure that the calcium ions are
roughly evenly distributed between the chelator and protein leading to high pre-
cision in the binding constants for the protein. The molecular structures, spectra
and properties of three useful chelators are summarized in Fig. 1 and Table 1.

. Ca?*-free buffer (see Note 1). To get the buffer Ca?* free, prepare in double-dis-
tilled water (ddH,0O) in a plastic container and put a dialysis tube filled with
Chelex-100 resin (Bio-Rad) in the container before adjusting the pH (see Note 2).
Before use, the dialysis tube has to be boiled four times in ddH,O and the chelex
has to be neutralized and washed with ddH,O. Let the buffer rest for a few days
before use to reduce free Ca?*.

3 mM CaCl,. Weigh as accurately as you can 44.106 mg CaCl,-2H,0 (see Note 3).
Note the exact weight and calculate the Ca?* concentration from that value.
Dissolve the Ca2*+-free buffer in a 100-mL volumetric flask. Adjust the pH, if
necessary, and fill up the flask. Aliquot into a large number of Eppendorf tubes
and freeze the tubes. For each titration, use one tube and then dispose.

1 M CaCl,. Dissolve 14.72 g CaCl,-2H,0 in 100 mL ddH,O and adjust pH to 7.5.
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7. 0.1 MEDTA. Dissolve 37.22 g EDTA in 100 mL ddH,O. Add concentrated NaOH
to get the EDTA into solution and adjust the pH to 7.5.
8. 5mM EDTA. Dilute 25 mL 0.1 M EDTA with 475 mL ddH,O in a squeeze bottle.

3. Method
3.1. Experimental Procedure

1. A Ca?*-free solution of 25—30 uM chelator is prepared in the Ca?*-free buffer.
The exact chelator concentration Cy, is determined by withdrawing 2.5 mL, add-
ing 5 uL 1 M CaCl, and recording the absorbance at A, (see Table 1). The
chelator concentration is calculated as CQ = A, /€. The value of € at A, is
found in Table 1.

2. Rinse the cuvet once with ddH,O. Fill with 5 mM EDTA and let sit for 1 min.
Rinse several times with ddH,O and finally with ethanol and dry the cuvet with
nitrogen gas.

3. Record the absorbance at 263 nm (see Note 4) A,4; for 2.5 mL of the chelator
solution (-> A;). Add 5 uL. 0.1 M EDTA and record A,43 (-> A,). Add 5 uL 1 M
CaCl, and record A,43 (-> A3). The calcium concentration in the chelator solution
Cag can be estimated as

CaQ = CQ'(AZ -A) /(A -Ay) (D

Ideally, this value is below 1 uM (see Note 5).

4. Rinse the cuvet once with ddH,0. Fill with S mM EDTA and let sit for 1 min.
Rinse several times with ddH,O and, finally, with ethanol, and dry the cuvet with
nitrogen gas.

5. Dissolve lyophilized Ca2+-depleted protein (see Note 6) in the (Ca?*- and EDTA-
free) chelator solution to obtain a protein concentration of 25—30 uM. This is the
titrand, i.e., the solution that will be titrated with calcium.

6. Record Ayg;3 (see Note 4) for the titrand.

Add a Ca?* aliquot (see Note 7) to the titrand and mix. Record A,43 (see Note 8).

8. Step 7 is repeated until no significant change has occurred in A,¢3 over the last
five points, beyond what would be caused by dilution (see Note 9).

~

3.2. Computer Fitting

The chelator method can be used to determine macroscopic Ca**-binding
constants of a protein. Because the measured quantity contains no information
about the distribution of calcium among separate sites in the protein, micro-
scopic binding constants cannot be determined. The macroscopic binding con-
stants K;, K,—Ky are defined as follows:

P + Ca2*=PCa K, = [PCa]/([P][Ca2*])
PCa + CaZ*=PCa, K, = [PCa,]/([PCa][CaZ*])

PC&N_I + Caz+: PCaN KN = [PCaN]/([PCaN_l][CaZ+]) (2)
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K;—Ky (where N is the number of sites that are strong enough to compete with
the chelator) are obtained by nonlinear least squares fitting to the absorbance
as a function of total calcium concentration. An analysis based on concentra-
tion (not activities) can be performed as follows (see Note 10).

The total Ca>*-concentration at each titration point i (CATOT),), is calculated
from the initial (see Note 11) and added Ca?*. A nominal value for the protein
concentration at each titration point (CP;) is calculated from the initial protein
concentration based on the weight of the lyophilized protein. CATOT; and CP;
are adjusted for the dilution imposed by the calcium additions, as is CQ;, the
chelator concentration at titration point i. Fixed parameters in the fit are KDQ,
CQ;, CP;, and CATOT,. KDQ is the Ca?*-dissociation constant of the chelator.
Variable parameters in the fit are K;—Ky, AMAX, AMIN, and F. AMAX and
AMIN are the absorbances that the initial (nondiluted) solution would have
had if it was completely Ca?*-free or contained saturating amounts of Ca>*,
respectively. F' is a correction factor that accounts for the fact that the protein
concentration obtained by weight can be off by 10—20% because of residual
water in lyophilized protein and because of errors in weight caused by the small
(0.7-1.5 mg) quantities used (see Note 12).

For each set of values of the variable parameters, the Newton-Raphson
method is used to solve the free Ca?* concentration, Y, at each titration point, i,
from the following equation:

N k
. F-CP; > (kY- T]K)
y = cator, - &Y __ GRILY )

which states that the free Ca®* equals the total Ca®* subtracted by the chelator-
bound Ca?* and the protein-bound Ca?*. The absorbance at point i is calculated as

Y ] CQi
Y + KDQ 0

Acalculated,i = [AMAX — (AMAX — AMIN) - )

where CQ; is the initial chelator concentration. Thus the changes in absor-
bance are assumed to arise from the chelator only. The sum of the squares of
residuals (or error square sum) %2, is obtained by summing over all points in
the titration

Xz = E (Acalculaled,i - Ameasured,i)2 (5)

The variable parameters are iterated in a separate procedure until an optimal fit
(minimum ) is found. Start with initial guesses at both sides of the parameter
values of best fit, to make sure that the same result is obtained. To estimate the
errors in the parameter values, one may fix one parameter, for example K, and
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iterate the other parameters to obtain an optimal fit. Then fix K; at a new value
and fit again. Repeat until you have found the values of K that lead to a dou-
bling of %2. In general, AMAX, AMIN, and F are better determined than the
binding constants (see Note 13). If the protein binds calcium with positive
cooperativity (see Note 14), the product of the binding constants is better
determined than the individual constants.

3.3. Stoichiometry of Calcium Binding

The chelator method can be used to measure the stoichiometry of calcium
binding. For such applications, extra care has to be taken to measure the pro-
tein concentration of the titrand and its initial and final calcium concentration.

1. Dissolve the protein in 3 mL chelator solution to approx 30 uM.

2. Withdraw 200 uL. Freeze dry for acid hydrolysis.

3. Use 2.5 mL as titrand.

4. Save the rest for atomic absorption spectroscopy for initial calcium concentration

analysis.

Record A,¢; for the titrand.

Add a calcium aliquot to the titrand and mix. Record Ayg3.

7. Repeat step 6 until no significant A,q; change has been observed over the last five
points.

8. Withdraw an aliquot of the titrated titrand for atomic absorption spectroscopy for
calcium analysis.

9. In the computer fitting, set the initial protein concentration to the value obtained
from the amino acid analysis, and use a fixed factor F = 1.0. The number of
macroscopic binding constants needed to obtain an optimal fit will be the same as
the number of sites with affinities of similar value as the chelator. The initial
calcium concentration used in the fit is obtained from the analysis at step 4. Check
that the total calcium concentration at the last titration point is equal to the value
obtained from the analysis at step 8.

oW

3.4. Examples of Titration Data

Examples of experimental data and fitted curves are shown in Fig. 2. In the
absence of calcium binding to the protein, the absorbance will decrease lin-
early until the total calcium concentration equals the chelator concentration. A
linear decrease will be seen also when the protein has a site with the same Ca**
affinity as the chelator, but more calcium will be needed to saturate the chela-
tor. If the protein binds calcium weaker or stronger than the chelator, the bind-
ing curve will be no longer be a straight line, but will bend in a different
direction depending on whether the affinity for the protein is higher or lower
than for the chelator (see Fig. 2A). Examples of experimental data for proteins
with one, two, or three high-affinity calcium-binding sites are shown in Fig. 2B.
When the protein binds calcium at more than one site in a sequential manner
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Fig. 2. The absorbance at 263 nm as a function of total calcium concentration for a
mixture of 27.5 uM quin-2 and 30 uM protein. (A) Simulated curves for three proteins,
each with one calcium-binding site with the same (—), 100-fold higher (short dashes),
10-fold higher (dashes), 10-fold lower (long dashes), or 100-fold lower (dash dotted)
affinity than quin-2, plus one curve for chelator in the absence of protein (closely
spaced short dashes). (B) Experimental data (symbols) and fitted curves (solid lines)
for three proteins with different stoichiometries of calcium binding: (o) a-lactalbu-
min, [gK,; = 8.7, (¢) calbindin Dg, (recombinant bovine minor A with a P43M substitu-
tion), [gK; = 7.75.1gK, = 8.59 (5),(:) calerythrin /gK, = 8.08. IgK, =9.10, IgK; = 7.57
(6). Simulated curve for chelator alone (dashed line). (C) (¢) experimental data for
calbindin Dy, contaminated with 20 uM Ca?* (the initial nondefined part of the fitted
line is omitted). Simulated curve (dash dotted) for a protein with /[gK = 7.5, contami-
nated with 30 uM EDTA.

the titration curve may be S-shaped. Positive cooperativity (see Note 14) of
Ca’*-binding is also manifested as an S-shape in the titration curve as observed
for calbindin Dy, (Fig. 2B,C), but the curvature is opposite to that of sequential
binding. Calerythrin (Fig. 2B) first binds calcium to two sites with positive
cooperativity, and then to a third weaker site, which is seen as two interlocked
and opppositely bent Ss. As illustrated in Fig. 2C, a contamination with EDTA
may be observed as an initial strong phase that may not fit with the protein
concentration. A contamination with calcium leads to loss of data in the begin-
ning of the curve (see Fig. 2C and Note 15).

4. Notes

1. Buffers and pH. Examples of useful buffers are 2 mM Tris-HCI, pH 7.5, for low
ionic-strength measurements or 2—10 mM Tris-HCI, pH 7.5, with added salt for
higher ionic-strength conditions. The choice of pH depends on the pK, values of
titrable groups on the chelator, as well as on the protein. It is best to use a pH
significantly far from any pK,-values, so that the binding constants are not sensi-
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tive to small alterations in pH. For 2-[[2-[bis(carboxymethyl)amino]-5-methyl-
phenoxy]methyl]-6-methoxy-8-[bis-(carboxymethyl)-amino]quinoline (quin-2),
the highest pK, value is 6.36, and for 5,5'-dibromo-1,2-bis(O-amino-phenoxy)-
ethane-N,N,N,'N'-tetraacetic acid (5,5'-Br2BAPTA) it is 5.6 (1).

The chelex tube may shift the pH of the buffer. The buffer may also slowly adjust
after the pH has been changed by several units. It is often wise to avoid bringing
the pH all the way to the goal. Instead, stop 0.5 pH units above or below (at the
side from where you start). Do the final adjustment after a day or two. Your HCI
or NaOH stock may contain some calcium so it is often best to wait up to a week
before using the buffer.

Beware that calcium chloride is hygroscopic.

Choice of wavelength. The method is of course not limited to measurements at
263 nm. The ideal wavelength is one at which the calcium induced absorbance
change for the chelator is as large as possible while the absorbance for the protein
is calcium-independent. For the chelators quin-2 (see Fig. 1A) and 5,5'Br,-
BAPTA (see Fig. 1B), the absorbance at 263 nm decreases as a consequence of
Ca?*-binding. Equation 4, of course, pertains equally well to a case with increas-
ing absorbance, e.g., another chelator and/or another wavelength. For SN-BAPTA
(see Fig. 1C) it is convenient to use 430 nm where the protein has no absorbance.

. If the calcium concentration is not below 1 uM, the buffer may need to rest for a

few days to reduce free calcium, or maybe the chelator solution was contami-
nated with calcium by accident. Sometimes it seems as if solutions get calcium
contaminated if you just look at them. Common sources of contamination are
pipet tips, pH electrode, and glassware.

If the protein cannot be lyophilized, it may be added from a stock solution and the
concentration of the chelator solution adjusted for the dilution. The use of a stock
solution, however, necessitates the use of one extra container, e.g., Eppendorf tube,
which may lead to calcium contamination. The safest procedure is to weigh out
lyophilized protein in a cuvet that has been washed with 5 mM EDTA, multiple
times with ddH,O, finally, with ethanol, and then dried. One procedure to decal-
cify a high affinity CaZ+-binding protein is described in volume 1, Chapter 10.

. Ideally, all additions are equally large to get evenly spaced points. The aliquot

has to be sufficiently small to get enough points in the titration for obtaining good
precision in the binding constants. It is good to have the chelator covered by at
least five points and each site in the protein by an additional five points, plus
approx five points for the baseline after the binding is saturated. Aliquots of 3, 4,
or 5 uLL of 3 mM CaCl, are often ideal. If the measurements are performed at high
salt and/or the protein or chelator binds calcium with lower affinity, one may
need to add calcium from a stronger stock solution (e.g., 10 mM) at the end of the
titration to get closer to saturation. Examples of curves for a lower affinity chela-
tor (SN-BAPTA) and protein can be seen in ref. 4.

. It may take time to reach equilibrium. One often has to make a compromise

between the time it takes to obtain a stable recording and minimized photobleaching
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10.

11.

12.

13.

14.

15.

of the chelator. Another problem with waiting too long is that the protein and/or
chelator may start to absorb calcium form the cuvet. It is often best to wait 20-60 s
until the initial quick changes in absorbance have settled and then note the
recording. For a slowly equilibrating system, the cuvet may be put in darkness for
equilibration for a few minutes at each titration point.

For example, if your absorbance is around 0.2 and you add 5-uL calcium aliquots
to 2.5 mL titrand, the dilution will cause the absorbance to drop by 0.0004 at each
addition.

An in-house computer program that performs the described analysis can be
obtained from the author at Sara.Linse @ Fkem2.LTH.SE.

The initial total calcium concentration in the titrand before any calcium additions
are made can be determined by atomic absorption spectroscopy. Another way is
to let the titration data specify the initial calcium concentration Ca, by fitting the
data using several different values of Ca,, and choosing the one that gives a value
of (AMAX-AMIN) that agrees with A,—A;, (see Subheading 3.1., step 3).

It may be dangerous to use an adjustable factor F if the stoichiometry is not
known or if the chelator and/or protein binds calcium with a lower affinity so that
the curve does not have a sharp corner at the point of saturation. Using F to
correct for protein concentration errors, however, works fine with a set of pro-
teins with high affinity and known stoichiometry, because F is often better deter-
mined by the data than by any other method.

Such error bars do not include systematic errors because of false values of the
calcium affinity for the chelator. Hence, they are a measure of precision rather
than accuracy. Because the method is based on competition between the protein
and a chelator, the precision is often high, and when the aim is to study the effects
of mutations or other modifications, the method can be very useful and reliable.
The free energy of interaction between binding events at separate sites AAG can-
not be measured by the chelator method because this is a microscopic property.
However, the macroscopic binding constants can be used to calculate a lower
limit to -AAG. For a protein with two sites, this limiting value is RT In (4K,/K)
and equal to the true cooperativity if the two sites have equal affinities. For a
more thorough discussion of cooperativity and how it can be measured, see refs.
5,7,and 8.

If the initial calcium concentration is not precisely known, or if it is too high
(several uM) the precision in the determined macroscopic-binding constants will
be reduced. In such cases, it is especially difficult to quantitate the cooperativity,
as points are missing in the beginning of the curve (see Fig. 2C). The initial
curvature is not defined and the separation of the total affinity into individual
macroscopic binding constants becomes uncertain.
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Deconvolution of Calcium-Binding Curves
Facts and Fantasies

Jacques Haiech and Marie-Claude Kilhoffer

1. Introduction

Ca?* signaling is of paramount importance in intracellular communication
of eukaryotic cells. Many external stimuli trigger a transient change in the
cytosolic-free Ca?+ concentration (in the form of a Ca?* wave or Ca?* oscilla-
tions). The internal Ca** modulation is deciphered by Ca?*-binding proteins,
which undergo conformational changes upon Ca**-binding allowing them to
act as enzymatic or protein modulators. These Ca?*-binding proteins have been
well described in the past three decades (I-6). Calmodulin, an ubiquitous and
multifunctional protein, is considered as the prototype of the Ca**-binding pro-
tein family containing EF-hand domains (7—-16). Because of its pivotal role in
many Ca”*-dependent cellular events, the understanding of the mechanism of
action of this protein at the molecular level has been the aim of several research
groups. For such a study, four main points have to be tackled:

 Description of the mechanism of Ca%*-binding to calmodulin;

e Understanding of the conformational changes induced by Ca2?+-binding;

e Analysis of the interaction of calmodulin with the different targets; and

* Deciphering the activation or the modulation of the calmodulin/target protein
complexes.

Calmodulin is a protein with four Ca?*-binding sites. In this chapter, we will
describe how to deconvolute Ca**-binding curves, with special emphasis on
calmodulin Ca?*-binding curves.

The mechanism of Ca?*-binding to calmodulin has been described since
1973 and has been subject to many controversies. Therefore, we are going
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to use the scientifical history of calmodulin to present different drawbacks
(fantasies) that can happen when interpreting Ca?*-binding data (facts).

When analyzing Ca%*-binding or titration data, different authors used dif-
ferent definitions. Therefore, our first consideration will be to define the
terms that we will use, even if, for sake of clarity, we do not always follow
classical definitions. In general, we will stick to the logic of the book of I.
M. Klotz (17)

2. Macroscopic States vs Microscopic States

Let us first consider a protein with two sites for a given ligand (Ca?*, for
instance). The system may be represented in two ways (see Fig. 1A,B). The
scheme on Fig. 1A will be termed macroscopic scheme and the scheme in Fig.
1B, the microscopic scheme.

From an intuitive point of view, the first scheme implies that with the experi-
mental setup used, one cannot make a distinction between the two different
sites of the proteins. Under these conditions, the system is described by three
states (with the meaning used in thermodynamics, each state is characterized
by state functions that describe the average properties of billions of particles):

* One without ligand on the protein (the apoform);
* One with one ligand on the protein (regardless of the site occupied); and
* One with two ligands (all the sites are occupied).

Consider that we measure the number of ligands bound per protein using
equilibrium dialysis or flow dialysis. This experimental setup leads to binding
data that can only be analyzed using the macroscopic scheme. Our aim is to be
able to describe the ligand-binding mechanism at the molecular level. In other
terms, we would like to use the second scheme and to describe the binding
mechanism of each individual site. Although the average behavior of several
millions or billions of molecules is being measured, our ultimate goal is not to
describe the average state of the protein, but to visualize the behavior of each
molecule upon Ca*-binding to each individual site.

When describing the binding mechanism in its macroscopic form (see
Fig. 1A), two parameters K; and K,, termed macroscopic-association con-
stants, are used. To describe the same binding at the microscopic level, three
parameters are used: k; and k,, called microscopic- or individual-association
constants, and ¢, a coupling factor (Fig. 1B). The coupling factor c is always
positive. If ¢ is equal to 1, the two sites are independent. Otherwise there is
positive (¢ > 1) or negative (c < 1) coupling between the two sites. As the same
molecular mechanism is described by two different schemes, there is a rela-
tionship between the macroscopic constants on the one hand, and the micro-
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Fig. 1. Schematic representation of a protein with two binding sites for a specific
ligand. (A) Macroscopic scheme; (B) Microscopic scheme.

scopic constants and the coupling factors on the other hand. From Fig. 1, it is
straightforward to deduce the following:

K1:k1+k2
K * Ky=c*k *ky (H

Ligand-binding data obtained from equilibrium or flow-dialysis experiments
are described by the so-called Adair-Klotz equation:

V=K * L) +2* K * K L/ 1+ K * (L) + K * K, (L)? 2
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where vy is the number of moles of ligand bound per mole of protein and (L) is
the free-ligand concentration. The denominator of Eq. 2 is the binding polyno-
mial. The degree of this polynomial corresponds to the number of sites.

Nonlinear regression on the experimental data using Eq. 2 allows to deter-
mine the two macroscopic constants. Determination of the degree of the bind-
ing polynomial is also possible. However, for obvious mathematical reasons, it
would be much better to determine the number of sites for a given ligand using
an independent technique (for instance, mass spectrometry). Determination of
the macroscopic constants would then be much more precise.

From the macroscopic constants and using Eq. 1, we would like to deter-
mine the individual or microscopic constants and the coupling factor. Unfortu-
nately, we have two equations with three unknowns. To interpret our
“macroscopic data” in a “microscopic or molecular” scheme, we have to make
some simplifying hypothesis. In others words, we have either to fix the value of
at least one of the unknown parameters or to add a third equation.

Two hypotheses are classically found in the literature:

* One considers the sites to be independent; c is then equal to 1;
* The second uses a principle of symmetry and considers that the sites are identi-
cal; their individual association constants are then equal (k; = k, = k).

Using the first hypothesis, Eq. 1 may be solved if
Kl =>4 % Kz (3)

If this inequality does not hold, the system cannot be interpreted with ¢ equal to
1. That implies that the two sites are not independent.

Using the second hypothesis, three equations with three unknowns are
obtained. The solution of this system is

klzkzzk:Kl/Q, (4)

Combining the two hypotheses, we assume that the two sites are independent
and equivalent. This strong assumption is called the Scatchard hypothesis. With
this assumption, Eq. 1 becomes

K =2%k
Kl*Kzzkz (5)

Equation 5 can be solved if and only if
Ki=4*%K,=2%k (6)
With this hypothesis, Eq. 2 becomes
v=[R2*k*(D)]/[1+k*(L)] (7



Deconvolution of Calcium-Binding Curves 29

Equation 7 may be rewritten
vI(L)=k*(2-v) ®)

This equation is called the equation of Scatchard and its graph is a straight line.
We have here an important result, which can be phrased as follows (the
Scatchard theorem):

e A protein with two equivalent and independent site for a given ligand presents a
ligand-binding curve, which is described by the Scatchard equation and its the
graphical representation is a straight line.

* On the other hand, a protein-ligand binding curve, which is a straight line in the
Scatchard representation does not imply that the protein has two independent and
equivalent sites.

Indeed, when
K, =4*K, 9)

the ligand-binding curve is a straight line in the Scatchard representation. We
have an infinite number of possibilities to choose ki, k,, and c¢ to fulfil Eq. 1
and Eq. 9. For example, for any value of k;, the following triplet fulfills the
previous requirements:

ky
ky = k; / 1000 (10)
¢ =250

In this example, although the Scatchard representation is a straight line, the
sites are neither equivalent, nor independent. The protein has one site with high
affinity for the ligand and one site with low affinity. Moreover, upon ligand
binding to the high affinity site, there is a strong positive coupling with the
second site.

In most textbooks, authors consider that when ligand-binding data of a
protein lead to a straight line in the Scatchard representation, the protein has
equivalent and independent sites for the ligand. This explains several contro-
versies in the Ca?*-binding protein field. This explains several controversies in
the Ca?*-binding protein field.

3. A General Model for Whatever the Signal Is

From the previous reasoning, we are faced with the following problem: the
Ca?*-binding curve alone does not allow to provide a single and genuine
molecular-binding mechanism. In this context, experiments that allow us to
track each individual complex of the scheme in Fig. 1B would be extremely
useful. Several research groups aimed to develop and introduce in the protein
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reporter groups with spectroscopic properties that are sensitive to the occu-
pancy of one specific site by the ligand.

Assume that to each complex depicted in Fig. 1B, we associate a signal,
namely s, for the protein without ligand, s, for the protein with ligand in site 1,
s, for the protein with ligand in site 2, and s5 for the protein with two ligands. It
is straightforward to derive the equation describing the variation of the signal
as a function of the free-ligand concentration (L).

S0+S1*k1*(L)+S2*k2*(L)+S3*C*k1*kz*(L)z
1+k1*(L)‘l‘kz*(L)‘l‘C*kl*kz*(L)z

S=

(1)

Notice that s = sy when (L) = 0 and s = s3 for (L) at saturating concentration.
This last point means that from an experimental point of view, we may increase
the concentration of (L) in such a way that ¢ *k; * k, * (L)?>>> 1 + (k; + k) * (L).
As the concentration of (L) may be limited to a given range, the unknown s5
cannot be always determined independently.

If in a given experiment, the signal S we measure corresponds to the number
of ligand bound per protein, we have

So=0;8;=5,=1

and s3 = 2 (the signal corresponds to the number of bound ligands for each
complex).

Equation 11 can be rewritten:

ki * (L) +kyF (L) 4+ 2% ¢ * kg *hky ¥ (L)?

= 12
1+k1*(L)‘l‘kz*(L)‘l‘C*kl*kz*(L)z ( )

This equation is equivalent to Eq. 2 combined with Eq. 1.

Assume now that we are able to introduce, at a specific location in the pro-
tein, a reporter group sensitive to the occupancy of the site 1 (respectively, a
reporter group sensitive to the occupancy of site 2). Therefore, for the signal
arising from the first reporter group, we have:

g = ki * (L) +c* ki * ky * (L)?

= 13
1+k1*(L)‘l‘kz*(L)‘l‘C*kl*kz*(L)z ( )

as sp=0, s =1, s, =0, and 53 = 1 (in relative units).
For the second reporter group, sensitive to the occupancy of site 2, we have:

% _ ky * (L) + ¢ * ky * ky * (L)?

= 14
1+k1*(L)‘l‘kz*(L)‘l‘C*kl*kz*(L)z ( )

as sp=0, s, =0, s, =1, and 53 = 1 (in relative units).
Figure 2 presents a graphical representation of Eqs. 12-14 in the case of a
protein with two independent and equivalent sites (see Fig. 2A) and in the case
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Fig. 2. Graphical representation of Eqs. 12-14 with k; =k, =c=1 (A) and k; = 1,
k, = 0,001, and ¢ = 250 (B). X-axis represents the normalized concentration of the
ligand and y-axis, the normalized amplitude of the signal (s, ll, v @, and 5, A).

of a protein with a high-affinity and a low-affinity site with strong positive

coupling between the two (see Fig. 2B).

In the first case, all three curves are identical. In the second case, the CaZ*-
binding curve is akin to the previous one, but the curves associated with the
occupancy of site 1 and site 2 are, respectively, left-shifted and right-shifted. In
this latter model, upon ligand titration, the first site is occupied before the sec-
ond site. However, the mean number of bound ligand is the same as for a pro-
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tein with independent and equivalent sites. We will call this binding mecha-
nism a sequential binding mechanism.

At this point, we want to underline that for a protein with more than one site
for a ligand L, the ligand-binding curve obtained by flow or equilibrium dialy-
sis and the spectroscopic ligand-binding curves have to be combined in order
to refine the possible molecular interpretations and cannot be used indepen-
dently from one another.

The previous equations can easily be generalized to proteins with n sites for
a given ligand and even for several different ligands. For a protein with four
sites (such as calmodulin which binds four Ca?*), we have to deal with four
macroscopic constants, four microscopic or individual constants, and 11 cou-
pling factors.

Equations 2, 11, and 12 take the following form:

_ Kl*(L)+2*K1*K2*(L)2+3*K1*Kz*K3*(L)3+4*K1*Kz*K3*K4(L)4

15)
1+K1*(L)+K1*ZK2*(L)2+K1*Kz*K3*(L)3+K1*Kz*K3*K4(L)4

I<(@j=4 Is(ijk) =4

SO+(2s ki )*(L)+(2S ik *k;) *(L)2+(§js ik ey K k) $ (L1 0.5 4751 23,45k ¥k ks ey *(L)* (16)

S=

1=(ij)s4 1= Gjky=4

1+(2k )*(L)*'(EC jokitk; )*(L)Z"'(EC,[ 1k 5K ) (L3¢ 0 5,07k ¥y g S (L)

1=(ij)s4 1= Gjb <4

(zk )*(L)+2*(ZC 7kk;)# (L) +3 *’(EQ ik ekt ) F (LY +4% ¢ 5 5347k Ko ¥k kg *(L)* a7

v=
1=(ij)s4 1=Gjb =4

1+(2k )*(L)*'(EC ki ki )*(L)Z"'(EC;[k*k'*kj*kk)*(L)3+Cl,2,3,4*k1 ey ¥y ey H(L)*

The remarks stressed out for a protein with two sites, also apply to a protein
with n sites (n > 1).

4. Analysis of Ligand-Binding Curves

To analyze the ligand binding to a protein, we follow a specific signal as a
function of the free-ligand concentration (titration) or total-ligand concentra-
tion (addition). The free-ligand concentration may be directly measured as in
equilibrium and flow-dialysis experiments, or using a ligand-sensitive elec-
trode. It also may be clamped by a ligand-buffering system. In most spectro-
metric experiments, we have access to the total added ligand concentration and
we know the protein concentration in our cuvet.

In titration experiments, we determine a set of couples (§;,(L);) where S is
the signal as defined above, (L) the free-ligand concentration, and i varies
between 1 and n (n being the total number of experimental points). For a pro-
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tein with four binding sites for ligand L, we have to find by nonlinear regres-
sion the best parameters in order to fit the experimental points to Eq. 17. Using
dialysis (equilibrium or flow) and spectroscopic experiments, we may com-
bine Eqs. 16 and 17.

In the experiments were addition is performed, we have to solve a nonlinear
system of three equations:

I<@j=4 1= (ijk)=4

(zk )*(L)+2*(EC 7k4k;)#(L)*+3 *_(XCi,_/‘,k ek ) S (L)3+4%c) o 5 4%k K Ky kg H(L)* 17)

1=(ij 1=(ijk) <4
1+(2k )*(L)*'(EC *k'*k )*(L)2+(2C; ) 1k 5Kk B (L3¢ 0 53,07k o ¥y g (L)

i<j<k

1=(ij) =4 1=(jk) =4
SO+(2s ki )*(L)+(2S ey k) (L (Zs; ek K ) S (L1 0.5 4% 0347k %k hy kg *(LY* (16)
S - i<j<k

I=(@ij)=4 Is(ijk) =4

1+(2k )*(L)+(2c ik *kj) #(L)2+H(Zc;, ik ki o )¥(L)3+c, 2347k %k Fhy ey H(LY*
i<j<k

L=v*P,+(L)

where P, is the total concentration of protein, L, is the total concentration of ligand.

Such a system of equations can be solved by nonlinear regression. The de-
termination of v, the number of sites, by an independent experiment is greatly
recommended as it facilitates the resolution of the equations.

Software such as Excel, Origin, or SAS may handle easily such systems of
equations.

Although few work has been done in this field, it would be interesting to
develop statistical tests that are pertaining to this kind of mathematical equa-
tions or systems of equations.

5. Deciphering the Mechanism of Ca2*Binding to Calmodulin

Since 1970, the intracellular eukaryotic Ca?*-binding proteins appear as the
main Ca?* detectors (1-3,5,6,18). Most of these proteins belong to the EF-hand
domain protein family and present in their structure the canonical EF-hand
domain, constituted by two 12 residue alpha helices surrounding a 12 residue
Ca’*-binding loop (4,19-21), suggesting their probable evolution from a single
EF-hand domain by duplication. The prototype of this family is calmodulin, a
four EF-hand domain protein (8,10,12—16). Whereas most of the Ca?*-binding
proteins are specifically localized and are representative of a given cellular
state, calmodulin appears to be ubiquitous, present in all eukaryotic species,
and involved in a multitude of Ca?*-dependent cellular events, through its
interaction with various target enzymes. Therefore, numerous studies were
undertaken in order to get detailed mechanistic insight into Ca**-binding to
this fascinating protein.
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Calmodulin was identified as an activator of cyclic nucleotide phosphodi-
esterase in 1970 by Cheung and Kakiuchi (7,9). The biological activity of the
protein was investigated during the 1970s (22-30), but the complete amino
acid sequence appeared only in 1980 (31,32). Calmodulin crystallization was
difficult and the first 3D-structure was released in 1985 and refined in 1988
(33,34). In its crystal form, the protein appeared as a dumbbell, composed of
two lobes linked by a long alpha helix. Each lobe is composed of two EF-hand
Ca?*-binding domains.

Deciphering the Ca%*-binding mechanism of calmodulin was some kind of
challenge for several teams since 1973.

5.1. Evolution of the Calmodulin models

In the 1970s, starting with Teo and Wang (35), several groups (36—44) per-
formed Ca?* titrations of calmodulin using equilibrium or flow dialysis. Most of
the experimental data were represented using the Scatchard representation. This
representation of the data led to a straight line and pointed to the presence of
three to four Ca?*-binding sites, depending upon the experimental conditions. A
consensus rapidly appeared in the calmodulin field, which considered calmodulin
as a protein with four independent and equivalent sites. At high-ionic strength,
one of the sites was weakened and only three sites were titratable.

Then at the beginning of the 1980s, NMR was used to follow the conforma-
tional changes of calmodulin upon Ca?* addition and the Ca?*-binding sites
were characterized using 3Ca and '13Cd (45-50). A new consensus emerged
in which calmodulin was considered as a protein with four independent sites
divided into two classes: two high-affinity sites in the C-terminal lobe and two
low-affinity sites in the N-terminal lobe. Results from several other spectro-
scopic techniques (UV and fluorescence spectroscopy, circular dichroism /51—
55]) fitted well to this last model. This was the start of a controversy as the two
models are exclusive one from the other. Although we published in 1981 (38)
an interpretation that allowed to reconcile the different experimental data
(based on the model in Fig. 2A but applied to a protein with 4 sites), such
interpretation was ignored. In 1985, Wang (56) proposed a model to reconcile
linear Scatchard plots and spectroscopic data. The properties of calmodulin in
this model were the following:

e Calmodulin has two independent pairs of sites;

 Each pair of sites exhibits positive cooperativity on Ca**-binding; and

 The pair of sites in the COOH terminal half binds Ca?* with higher affinity than
the pair of sites in the NH, terminal half.

This model uses three parameters: two individual constants (one for each pair
of sites) and one coupling factor (the same for each pair). With a good choice
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of the parameters, experimental data obtained, either by measuring the num-
ber of ligands bound to the protein or by following a spectroscopic signal as a
function of the ligand concentration, can be fitted to the model. One of the
main assumption of the model of Wang is the independence of the two lobes. If
this assumption is true, the behavior of whole calmodulin must be the sum of
the behaviors of its individual lobes (which can be obtained by proteolytic
digestion [51,57]). Some studies concluded that there was little or no interac-
tion between the N-terminal and C-terminal halves of calmodulin. This was
based on comparisons of titration curves of whole calmodulin vs those of iso-
lated domains (58—-60). Other studies, using mutated calmodulins, were in
favor of an interaction between the two domains (61-64). A controversy arose
on this issue, as one cannot be sure that the tryptic fragments generated retain
their original structure, nor that mutagenesis does not induce minor changes in
the protein structure. It is only recently that work performed on whole
calmodulin set up his controversy and clearly established that the two lobes
of calmodulin were not independent (65—-68). Also, in the presence of target
proteins or peptides, the cooperativity between the two lobes of CaM mark-
edly increases.

To get more insight into the mechanism of Ca”*-binding to calmodulin, we
decided in 1986 to build isofunctional mutants with an internal reporter group
(64,69,70) that will give us access to the occupancy of one specific site of the
protein. Our strategy was based on the reasoning developed in Subheading 3.
(see Fig. 2). As standard calmodulin does not harbor tryptophan residues in its
structure, we introduced one tryptophanyl residue at specific positions in
calmodulin (64). Results allowed us to confirm the model we proposed in 1981.
This model is presented in Fig. 3.

Each site exists in two different conformations: a conformation of high affin-
ity for Ca>* (HC conformation) and a low-affinity Ca?*-binding conformation
(LC conformation). In the apoform, only site III is in the HC conformation.
Upon Ca®* occupancy of this site, site IV undergoes a conformational change
toward a HC conformation, and so on, step by step, for the remaining sites. This
model is basically described by four constants, the individual binding constants
of each individual site in the HC conformation. If g1, g2, g3, and g4 are these
constants, the equation describing Ca**-binding to calmodulin can be written

- S FL)+2% g g (L2 +3% g * gy * g3 * (L +4 % g% g2 % g3% g4 (L)* (18)
L+g "D+ g ¥ & (L +g % g * g3 (L +g1 % g% g3% g4 (L)

These constants (g;) correspond to the macroscopic constants of the Adair-Klotz
Eq. 2. In this model, we have a direct interpretation of the macroscopic con-
stants in terms of individual constants and coupling factors.
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Fig. 3. Mechanism of Ca*-binding to calmodulin. The big circles correspond to
Ca®*, the thether to the helices and connecting peptides. At the start, all sites but site
111, are in a conformation of low affinity for Ca** (LC conformation). After each Ca?*-
binding step, one specific site acquires the high-Ca?*+-affinity conformation (HC con-
formation). Numbers correspond to the Ca**-affinity constants.
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As calmodulin belongs to the EF-hand family of intracellular Ca®*-binding
proteins, we may wonder if this binding mechanism is pertinent to most pro-
teins of the family. Moreover, the number of Ca?*-binding sites varies from 2
(parvalbumin) to 6 (for review, see ref. 18). In 1979, we already showed that
the same general model applies to parvalbumin (71). As parvalbumin has two
EF-hand Ca’*-binding sites, the parameters of such a model were easier to
describe. Parvalbumin is not very close to calmodulin from an evolutionary point
of view. Therefore, a principle of simplicity leads us to suggest that the sequen-
tial binding model is probably pertinent to most EF-hand Ca%*-binding proteins.

6. Open questions

Recent studies on calmodulin using mass spectrometry have shown that
calmodulin exhibits more than four binding sites for Ca>* and for others cations
(72). Other Ca?*-binding proteins exhibit cationic binding sites (Zn** or Cu?*
for S100 [73], a third site for Parvalbumin [74]). This suggests that, in addition
to the so called EF Ca%*-binding sites, others cationic sites exist on these pro-
teins. These sites may bind Ca?* and/or Mg?* among others cations with low
specificity. However, up to now, there are only few studies on the physiological
role of these sites. Recently, using microcalorimetry, we have shown that Mg+
acts through these cationic sites to modulate the Ca?*-binding affinities of the
individual EF hand sites of calmodulin. We also brought evidence that Mg+
modulates the interaction between the two lobes of calmodulin (75).

Other experimental conditions (ionic strength, presence of target structures
or peptides such as the RS20 or M13 [the binding domain of myosin light chain
kinase of smooth muscle or skeletal muscle, respectively], others cations, ethyl-
ene glycol) modify the Ca?*-binding parameters of the system, but qualitatively
the mechanism of Ca?*-binding to calmodulin seems to remain unchanged. In
the cell, the water concentration is likely to be different from the one prevailing
in the test tube. The observation that ethylene glycol (which decreases the water
concentration) has a strong effect on calmodulin (64), suggests that depending
on the localization of calmodulin within the cell, its Ca?*-binding parameters
and, therefore, its Ca>*-binding kinetics may be different. Monitoring the differ-
ent calmodulin/Ca?* complexes directly in the various cellular compartment
seems now to be of paramount importance if one has to get deeper insight into
how calmodulin plays its multifunctional role in the cell.

7. Conclusions

Most of the controversies in the Ca?*-binding protein field have arisen from
a misuse or misunderstanding of the equations governing the interaction
between a protein and a ligand, when the protein is a multisite protein.
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We may suggest the following conjectures:

* The set of binding equations probably has mathematical properties that it would
be interesting to decipher in order to improve the statistical tests associated with
the deconvolution of calcium binding experimental curves;

* The use of several experimental techniques (namely, mass spectrometry, equilib-
rium or flow dialysis, microcalorimetry, spectroscopic techniques, and so on) is
needed to cross the possible molecular interpretations; and

e With the progress in molecular dynamics, the molecular interpretation of a pro-
tein system has to be simulated.

New emerging techniques let envisage that in the coming years, the interac-
tion between a protein and its ligands will be performed directly inside the cell
and at the level of the single molecule. Such a fantastic development will shed
new light on how cells manage Ca* signaling.
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Absorption and Circular Dichroism Spectroscopy

Stephen R. Martin and Peter M. Bayley

1. Introduction

Only four intrinsic protein chromophores absorb light significantly in the
near-UV region of the spectrum (340-255 nm): the side chains of Trp, Tyr,
Phe, and cystine (note: cysteine residues make no significant contribution).
The absorption spectra are shown in Fig. 1. Although several amino acid side
chains (notably Tyr, Trp, Phe, His, and Met) absorb light strongly in the far-UV
region (below 250 nm), the most important contributor here is the peptide bond
(amide chromophore), with n — xt* and &t — xt* transitions at approx 220 nm
and approx 190 nm, respectively. The contribution of any individual chro-
mophore to the total absorbance of the protein will depend, to some extent at
least, upon its environment. The experimentally measured parameter, the
absorbance A is related to the molar extinction coefficient, €, (M~'cm™), the
path length / (cm), and the protein concentration C (M) by the Beer-Lambert
law A =gy C.1L.

In circular dichroism (CD), the experimentally measured parameter is the
difference in absorbance for left and right circularly polarized light, AA (= A,
— Ag). Because CD is also an absorption phenomenon, the chromophores that
contribute to the CD spectrum are the same as those contributing to a conven-
tional absorption spectrum. The near-UV CD bands of proteins (deriving from
Trp, Tyr, Phe, and cystine) reflect the tertiary and quaternary structure of the
protein. The far-UV CD bands (deriving principally from peptide bond absorp-
tion) reflect the secondary structure of the protein (a-helix, B-sheet, f-turn,
and random or unordered) (see Subheading 3.5.). The molar CD extinction
coefficient, Agy, (= g — eg: units M~'cm™1) is calculated from the CD version of
the Beer-Lambert law: AA = Ag,,.C.1.

From: Methods in Molecular Biology, vol. 173:
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Fig. 1. Absorption spectra of tryptophan ([J), tyrosine (A), phenylalanine (O), and
cystine (V) recorded in 10 mM phosphate buffer (pH 7.0). The spectrum for phenyla-
lanine has been multiplied by 10 for clarity.

CD spectroscopy is widely used in the study of proteins because CD spectra
are remarkably sensitive to molecular conformation. Although CD provides
only low-resolution structural information it does have two great strengths.
First, it is extremely sensitive to changes in conformation, whatever their ori-
gin, and second, a very wide range of solvent conditions is accessible to study
with very small amounts of material. The principal applications of CD spec-
troscopy in the study of proteins are:

1.
2.

3.

In the estimation of protein secondary structure content.

In detecting conformational changes brought about by changes in pH, salt, and
added cosolvents (simple alcohols, tri-fluoroethanol, and so on).

In monitoring protein denaturation brought about by changes in temperature or
by the addition of chemical denaturants (urea, guanidine hydrochloride).

In monitoring protein—ligand, protein—peptide, and protein—protein interactions.
In studying protein self-association through CD studies as a function of concen-
tration.

In studying (in favorable cases) the kinetics of ligand binding (particularly slow
dissociation processes), protein denaturation, and protein refolding.
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There are numerous reviews that describe the principles of CD spectroscopy
and its applications in the study of different biomolecules (1-5).

2. Materials

1. A CD instrument. The principal suppliers are: Jasco Inc. (Easton, MD, or Jasco
U.K. Limited, Great Dunmow, Essex, U.K.); Jobin-Yvon (Longjumeau, France
or Instruments S.A. U.K. Ltd., Stanmore, Middlesex, U.K.); Aviv and Associates
(Lakewood, NJ); and On-Line Instrument Systems Inc. (Bogart, GA).

2. A set of quartz cuvets (either rectangular or cylindrical) with path lengths rang-
ing from 0.1 to 10 mm. Self-masking (black-walled) micro or semimicro cuvets
with 10 mm path length are particularly useful for near-UV CD and absorption
measurements with small volumes (approx 0.25 mL). Cuvets are obtainable from
several suppliers (e.g., HELLMA).

3. A sample of d-10-camphorsulfonic acid (d10-CSA, Aldrich) for instrument cali-
bration.

4. All other standard reagents should be of the highest purity available. Organic
solvents should be of spectroscopic grade (e.g., SpectrosoL from Merck) and
should be checked for the absence of absorbing impurities.

3. Methods
3.1. Preparation of Instrument and Care of Cuvets

1. The instrument should always be purged with high-purity oxygen-free nitrogen
(approx 3-5 L/min) for at least 20 min before starting the light source and while
making measurements. Any oxygen present may be converted to ozone by far-
UV light from the high intensity arc, and ozone will damage optical surfaces.
Higher nitrogen flow rates should be used for measurements below 190 nm.

2. The instrument should be regularly calibrated. Prepare a solution of d10-CSA in
water (approx 2.5 mM) and determine the precise concentration (C) by absorp-
tion spectroscopy using €55 = 34.5 M~'cm™! (do not calculate the concentration
by weight because the solid is hygroscopic). The calculated intensity at 290.5 nm
in a 10-mm path length cuvet (in millidegrees) = 32980.C.Agy; 5995, Where
A€pr0005 = 2.36 M~'em™ (6). If the intensity is not within 1% of the expected
value refer to the manufacturers’s handbook for details of the adjustment proce-
dure. It is also advisable to check the wavelength calibration of the instrument
and its general far-UV transmission performance from time to time (see Note 1).

3. Cuvets with path lengths of 1 mm or less should always be calibrated. This is
easily done using any solution with accurately known absorbance. Cuvets may
have some strain that gives significant CD artifacts. Moderate strain can be toler-
ated, but it is sensible to eliminate any strain effects by always orienting the cuvet
the same way in the CD instrument.

4. Cuvets should always be cleaned immediately after use, using a preparation such
as HELLMANEX II cuvet cleaning solution (HELLMA). After cleaning, rinse
extensively with distilled water, then ethanol, and dry using an air pump or by
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3.2.

. Accurate sample concentrations are absolutely essential for the analysis of far-
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evaporation. Cuvets should be stored in the cases generally provided by the manu-
factures.

Determination of Sample Concentration

UV CD spectra for secondary structure content and whenever one wishes to make
meaningful comparisons between different protein samples. Lowry or Bradford
analyses are not sufficiently accurate for use with CD measurements unless they
have been carefully calibrated using concentrations determined using a more
direct method, such as quantitative amino acid analysis of the protein under
investigation. We routinely determine protein concentrations using absorption
spectroscopy as described in the Subheading 3.2, step 2.

Record the instrument baseline (450-250 nm) using a buffer solution that is
exactly the same as that in which the protein is dissolved (see Note 2). Clean and
dry the cuvet and record the spectrum of the sample with baseline subtraction and
with temperature control. If the spectrum shows significant light scattering, i.e.,
significant background absorption above approx 315 nm, a correction should be
applied. In most cases it is reasonable to assume that the scattering is Rayleigh in
nature and that the absorbance caused by scatter is proportional to A" (where the
exponent n is generally close to 4). The light-scattering contribution to be sub-
tracted at 280 nm, for example, would then be (A350,m)(350/280)* = (A350nm)
(2.442) (see Note 3). When the extinction coefficient is known (see Subheading
3.2, step 3) the concentration can be calculated with considerable accuracy.
Highly scattering samples should always be clarified by low-speed centrifuga-
tion or filtration prior to concentration determination.

. Although it is possible to calculate the extinction coefficient of a protein with

reasonable accuracy (7,8; see Note 4) it is much more reliable to measure it.
This is best done using the Edelhoch method (8). Make identical dilutions of
the protein stock in the experimental buffer and in the same buffer containing
6 M guanidine hydrochloride and record absorption spectra with appropriate
buffer subtraction. Correct for light scattering, if necessary (see Subheading
3.2, step 2), and measure the absorbance at the chosen wavelength. Then, for
example, the extinction coefficient at 280 nm is calculated from the amino
acid composition as (8):

€280,buffer = (A280,butfer) (€280,Gurc1)/ (A 280, Gurct)

where €530 guncr (M~'em™!) = (#Trp)(5685) + (#Tyr)(1285) + (#cystine)(125).

In the case of calcium-binding proteins it is, of course, useful to perform
this measurement for both the calcium-free and calcium-saturated forms.
Also, one should not assume that the extinction coefficient of a protein is
independent of temperature. For example, the extinction coefficient of apo-
calmodulin decreases by 5% on heating from 15 to 30°C, owing to instability
of the C-terminal domain.
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3.3.

1.

3.4.

. Set the scan speed and time constant. The product of the time constant and the

Sample Preparation

Samples should, of course, be of he highest possible purity. Near-UV CD signals,
in particular, can be seriously distorted by the presence of relatively small
amounts of protein impurities (if they have intense signals) and by the presence
of nucleic acids, which have intense CD bands in this region.

. Far-UV CD spectra of proteins (260—178 nm) are intense and small amounts of

material are required to record them. Because all peptide bonds contribute to the
spectrum the amount of material required is effectively the same for any protein.
Typical quantities are 200 uL of a 0.1-0.15 mg/mL solution with a I-mm path
length cuvet or 30 uL of a 1.0—1.5 mg/mL solution with a 0.1 mm (demountable)
cuvet. The latter is preferable for good far-UV penetration (see Subheading 3.3
step 4) but the material is not generally recoverable.

. Near-UV CD spectra (340-255 nm) are much less intense than far-UV spectra

and recording them requires more material. Spectra are usually recorded under
conditions similar to those used for measuring a conventional absorption spec-
trum, e.g., use a 10-mm cuvet and aim for an absorbance at 280 nm in the range
0.7-1.0. Less-concentrated solutions may be used if the CD signals are intense.

. CD signals will be seriously distorted if too little light reaches the photomulti-

plier. In practical terms, this means that one cannot make reliable measurements
on samples with an absorbance (sample plus solvent) much greater than 1. The
absorption spectrum of the sample should always be checked to see if (and where,
see Subheading 3.4 step 3) this absorbance limit is exceeded. In far-UV mea-
surements, the absorbance of the protein itself is generally rather small and the
major problems arise from absorption by buffer components, almost all of which
will limit far-UV penetration to some extent (see Note 5).

Data Collection

scan speed should always be less than 0.5 nm. Higher values will give errors in
both band position and band intensity (see refs. 6,9—11 for further discussion of
errors in CD measurements). Typical parameters are a scan rate of 100 nm/min
and a time constant of 0.25 s. Collecting multiple scans will improve the signal to
noise (S/N) ratio to acceptable levels: the S/N ratio is proportional to the square
root of the number of scans and to the square root of the time constant.

Set the spectral bandwidth. Increasing the spectral bandwidth reduces noise by
increasing light throughput. The bandwidth should always be 2 nm or less to
avoid distorting the spectrum. It may be necessary to use lower values in order to
resolve fine structure in near-UV spectra.

. Set the wavelength range. Far-UV spectra should generally be scanned from 260

to the lowest possible wavelength. This low-wavelength limit will depend largely
upon the buffer being used (see Subheading 3.3 step 4). Near-UV spectra are
routinely scanned over the range 340-255 nm.
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3.5.

. Subtract the baseline scan from the sample scan. All spectra should have been
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Set the temperature control. Far-UV spectra in particular generally show some
temperature dependence, even outside the range of any thermally induced
unfolding of the protein.

. Run a single scan to check that the selected parameters are appropriate. CD spec-

tra will be seriously distorted if the photomultiplier voltage rises above a certain
limit, generally of the order of 600 V. The low wavelength limit for far-UV spec-
tra should be reset to a higher value if this photomultiplier voltage limit is
exceeded. If the voltage is too high in the near-UV region either the protein con-
centration or the path length should be reduced. In the case of near-UV spectra,
there is generally no CD signal in the 315-340 nm region. A significantly sloping
baseline (often becoming increasingly negative toward lower wavelength) may
indicate that there is a disulfide contribution to the spectrum. A sloping baseline
may also be observed if the sample scatters light to a significant extent. Both
factors should be checked by absorbance measurements (a CD signal outside the
region of any absorption bands must be a result of scattering artifacts) and the
upper wavelength limit for the scan should be extended (380 nm is generally
sufficient).

Perform the measurement with signal averaging of a number of scans (5-10 is
generally sufficient). If necessary, make any additions to the cuvet and repeat the
measurement (see Notes 6 and 7).

Scan the baseline (with the same cuvet and buffer — see Note 8) using the same
instrument settings. Do not be tempted to reduce the number of scans, because
any noise in the baseline scan will simply be added to the sample scan in subse-
quent numerical processing.

. For many purposes (e.g., in a titration or a denaturation experiment) it is often

sufficient to have values of a CD signal at a single wavelength. To allow proper
baseline alignment at higher wavelength, these values should be taken from full-
wavelength scans whenever the signal is weak. When the signal is strong, the
baseline alignment problems should be minimal and a single wavelength read-
ing may be adequate. For far-UV titrations (e.g., with ligands or denaturants)
and thermal unfolding experiments (see Notes 9 and 10), it may be helpful to
use a solution at the normal concentration for a far-UV measurement (i.e., 0.1—
0.15 mg/mL), but use a 10-mm path length cuvet. This restricts the accessible
lower wavelength range, but normally permits measurements in the region of
interest (generally 220 nm).

Data Analysis and Interpretation

collected with a starting wavelength that gives at least 15-20 nm at the start of the
scan where the signal is zero (see Subheading 3.4.). After baseline subtraction this
region should be (and usually is) flat but the signal may not be zero. This is usually
caused by vertical drift in the signal. The solution is to average the apparent signal
over the first 15-20 nm and subtract this average value from the whole curve.
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2. Convert the spectrum to the desired units. The observed signal S (in millidegrees)
should generally be converted to the molar CD extinction coefficient (Ag,,) or the
mean residue CD extinction coefficient (Ag,,,) using:

Agy, = S/(32980.Cyp 1) or Agypyy, = S.mrw/(32980.Cppgr 1) - (Units: M-lem!)

where [ is the path length (in cm), C), is the molar concentration, Cyg/mr, is the
concentration in mg/mL, and mrw is the mean residue weight (molecular weight
divided by the number of residues, see Note 11). Averaging far-UV intensities
over the total number of amino acid residues in this way facilitates comparison
between proteins. Averaging near-UV intensities in this way is not justified
because only four different amino acid side chains contribute to the CD in this
region. CD intensities are sometimes reported as molar ellipticity ([0],,) or mean
residue ellipticity ([0],,w), Which may be directly calculated as

[6]m = S/(10.Cpp.]) or [0y = S.mrw/(10.C g -1)  (Units: degrees.cm?dmol)

[6] and Ae may be interconverted using the relationship [0] = 3298.A¢

3. Near-UV CD bands from individual residues in a protein may be either positive
or negative and may vary dramatically in intensity. Residues that are immobi-
lized and/or interact strongly with neighboring aromatic residues produce the
strongest signals. The near-UV CD spectrum of a protein does not allow one to
say anything in detail about the tertiary structure of the protein. Knowledge of the
position and intensity of CD bands expected for a particular residue is helpful in

understanding the near-UV CD spectrum. The principal features are (12-14):

e Phenylalanine has sharp fine structure in the range 255-270 nm with peaks
generally observed at 262 and 268 nm (Agy; = 0.3 M~'cm™).

 Tyrosine generally has a maximum in the range 275-282 (Agy, = 2 M~'cm™),
possibly with a shoulder some 6 nm to the red.

e Tryptophan often shows fine structure above 280 nm in the form of two 'L,
bands (one at 288 to 293 and one some 7 nm to the blue, with the same sign
Agy =5 M'ecm™) and a 'L, band (around 265 nm) with little fine structure
(Agy = 2.5 M 'em™).

e Cystine CD begins at long wavelength (>320 nm) and shows one or two broad
peaks above 240 nm (Agy = 1 M~'cm™!), the long wavelength peak is fre-
quently negative.

Many of these features are illustrated in Fig. 2, which shows near-UV CD spectra

of apo-calmodulin, Cay-calmodulin and the complex of the latter with an 18-resi-

due peptide containing a single tryptophan residue. Drosophila calmodulin con-

tains nine phenylalanines (which give the sharp bands at 262 and 268 nm) and a

single tyrosine in the C-terminal domain (giving the broad band around 275 nm).

These spectra show the profound change in the CD signal from Tyr-138, which

may be used to monitor calcium binding to the C-terminal domain of calmodulin.

The free peptide, which is unstructured, shows only a very weak CD signal, but

immobilization in the complex generates peaks characteristic of tryptophan at 286
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Fig. 2. Near-UV CD spectra of apo-calmodulin (O), Ca,-calmodulin ((J), and the
complex of Cay-calmodulin with an 18-residue peptide from the calmodulin binding
domain of skeletal myosin light-chain kinase (A).

and 293 nm. Studies with nontryptophan-containing peptides show that the spec-
trum of Cay-calmodulin remains effectively unchanged in the complex.

4. Far-UV CD spectra depend upon the secondary structure content of the protein
and are generally easier to interpret. Characteristic features of the spectra of dif-
ferent protein classes may be summarized as follows (15):

All-o proteins show an intense negative band with two peaks (208 and 222 nm)
and a strong positive band (191-193 nm). The intensities of these bands reflect
a-helical content. Ag,,,, values for a totally helical protein would be of the
order of =11 M~'em™! (208/222 nm) and +21 M~'cm™! (191-193 nm).
Regular all-p proteins usually have a single negative band (210-225 nm,
A€ pew —1 10 -2.5 M~'cm™!) and a stronger positive band (190200 nm, Ag .,
2—6 M~'cm™"). Intensities are significantly lower than for all-a. proteins.
Unordered peptides and denatured proteins have a strong negative band
(195200 nm, Ag,,., —4 to =8 M~'cm™!) and a much weaker band (either
negative or positive) between 215 and 230 nm (A€, +0.5 to —2.5 M~'ecm™1),
a+f and o/ proteins generally have spectra dominated by the a-helical com-
ponent and, therefore, often show bands at 222, 208, and 190-195 nm. In
some cases, there may be a single broad minimum between 210 and 220 nm
because of overlapping a-helical and -sheet contributions. Intensities depend
on the a-helical content.
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Fig. 3. Far-UV CD spectra of apo-calmodulin recorded at five-degree intervals over
the temperature range 15 (O) to 75°C (OJ).

Some of these features are illustrated in Fig. 3, which shows the far-UV CD
spectrum of apo-calmodulin as a function of temperature in the range 15-75°C.
At low temperature the spectrum shows bands characteristic of the o-helix; heat-
ing causes progressive unfolding of the protein, the a-helical bands are lost and
the bands characteristic of random or disordered structure appear.

5. Several approaches have been employed in attempts to determine the secondary
structure content of proteins from their far-UV CD spectra (for reviews, see refs.
1,2,4,5,15). Early methods attempted to analyze CD spectra as linear combina-
tions of reference (or basis) spectra for individual secondary structure elements
that were derived from the spectra of model polypeptides or proteins. More mod-
ern methods analyze experimental CD curves more directly as linear combina-
tions of the spectra of proteins whose structure has been determined by X-ray
diffraction. All methods, even the oldest, give a reasonable estimate of o-helix
content. CONTIN, VARSLC, and SELCON are all generally reliable; these, and
other available methods have been discussed in several articles (I,15-18; see
Note 12). The best starting point for anyone interested in these methods is the
excellent review article by Greenfield (17). The validity of the various underlying
assumptions in the calculation of secondary structure content from CD have been
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discussed by Manning (19). One of the most important points to remember (17)
is that, with the exception of nonconstrained least squares analysis, all the meth-
ods of analysis require a precise knowledge of protein concentration (see Sub-
heading 3.2.).

When working with mutant proteins, it is essential to examine the effect of the
mutation on the overall conformation and stability of the protein. CD provides a
convenient means of doing this with limited amounts of material. Differences
observed in the far-UV spectra are generally an indication that the mutation has
produced a significant change in the secondary structure (see Note 13). However,
differences observed in the near-UV region may derive from subtle changes in
the environment of particular aromatic residues that are not necessarily associ-
ated with any major structural change.

4. Notes

1.

d10-CSA has a second CD band at 192.5 nm (Agy; 95 5= —4.72 M~'cm™). The
far-UV performance of a CD instrument can, therefore, be checked by recording
the spectrum of d10-CSA (approx 5 mM) using a 1-mm path length cuvet. If the
intensity ratio of the two peaks (-Signal[192.5]/Signal[290.5]) is significantly
less than 1.95, then the machine is not performing correctly. This spectrum also
provides a useful check on the wavelength calibration of the instrument.

This is particularly important if the solution contains any unusual components.
For example, dithiothreitol (DTT) (oxidized), phenyl methyl sulfonyl fluoride
(PMSF), and high concentrations of common chelators will distort the absorption
spectrum if not accounted for.

. A more elaborate method, easily implemented in a spreadsheet program, is to

plot Ln(A;) against Ln(A) and perform a least-squares fit to the straight line. This
has the advantage that significant deviations from linearity may indicate the pres-
ence of contaminants rather than light scattering, and the actual value of the wave-
length exponent (n) can be calculated.

Pace et al. (8) have shown that €54, can be predicted using

€2g0nm (M Tem1) = #Trp)(5500) + (#Tyr)(1490) + (#cystine)(125)

This equation works best for proteins that contain tryptophan. For proteins that
lack both Trp and Tyr one may use (with appropriate caution)

€257 sum (M~ lcm™1) = (#Phe)(195) + (#cystine)(295)

. The majority of simple buffer components will permit far-UV CD measurements

to below 200 nm. However, high concentrations of chloride and (especially)
nitrate (use perchlorate if possible), certain solvents (dioxane, dimethyl sulfox-
ide [DMSO]), high concentrations (>25 mM) of some biological buffers (HEPES,
PIPES, Mes), and high concentrations (>1 mM) of chelators (ethylene glycol-bis
N,N,N',N'-tetraacetic acid [EGTA]/ethylenediaminetetracetic acid [EDTA])
should be avoided. It is also worth noting that distilled water stored in a polyeth-
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10.

11.

12.

13.

ylene bottle will develop poor far-UV transparency owing to the presence of
eluted polymer additives.

Making additions (especially to short path length cuvets) poses several problems.
The small volume sample has to be mixed thoroughly by inversion or using a
long thin pipet tip. This should be done with care in order to minimize the (almost
inevitable) small loss of solution. Note that, with dilute samples, especially of
small highly charged molecules, one can get loss of sample through absorption to
pipet tips, and so on. It is generally wise to use the same pipet tip for all mixing
operations in a single experiment. Finally, because additions may increase the
absorption, it is always worth estimating (or better measuring) what the final
absorbance will be.

When working with calcium-free proteins, make sure that the component being
added is itself calcium free. If this is not possible by pretreating the solution with
Chelex (for example, when using solutions of denaturants) then include some
EGTA or EDTA in the solution. Remember that the interaction of these reagents
with calcium is strongly pH-dependent. The K, values for both chelators are
approx 10 nM at pH 7.8, but rise quickly above 1 uM below pH 6.8 (EGTA) or
pH 6.1 (EDTA).

. Strictly speaking, the true baseline in CD should be the cuvet plus solvent with a

sample that has the same normal absorption, but no CD. However, this is seldom
done and is unlikely to be a problem except with very weak signals.

. In thermal unfolding experiments, the temperature should be increased slowly

(no more than 1°/min). The temperature should be measured using an immersible
electronic probe in the cuvet rather than in the water bath, and reversibility on
lowering the temperature should be checked. Buffers with high thermal coeffi-
cients (e.g., Tris-HCI) should be avoided if possible.

CD spectra can be recorded at temperatures below zero by using suitable water-
alcohol or water-glycerol mixtures. It is essential in such studies to check for any
direct effect of the solvent itself on the conformation of the protein. This is done
by measuring the CD spectrum in the solvent at room temperature and comparing
it with the spectrum measured in an aqueous buffer.

Large globular proteins generally have a mean residue weight of approx 111. The
actual value should always be calculated.

The articles by Greenfield (17) and Venyaminov and Yang (15) provide useful
lists of computer programs available for the determination of secondary structure
content from CD. All of these are easily implemented on a PC.

A difference in the shape of the far-UV spectra of the wild-type and mutant pro-
tein almost certainly indicates a difference in conformation. However, if the spec-
tra can be made identical by a simple multiplication then the difference very
probably arises from small differences in concentration. A weaker signal for a
mutant protein may indicate that the mutation has affected the stability of the
protein and that the mutant is partially unfolded. Thermal or chemical denatur-
ation experiments can be used to check for this possibility.



54 Martin and Bayley

References

1. Yang,J.T.,Wu, C.-S. C., and Martinez, H. M. (1986) Calculation of protein confor-
mation from circular dichroism. Methods Enzymol. 130, 208 —269.

2. Woody, R. W. (1995) Circular dichroism. Methods Enzymol. 246, 34—71.

3. Woody, R. W. (1996) Theory of circular dichroism of proteins, in Circular Dichro-
ism and the Conformational Analysis of Biomolecules (Fasman, G. D., ed.), Ple-
num, New York, pp. 25-67.

4. Johnson, W. C., Jr. (1985) Circular dichroism and its empirical application to biopoly-
mers. Methods Biochem. Anal. 31, 61-163.

5. Johnson, W. C., Jr. (1988) Secondary structure of proteins through circular dichro-
ism spectroscopy. Annu. Rev. Biophys. Biochem. 17, 145-166.

6. Johnson, W. C., Jr. (1990) Protein secondary structure and circular dichroism: a
practical guide. Prot. Struct. Funct. Genet. 7, 205-214.

7. Gill, S. C. and von Hippel, P. H. (1989) Calculation of protein extinction coeffi-
cients from amino acid sequence data. Anal. Biochem. 182, 319-326.

8. Pace, C. N., Vajdos, F,, Fee, L., Grimsley, G., and Gray, T. (1995) How to measure
and predict the molar absorption coefficient of a protein. Protein Sci. 4, 2411-
2423.

9. Johnson, W. C., Jr. (1996) Circular dichroism instrumentation, in Circular dichro-
ism and the conformational analysis of biomolecules (Fasman, G. D., ed.), Plenum,
New York, pp. 635-652.

10. Hennessey, J. P., Jr. and Johnson, W. C., Jr. (1982) Experimental errors and their
effect on analyzing circular dichroism spectra of proteins. Anal. Biochem. 125,
177-188.

11. Martin, S. R. (1996) Circular dichroism, in Proteins Labfax (Price, N. C., ed.) BIOS
Scientific Publishers Ltd., Oxford, pp. 195-204.

12. Strickland, E. H. (1974) Aromatic contributions to circular dichroism spectra of
proteins. CRC Crit. Rev. Biochem. 2, 113-175.

13. Woody, R. W. and Dunker, A. K. (1996) Aromatic and cystine side-chain circular
dichroism in proteins, in Circular Dichroism and the Conformational Analysis of
Biomolecules (Fasman, G. D., ed.), Plenum, New York, pp. 109-157.

14. Woody, R. W. (1985) Circular dichroism of peptides, in The Peptides, vol. 7 (Hruby,
V. J., ed.), Academic, New York, pp. 15-114.

15. Venyaminov, S. Y. and Yang, J. T. (1996) Determination of protein secondary struc-
ture, in Circular Dichroism and the Conformational Analysis of Biomolecules
(Fasman, G. D., ed.), Plenum, New York, pp. 69—107.

16. van Stokkum, I. H. M., Spoelder, H, J. W., Bloemendal, M., van Grondelle, R., and
Groen, F. C. A. (1990) Estimation of protein secondary structure and error analysis
from circular dichroism spectra. Anal. Biochem. 191, 110—118.

17. Greenfield, N. J. (1996) Methods to estimate the conformation of proteins and
polypeptides from circular dichroism data. Anal. Biochem. 235, 1-10.

18. Sreerama, N. and Woody, R. W. (1994) Protein secondary structure from circular
dichroism spectroscopy. Combining variable selection principle and cluster analy-



Absorption and CD Spectroscopy 55

19.

sis with neural network, ridge regression and self-consistent methods. J. Mol. Biol.
242, 497-507.

Manning, M. C. (1989) Underlying assumptions in the estimation of secondary
structure content in proteins by circular dichroism spectroscopy — a critical review.
J. Pharm. Biomed. Anal. 7, 1103-1119.






5

Fourier Transform Infrared Spectroscopy
of Calcium-Binding Proteins

Heinz Fabian and Hans J.Vogel

1. Introduction

Infrared spectroscopy measures absorptions of vibrating molecules and yields
information about molecular structure and structural interactions. Over the last
two decades, the infrared technique has emerged as a very useful tool for exam-
ining protein conformation as a result of the increase in energy throughput, achiev-
able signal-to-noise ratio, wavenumber accuracy, and data aquisition rates that
came with the development of Fourier transform infrared (FTIR) spectrometers.
High-quality infrared spectra can now rapidly be aquired and require only rela-
tively small amounts of protein. The size of the protein or the nature of the
environment does not limit the application of FTIR spectroscopy. Importantly,
measurements of proteins in aqueous solution are almost routine now. Further-
more, the process of obtaining structural information is not restricted to a static
picture, but can also be achieved in real time by applying time-resolved infrared
techniques. The effects of environmental factors, point mutations, or ligand bind-
ing on the structure of the proteins can be examined with high sensitivity by
using peptide backbone and side-chain infrared bands as conformation-sensi-
tive monitors. In combination with isotope labeling, the technique also permits
the study of protein—protein or protein—peptide interactions.

2. Materials
2.1. FTIR Spectrometer

Spectrometers required for measuring high-quality spectra of proteins in the
midinfrared region are available from a variety of manufacturers. These
research-grade instruments offer a spectral resolution of better than 1 cm~! and
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are equipped with sensitive infrared detectors. The most common detectors are
triglycine sulfate (TGS), deuterated triglycine sulfate (DTGS), and liquid-
nitrogen cooled mercury-cadmium telluride (MCT). MCT detectors are more
sensitive and permit much higher aquistion rates than TGS and DTGS detec-
tors. Nevertheless, MCT detectors are not always the best choice because they
suffer from problems associated with detector nonlinearity at high absorbance
values. The limited linear range may be a disadvantage when studying proteins
dissolved in water because of the high absorptivity of water bands in certain
regions. TGS and DTGS detectors work at room temperature and have the
advantage of a significantly extended detector linearity. Although the latter
detectors require longer aquisition times, they are a good choice for many
experiments under equilibrium conditions. Some research-grade FTIR spec-
trometers are able to accomodate two detectors and allow for rapid computer-
controlled exchange between these detectors (see Note 1).

2.2. Sampling Devices and Sample Handling

The majority of FTIR experiments with calcium-binding proteins have been
carried out in aqueous solution and were conducted with conventional trans-
mission geometries. Here, the nature of the material of which the cell window
is constructed and the pathlength of the cell are important.

2.2.1. Window Materials

Among the IR window materials available for experiments in aqueous solution,
calcium fluoride (CaF,) is the most common because (1) it has a low refractive
index, which is similar to that of water; (2) it is relatively rugged; and (3) is
transparent from the midinfrared (>1000 cm™) to the ultraviolet (UV) region of
the spectrum. Barium fluoride (BaF,), a similar window material, has a lower
spectral cutoff than CaF, (800 cm™), but it is significantly more soluble in aque-
ous solution. Although CaF, is the most suitable window material for protein
measurements, it is not an ideal window material for long-term measurements of
Ca”*-binding proteins. The solubility of CaF, in water is very low, but a possible
contamination of the sample by dissolution of Ca?* from the CaF, window can-
not be excluded. Consequenctly, the Ca>*-free form of a sample may not persist
during the collection of spectra over longer time scales. Window materials that
are insoluble in water (such as KRS-5, ZnSe, or Irtran) are available, but are
characterized by an unfortunate high refractive index, which results in major
reflection losses and persistent fringing in the spectra (see Note 2).

2.2.2. Path Length of the Cell

The choice of the path length of the IR cell depends upon which region of
the spectrum is of interest. The most useful probe of protein secondary struc-
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ture is the amide I backbone mode, which occurs in the region 1610—1700 cm™.
Studies of proteins in the amide I region are complicated by the fact that the
bending vibration of water absorbs very strongly near 1640 cm~!. As a conse-
quence, for transmission measurements in the amide I region very short path
length cells of 3—8 um are needed. Experimentally, it is simpler to obtain pro-
tein spectra in deuterium oxide (D,O) solution than in H,O solution. The infra-
red bands of D,O compared to those of H,O occur at lower wavenumbers
because of the downshifted vibrations of the heavier deuterium atoms. This
isotopic effect creates a region of relatively low absorbance between 1400 and
1800 cm~!, a window for observing the weak infrared bands of the dissolved
protein. Much longer path lengths of 40—80 wm may then be used (see Note 3).

2.2.3. Design of the IR Cells

Flowthrough demountable cells with luer-lock fittings and spacers covering
path lengths of 6 to 200 um are often used for protein FTIR measurements.
These cells are available from virtually any infrared accessories supplier, but
they have some disadvantages in practice such as being difficult to clean and
giving rise to accidental injection of gas bubbles. To circumvent these problems,
we use custom-made IR cells of different design that consist of a flat cover disk
(typically made of CaF,) and a second disk of the same material (sample disk),
with the center deepened to form a recessed parallel surface surrounded by a
trough (see Fig. 1). The trough prevents direct contact of the sample with the
outer part of the disk. Pressing the cover disk onto the sample disk seals the cell,
and this is sufficient to prevent the evaporation of water for many hours at room
temperature. These windows are fitted into a metal jacket through which heat-
ing or cooling liquid from an external bath can circulate. For measurements at
high temperatures and/or long-time experiments, the sealing surface of the disks
is lubricated with mineral oil prior to filling and assembling of the cell. Depend-
ing upon the diameter and the depth of the recessed surface of the window (i.e.,
the path length of the cell), only a few microliters are required to fill the cell.
Moreover, this type of cell is easy to fill with a solution, and can be assembled
and disassembled (most of the solution can be recovered), and cleaned between
measurements. It provides a constant path length, which is very difficult to achieve
with conventional tin or teflon spacers.

2.2.4. Attenuated Total Reflection (ATR) Sampling Technique

For ATR measurements, the sample is prepared on the surface of an infrared
transparent crystal. The IR beam is guided through the crystal in such a way
that some total reflections take place at the surface. Because the IR beam pen-
etrates slightly into the surrounding medium, the deposition of an infrared
absorber on the crystal surface causes the infrared light to be partially absorbed.
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Fig. 1. Illustration of our custom-made IR cell.

The penetration depth of the infrared radiation in this arrangement is strictly
dependent on the wavelength and, therefore, the infrared spectrum measured
contains only information on a very thin layer of the sample that is in close
proximity to the surface of the crystal. This allows one to obtain a spectrum of
a protein in H,O solution without much interference from infrared absorption
of the bulk water (1). Surface adsorption, however, may significantly change
the secondary structure of the protein molecules, which are in direct contact
with the crystal. Although the contribution of those moleclues to the total
absorbance measured might by small, one should proceed with caution in struc-
tural studies of proteins by ATR spectroscopy (see Note 4).

2.2.5. Buffers and Denaturants

Many commonly employed buffers, such as phosphate, cacodylate, Tris-
HCI, or HEPES, are acceptable. Buffers containing carboxylic acid groups,
such as acetate or carbonate buffers, are not ideal because their infrared
absorption bands overlap with those for the protein backbone.

Measurements of proteins in the presence of the calcium chelators EDTA or
EGTA are complicated by the fact that the carboxylic groups of these chelators
have strong infrared bands in the region 1570—1630 cm~!. In addition, the spec-
tral characteristics of these bands are influenced by Ca%*-binding. As a conse-
quence, concentration and spectral features of the chelator in the sample cell
and the reference cell must be perfectly matched in order to avoid a misinter-
pretation of the IR spectra between 1570-1630 cm™'.

Obtaining infrared spectra of proteins in the presence of high concentrations
of the most commonly used denaturating agents, urea and guanidinium chloride
(GdmCl), is not simple. The strong infrared bands of urea around 1613 cm! or
GdmCl around 1600 cm~! mask the much weaker protein amide I band. Isoto-
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pic labeling of the denaturant (e.g., use of '3C = O-labeled urea) helps to cir-
cumvent this problem by shifting the urea band to 1560 cm! (2).

3. Methods

A Fourier transform spectrometer does not directly measure the desired spec-
trum. The FTIR instrument is nondispersive and makes use of an interferom-
eter to encode data from the whole spectral range simultaneously (3). A
computer is required for controlling data collection, converting the signal-
averaged interferogram to a single beam spectrum by means of Fourier trans-
formation, and for subsequent computations that give the final absorbance
spectrum that has been corrected for instrumental contributions. To obtain a
high-quality spectrum of a protein, an accumulation of 100-200 interferograms
recorded with a moderate resolution of 2 or 4 cm™! is often sufficient. FTIR
spectroscopy is a single-beam technique and thus the protein and the solvent/
buffer spectrum have to be measured separately.

3.1. Instrument Purge

The aquisition of high-quality infrared spectra requires to reduce drastically
the contributions of water vapor and CO, in the sample compartment of the
spectrometer by purging the instrument with dry air or with nitrogen. Central
pressure air available in large research institutions often does not fulfill the
high-quality criteria necessary for FTIR. Here, the use of an extra air dryer in
front of the spectrometer is strongly recommended.

3.2. Sample Preparation

In case of soluble proteins, the purified and dry protein is weighed and
then dissolved at the desired concentration in the buffer of choice (see Note 5).
For measurements in H,O solution, relatively high protein concentrations
(>10 mg/mL) are required. Much lower protein concentrations (>1 mg/mL)
are required to obtain high-quality spectra of proteins in D,O solution, because
the latter measurements allow for the use of cells with much longer path length
(3-8 wm for H,O vs 40—80 um for D,0).

3.2. Data Collection/Data Manipulation

The measurement starts by recording the background of the spectrometer
through an empty position of the sample compartment, then data of the sample
and the buffer are collected under identical conditions (such as number of scans,
resolution, and so on). To obtain the spectrum of the protein, digital subtraction
of solvent/buffer absorptions from the spectrum of the protein is required. For
an appropriate subtraction, the spectrum of the solvent/buffer should be
recorded under practically identical physicochemical parameters (such as tem-
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perature, ionic strength, pH) because slight variations will cause changes in the
spectral features of the H,O or D,0O bands, thereby preventing an ideal subtrac-
tion of the buffer contributions. For example, for measurements in water,
the temperatures of the sample in H,O-solution and the buffer should coincide
within 0.1°C in order to avoid artifacts caused by temperature differences. The
subtraction of water from a protein spectrum requires a reference water band
that does not overlap with those of the sample. The weak combination band of
H,0 around 2126 cm™' may serve as a good approximation to interactively
subtract the water features. The final water subtraction should be performed
using a different spectral region with stronger H,O absorption, such as the one
in the vicinity of approx 3645 cm™! (4).

3.2.1. Hydrogen—Deuterium Exchange, a Specific Feature of Protein
Studies in D,O

The hydrogen—deuterium exchange of amide protons can be monitored by
the disappearence of the band characteristic of N-H bending near 1545 cm™!
(amide IT) and the appearence of N-D absorption near 1455 cm~! (amide IT).
The shift of the amide I band (predominantly C = O stretching vibration mode
of the amide group) upon deuteration of the backbone hydrogens (labeled
amide I’ by convention) is only small (5-10 cm™!). However, individual spec-
tral components of the amide I band of a protein often reveal different
exchange kinetics. This greatly assists the assignment of band components
arising from different secondary structural classes. Despite this positive
aspect, it can also complicate the interpretation of the amide I’ region, if a
protein cannot completely be exchanged. Figure 2A (solid line) shows the
infrared spectrum of the apo-form of calmodulin after complete H-D
exchange. The solvent spectrum (Fig. 2A, dotted line) was measured in an
optimally matched second cell of slightly reduced path length, which takes
into account the slightly lower D,0O concentration in the protein sample mea-
sured. Figure 2B (solid line) shows the corresponding buffer-subtracted spec-
trum of apo-calmodulin, together with a spectrum of the apo-form measured
15 min after dissolving the protein in D,O (dotted line). Residual intensity at
3300 cm™! (amide A; N-H stretching of the peptide groups) indicates that a
number of amide protons are not exchanged after short exposure of apo-
calmodulin to D,O. The amide A is the best indicator for nonexchanged N-H
groups because of the lack of other protein absorptions in the range 3200—
3400 cm~!. The same information cannot easily be deduced from the residual
intensity in the amide II region, because infrared bands arising from amino
acid side-chain groups overlap with the remaining amide II band. For example,
in the case of apo-calmodulin, the carboxyl groups of aspartate and glutamate
residues absorb around 1575 cm~1.
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Fig. 2. (A) IR spectra of apo-calmodulin (¢ approx 11 mg/mL) in D,O-buffer (100 mM
Na-cacodylate, pH 7.0) after complete H/D exchange (solid line), together with the buffer
spectrum (dashed line). For complete exchange of all amide protons with deuterons, the
lyophylized protein was dissolved in D,O-buffer and left overnight at room temperature.
To eliminate the possibility of significant Ca?*-leaking from the infrared cell, the apo pro-
tein sample was placed in the CaF, cell immediately before the measurement, which was
completed within less than 10 min. Infrared spectra were recorded on a Bruker IFS-66
FTIR spectrometer equipped with a DTGS detector. For each sample, 128 interferograms
were co-addded and Fourier-transformed applying a Happ-Genzel apodization function to
generate a spectrum with a nominal resolution of 4 cm~!. (B) IR spectrum of the fully
exchanged apo-form after subtraction of the buffer spectrum (solid line). The dashed line
shows a correponding difference spectrum of only partly exchanged apo-CaM recorded
15 min after dissolution of the lyophilized protein in D,O.

3.2.2. Residual Water Vapor

It is almost impossible to remove all water vapor by purging of the spectrom-
eter. In addition, the level always changes when the sample chamber is opened.
It is therefore convenient to record spectra at low, but well-matched, levels of
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Fig. 3. IR spectrum of Ca?*-free calmodulin (A) and of calmodulin saturated with
Ca®* (B), both spectra are shown after D,O-buffer subtraction. (C) Infrared difference
spectrum, obtained by subtracting the spectrum of the Ca?*-bound form from the spec-
trum of the Ca?*-free form. Note that the absorbance scale for the difference spectrum

was expanded by a factor of 4.

water vapor for the sample and the reference. A sample shuttle that allows the
background to be signal averaged almost concurrently with the sample is very
helpful. Residual water vapor can then simply be subtracted from the sample
spectrum by using prerecorded water vapor spectra. This is mandatory for pro-
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tein measurements, because the narrow water vapor bands overlap with the con-
formation-sensitive amide I/Il bands. For aqueous solutions, subtracting two
buffer spectra from the same cell collected at different purge levels should gen-
erate the correct water vapor spectrum. Any over- or undersubtraction of water
vapor can best be visualized by calculating the second derivatives of the spectra,
which enhances narrow bands in particular (5). The subtraction factor must be
varied until the second-derivative spectrum is featureless in the range 1750—
1850 cm™!, which is normally free of any protein bands.

3.3. Data Processing Techniques
3.3.1. IR Difference Spectroscopy

Difference spectroscopy involves the subtraction of a protein IR spectrum
in state A from that of the protein in state B. The resultant difference IR spec-
trum only reveals features that are associated with those groups involved in a
conformational change. Figure 3 shows the infrared spectra of apo-calmodulin
(trace A) and of calmodulin saturated with Ca’* (trace B). The two spectra are
dominated by a strong band centered at 1643/1644 cm™!, which is a result of
the amide I” mode of calmodulin. The amide II’ band is located at around
1455 cm~!. Spectral features at 1550—-1590 cm™! arises from the antisymmet-
ric COO stretching vibrations of the carboxylate moiety of the amino acid
side-chain groups of glutamate and aspartate; the correponding symmetric
bands are located at 1390-1430 cm~!. The carboxylate modes are established
markers of metal-ion binding (6,7; see also Chapter 13, Volume 1). Calcium
binding results in an upshift of the symmetric stretching band and a downshift
of the antisymmetric band. In calmodulin, 14 out of the 38 COO" groups are
found in the Ca®* -binding sites, and the features at 1430-1390 and 1550-1590
cm~! in the infrared difference spectrum (see Fig. 3C) are highly characteristic
of the spectral changes associated with calcium binding to the carboxylate
ligands in calmodulin. Positive and negative features in the amide I’ region
suggest that only slight changes in secondary structure take place when Ca**
binds to calmodulin.

3.3.2. Derivation Methods and Fourier Deconvolution

A major problem in the use of the amide I mode to secondary structure analy-
sis is that the infrared bands arising from each type of polypeptide conforma-
tion are inherently broad and lie close together. This leads to only weakly
resolved broad features. Two mathematical procedures are very useful to help
identify overlapping components within the composite amide I band contour.
The first involves calculation of the nth derivative of the spectrum. Often, the
second derivative is calculated, which gives a negative peak for every band or
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Fig. 4. Lower traces: (A) IR spectra of intact apo-calmodulin and (B) intact calmodulin
saturated with Ca®*. Upper traces: (C) IR spectra of the N-terminal domain (residues 1-77)
and (D) the C-terminal domain (residues 78—148) of the Ca2*-saturated form of calmodulin.
All spectra are shown after band narrowing by Fourier self-deconvolution using a half
bandwidth of 16 cm! and a band-narrowing factor of 2.

shoulder in the spectrum. Because sharp bands are enhanced at the expense of
broad ones, this process does not preserve the integreated areas of the indi-
vidual components. The second band narrowing approach involves Fourier self-
deconvolution (8), which also significantly improves the degree to which the
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individual component bands can be resolved, whereby the relative integrated
intensities are maintained. Both band-narrowing techniques greatly amplify
features in the spectra originating from random noise and/or uncompensated
water vapor; they need to be used with great care to avoid artifacts (5,9). A
comparison of the deconvoluted spectra of the apo-form and the Ca?* form of
calmodulin given in Fig. 4A,B, respectively, reveals several band components
in the amide I’ region, which are hidden in the original spectrum of the corre-
sponding protein (see Fig. 3A,B). In addition, the visualization of the fine struc-
ture of the side-chain absorptions of glutamate and aspartate is improved.
Moreover, weak bands at 1515/1516 and 1498/1499 cm™!, which are caused by
amino acid side-chain absorptions (10) of tyrosine and phenylalanine, respec-
tively, can be identified in the deconvoluted spectra.

3.3.3. Curve Fitting of Band Contours

Curve fitting of amide I/’ band profiles is often used to quantitatively ana-
lyze underlying band components. In the curve-fitting approach, the number of
component bands estimated by Fourier self-deconvolution and derivative spec-
tra, plus their approximated width, height, and shape are used as input param-
eters in an iterative least squares procedure that attempts to reproduce the
measured amide I/I’ band profile by varying these parameters. For practical
reasons, deconvoluted spectra should be subjected to curve fitting because
least-square algorithms are significantly more reliable for spectra with an
enhanced profile. When a reasonable fit is obtained, the fractional areas of the
fitted components are taken as directly proportional to the relative quantities of
the structure elements they represent. The percentages of different secondary
structure elements can then be estimated by adding the areas of all component
bands assigned to each of these structures and expressing the sum as a fraction
of the total amide I/I’ band area (11).

3.3.4. Problems Associated with the Curve-Fitting Procedure

The curve-fitting approach (like all curve-fitting applications) has some
inherent problems. An element of subjectivity is the assumption that the number
of band components estimated by self-deconvolution or derivation reflects the
real number of components. In cases where bands significantly overlap, even
the applied band-narrowing procedures certainly fail in separating the compo-
nents present. Another assumption in this method is that the molar absorptivi-
ties of the bands associated with different secondary structural elements are
identical, which is at best a rough approximation (9). A very critical step is the
assignment of the component bands, which is based on theoretical calculations
and on emperical spectra-structure correlations experimentally established for
model polypeptides and proteins of known three-dimensional structure (9,11).



68 Fabian and Vogel

These correlations indicate that amide I’ bands in the range 1650—-1658 cm™!
correspond to a-helices, and a component at approx 1645 cm™! to irregular
parts of polypeptides backbones. Turns are associated with various component
bands between 1660 and 1690 cm~!. One or more bands between 1620 and
1635 cm~! can be attributed to B-sheet structures, the antiparallel type can be
identified by the presence of another weaker band near 1675-1695 cm~!. Some
proteins, however, contain secondary structures that absorb outside these fre-
quency ranges. Amide I’ bands that result from a-helical structure may also be
present below 1650 cm™!, in some cases even near 1630—1640 cm~! with highly
solvent-exposed helices (12). Calmodulin, parvalbumin and troponin C belong
to those proteins known to be highly a-helical but exhibiting an amide I’ band
centered at approx 1645 cm~! (7,13,14). Without structural information pro-
vided by other techniques, the spectra of these proteins could easily be mis-
taken for predominantly irregular structures according to the standard
assignment of amide I’ bands given above. In addition, the amide I’ bands of
the amino- and carboxy-terminal domains of calmodulin (15), both known to
have similar a-helical structures, are different (compare Fig. 4C,D). This ren-
ders the amide I’ band for the intact protein very broad (see Fig. 4B) in com-
parison to that of other proteins that contain a high percentage of a--helix. Such
a broad and less-structured amide I’ bandshape creates a large degree of sub-
jectivity in the quantitative estimation of protein secondary structure from
infrared spectra using curve-fitting procedures.

3.3.5. Pattern-Recognition Approaches

Pattern-recognition methods are a quite different approach to estimate the
secondary structure of a protein. These methods use infrared spectra of proteins
with known 3D structure as a calibration matrix (for a review, see ref. 1) and are
analogous to well known procedures used in the analysis of CD spectra. An
advantage of the pattern recognition approaches is that they do not require the
assignment of individual component bands to different types of secondary struc-
ture. This approach is, however, dependent on the reference database, which is
still rather limited (primarily soluble globular proteins). Difficulties arise in cases
where the spectral features of the protein under study do not reflect the charac-
teristics of the spectra within the calibration set. In such situations, an incorrect
estimation of the secondary structure is very likely, even though the mathemati-
cal treatment of the spectral data is formally correct.

3.3.6. Spectral Interference by Amino Acid Side-Chain Absorptions

A common problem for both the curve-fitting method and the pattern-recog-
nition approach is that some amino acid side chains display absorption bands
in the amide I/’ spectral region, which, in some proteins, may account for as
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much as 15-20% of the total integrated intensity in this region. Sometimes the
infrared spectra of amino acids or simple peptides (10,16) are used for subtrac-
tion of the side-chain contributions from the experimental protein spectrum.
The spectral parameters of the side-chain absorption bands in the model com-
pounds, however, provide only an approximation because the spectral features
of side-chain groups in a protein are influenced by the specific microenviron-
ment of the corresponding group.

3.4. Isotope-Edited FTIR Spectroscopy

The assignment of infrared bands to specific groups of a protein can be
accomplished by site-specific mutation or by isotopic labeling, and then by
comparing the spectra of the unmodified and the modified protein. Site-directed
mutagenesis can disturb the structure and function of the protein, thereby com-
plicating the assignments. Isotope substitution has the advantage of being
noninvasive, and facilitates band assignment by shifting bands that arise from
vibrational modes involving chemical groups, which contain the isotope.
Moreover, isotope labeling, such as site-specific 13C labeling of the polypep-
tide backbone, allows FTIR spectroscopy to locate a particular secondary
structure within the polypeptide chain and helps analyzing conformational
changes that exclusively originate from the labeled site. The most valuable
way is site-directed isotope labeling, which is feasible without extra efforts by
chemical synthesis of peptides. The biosynthetically incorporation of a site-
specifically labeled amino acid in a protein is much more difficult to achieve,
and have been reported for only very few proteins yet (17). What is easier to
achieve is uniform labeling of a specific type of amino acid residue in a pro-
tein. As an example, we have incorporated '3C in the carbonyl position in the
polypeptide backbone of all methionine residues in calmodulin. As the
replacement of a 12C = O group with a 13C = O group decreases the amide I’
vibration by 35—-45 cm~!, a comparison of the spectra of the unlabeled and the
labeled protein allows the identification of the amide I’ bands that originate
from the labeled site. In the case of calmodulin, the amide I’ band at 1643 cm™!
undergoes a small drop in intensity, whereas a weak band assignable to the
13C-labeled carbonyls appears near 1600 cm~!' (compare the solid and dashed
line in Fig. SA). Because the nine methionine residues in calmodulin are exclu-
sively located in helices, the observed isotopic shift provides direct evidence
for the assignment of the amide I’ band at 1643 cm™! to a-helical structures
present in calmodulin.

Uniformly, 3C-labeling of a protein completely shifts the amide I’ band toward
lower wavenumbers (see Fig. 5B). By mixing a completely '3C = O-labeled
protein with an unlabeled peptide or protein, it then becomes feasible to observe
their respective amide I’ bands separately. This approach has been used to moni-
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Fig. 5. Amide I and amide II’ regions of the IR spectra of (A) unlabeled calmodulin
(solid line) and calmodulin containing a '3C isotope at the carbonyl carbon of all
methionine residues (dashed line). (B) '3C/'3N-uniformly labeled calmodulin. SN
labeling produces almost no changes in the amide I’ band contour but causes a large
shift of the amide II’ band of the protein.

tor conformational changes induced by binding of different target peptides to
calmodulin (18,19). It is important to note that, in general, the larger protein (in
this case calmodulin, with 148 amino acids) is labeled for over 99% to ensure
the lack of any residual intensity from the unlabeled protein. This allows one to
detect the much-weaker amide I’ bands of the smaller target peptides. The
carry-over counterion trifluoroacetic acid used in peptide synthesis, which has
a strong infrared band at 1674 cm™!, can be very useful as an internal reference
to normalize the spectra (see Note 6).
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3.5. Time-Resolved FTIR Spectroscopy

Although FTIR spectroscopy has certain limitations in the quantification of
protein secondary structure, it represents an excellent tool for monitoring, in
relative terms, changes in the conformation of proteins under equilibrium (20)
and nonequilibrium conditions (21). The highest sensitivity is provided by tech-
niques that can induce the conformational change with minimal sample
manipulation and without removing it from the instrument; the most powerful
approach involves the use of light to trigger the event. Originally, these tech-
niques were developed for the investigation of light-induced reactions in
photoreactive proteins. They can be very specific down to the level of single
functional groups in a large molecule with nanosecond time resolution apply-
ing sophisticated experimental setups (22,23). The use of caged compounds
creates unique possibilities to initiate reactions by light (24). For studies of
calcium-binding proteins, photolabile derivatives of cation chelating reagents
such as DM-nitrophen are of particular interest. DM-nitrophen consist of a
photolabile group linked to an EDTA molecule. The EDTA moiety of the mol-
ecule is split into two parts upon photolysis by a UV flash, which triggers the
release of calcium in the sample under study. The time resolution is only lim-
ited by the intrinsic reaction rates of the cage and diffusion to the protein. The
interpretation of the spectra is complicated by the fact that the spectral features
of the caged compound itself change after photolysis and overlap with some
protein bands of interest. Using caged Ca?*, ATP, or ADP, function-related
events on a molecular level in the sarcoplasmic reticulum Ca2*-ATPase were
analyzed by time-resolved Fourier transform infrared difference spectroscopy
(25-27).

4. Notes

1. It should be noted that commercial suppliers of FTIR spectrometers provide
instruments that plot spectra either with increasing or decreasing wavenumber.

2. The potential problems that can arise when using CaF, cells in infrared measure-
ments of calcium-binding proteins have been descrived in detail elsewhere (28).

3. Altering the solvent from H,O to D,O needs to be considered carefully as a poten-
tial experimental variable. Before an IR experiment is done, it is often advisable
to completely exchange all protein amide groups, so that no further changes occur
in the amide II band in the course of the measurement. Some internal backbone
NH protons in certain proteins can exchange rather slowly and may require
extended incubation in D,O at room temperature, or treatment at higher tempera-
ture, or other extreme conditions (e.g., higher pH). Nuclear magnetic resonance
spectroscopy measurements indicate that at 10 C below the proteins denaturation
temperature hydrogen exchange is usually very rapid, while minimizing protein
denaturation (see also Subheading 3.2.1.). Note that amide hydrogen exchange
is markedly dependent on pH, with low pH slowing down the reaction.
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ATR-FTIR spectroscopy is, of course, an important technique for studying the
association of membrane proteins or peptides with membranous or membrane
minetic surfaces. The technique allows detection of the changes in secondary
structure that accompany their binding; moreover the orientation (e.g., parallel or
perpendicular to the membrane surface) can be determined. (e.g., ref. 29).
Protein concentrations are most-accurately determined spectroscopically using
published extinction coefficients or by quantitative amino acid analysis of stock
solutions.

The trifluoro acetate has a strong infrared absorption band at 1673 cm™! that can
overlap with the amide I band of the peptide. In some synthetic peptide prepara-
tions, it is best to remove the TFA completely. This can be accomplished by
repeated lyophilization from 10 mM hydrochloric acid (30).
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Steady-State Fluorescence Spectroscopy

Aalim M. Weljie and Hans J. Vogel

1. Introduction

Fluorescence spectroscopy has long been a popular method for protein stud-
ies from which researchers have garnered a wealth of biophysical information
(1,2). Several specific fluorescence methods have been recently well reviewed
(3-5) and readers are encouraged to seek out these references for theory and
methods complimentary to those presented in this chapter. The basic selling
features for the general use of this tool in biological systems include the rela-
tively low concentrations of sample material required, the occurrence of natu-
ral fluorophores in proteins such as tryptophan and tyrosine, the breadth of
fluorescence experiments available, and the comparatively simple (and inex-
pensive) equipment required for most experiments. It is no surprise then that
the literature is replete with examples of calcium-binding proteins which have
in one way or another been characterized by some fluorescence method. Infor-
mation available to the researcher includes, but is not limited to, biochemical
characteristics such as conformational changes, protein—protein interactions,
metal-binding information, membrane localization, long-range distance mea-
surements, and kinetic/dynamic parameters. The majority of this chapter will
concentrate on protocols for simple steady-state single-tryptophan fluorescence
measurements to probe protein—peptide interactions. References to other fluo-
rescence methods and applications will also be provided.

Tryptophan is a popular intrinsic protein fluorescence probe (fluorophore)
because of the high sensitivity of the indole moiety to electronic excitation.
Generally, fluorophores have extended m systems or significant electron den-
sity (such as that in lanthanide metal ions) that allow for electronic transitions
to high-energy excited states upon absorption of photon radiation. The
fluorophore is excited by a particular wavelength of light, or more correctly
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Fig. 1. Simplified Jablonski diagram depicting absorption of photon energy (hv,)
from the ground state singlet (S,). The result is a series of excited-state singlet states
(S1), which undergo internal conversions to the lowest S; state. Of the possible relax-
ation pathways available back to S, one possibility is the emission of photon radiation
(hvr), which gives rise to the phenomenon of fluorescence. Adapted from ref. 1.

over a range of wavelengths, as can be demonstrated by an excitation spec-
trum. Fluorescence emission occurs when the electronic excited state of the
fluorophore returns to the ground state by emitting photons, forgoing other
relaxation pathways that are nonradiative, such as conversion to heat. The
resulting fluorescence emission occurs at longer wavelengths than that of exci-
tation because of energy loss as a result of microrelaxation in the excited state
(see Fig. 1).

The power of fluorescence lies in the ability to probe the environment
immediately surrounding the fluorophore of interest. There are numerous fac-
tors that affect the electronic excited state and the subsequent fluorescence of a
particular fluorophore, such as hydrophobicity, viscosity, and mobility. Read-
ers are referred to other excellent discussions of fluorescence theory (1,2,6,7)
for in-depth treatment of these physical phenomenon. In many cases, these
effects can be observed with basic fluorescence instrumentation using the meth-
ods described below (see Subheading 3.).

An example of a major application of fluorescence to calcium-binding pro-
teins is demonstrated in probing the interaction of calcium-sensitive signaling
proteins, such as calmodulin (CaM) or troponin C, with binding targets in the
presence and absence of calcium (8—12). The intrinsic tyrosine residues of these
proteins exhibit marked fluorescence intensity changes when calcium binds, as
shown in Fig. 2 with CaM. This phenomenon is extremely sensitive to calcium
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Fig. 2. Steady-state tyrosine fluorescence spectra of CaM and a synthetic peptide
encompassing the CaM-binding domain of constitutive nitric oxide synthase (cNOS).
The Ca*—CaM tyrosine fluorescence (filled ovals) is markedly intense compared with
the apo- form of the protein (filled squares). The cNOS peptide alone (open squares)
shows no tyrosine fluorescence, and the CaM—cNOS complex (filled triangles) fluo-
rescence intensity is very similar to that of Ca?>*—CaM alone (Weljie and Vogel, un-
published observations).

concentrations. The tyrosine fluorescence is unchanged again when a synthetic
peptide encompassing a CaM-binding domain is added to Ca>*—~CaM. In spite
of these transitions, applications for tyrosine fluorescence are somewhat lim-
ited, as the presence of tryptophan precludes exclusive tyrosine excitation.
However, in spite of the fact that CaM and troponin C do not contain tryp-
tophan residues, tryptophan fluorescence has been shown to be an important
tool for probing intermolecular interactions. For example, our lab has studied
the interaction of CaM with synthetic peptides encompassing the CaM-binding
domains from various CaM target proteins. The tryptophan in many of these
synthetic target peptides acts as excellent intrinsic fluorescent probes. Binding
of a target peptide to wild-type CaM is accompanied by a significant increase
in tryptophan fluorescence intensity and a marked blueshift in the maximum-
fluorescence emission peak (see Fig. 3). Altering the chemical nature of the
CaM side chains produces markedly different spectra, such as decreased
fluoresence intensity when selenomethionine residues replace methionine,
demonstrating the rapid use of fluorescence to provide useful information.
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Fig. 3. Steady-state tryptophan fluorescence spectra of a synthetic peptide encom-
passing the CaM-binding domain of skeletal myosin light chain kinase alone (filled
rectangles), and in complexes with wild-type CaM (filled triangles), a mutant
calmodulin where the C-terminal methionine residues were replaced with leucine
(filled ovals), and a CaM where the methionine residues were replaced by
selenomethionine. Note that there is a blue-shift in the observed peak intensity of tryp-
tophan fluorescence once the fluorophore is sequestered into the hydrophobic binding
pocket. Also, changing the envrionment of the tryptophan by altering the chemical
nature of the CaM side chains produces remarkable intensity variations (10,12).

Once such a complex is formed and the peak fluorescence known, one can
establish the degree of solvent exposure via quenching experiments. Fluores-
cence is said to be quenched when a species proximal to the fluorophore pro-
vides an alternate relaxation pathway for the excited electronic state to return
to the ground state. Common quenching agents include potassium iodide,
cesium chloride, and acrylamide. The degree of quenching is generally given
using a Stern-Volmer plot, from which one obtains Stern-Volmer quenching
constants (Kgy) (see Fig. 4).

Detailed below is a method for acquiring simple tryptophan emission spec-
tra, and subsequently obtaining Stern-Volmer quenching constants. Selected
examples of other applications of fluorescence to calcium-binding proteins
examples are provided in Subheading 4.2.
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Fig. 4. Potassium iodide Stern-Volmer quenching plots of a synthetic peptide
encompassing the CaM-binding domain of skeletal myosin light-chain kinase alone
(filled rectangles), and in complexes with wild-type calmodulin (filled triangles), a
mutant calmodulin where the C-terminal methionine residues were replaced with leu-
cine (filled ovals), and a CaM where the methionine residues were replaced by
selenomethionine. Notice that the free peptide shows a much greater degree of solvent
exposure than the CaM-target complexes as evidenced by the increased slope (10,12).
The slope in a Stern-Volmer quenching plots provides the Stern-Volmer quenching

constant Kgy.

2. Materials

1. Wavelength-scanning spectrofluorimeter capable of excitation at 295 nm (see

Note 1) and detection of fluorescence emission between 300 and 450 nm, such
as the Hitachi F-2000. Ideally the instrument should either be connected to a
microcomputer or have data transfer capability to facilitate subsequent analysis
of the data.

. Quartz cells that have two transparent faces; one for excitation and one for emis-
sion. Generally these faces will be at 90° to each other and cells are available as
rectangular cuvets with four clear sides. For cells with a path length of 1.0 cm,
the sample volume needed is approx 3.0 mL.

. Standard buffers chosen to meet pH and ionic requirements of the protein(s) under
study, bearing in mind that absorption of buffer components in the UV range is
undesirable. The absorption of the buffer can be measured using a standard UV/



80 Weljie and Vogel

VIS spectrophotometer and acquiring an absorption spectrum between 250 and
320 nm. It may also be worthwhile to acquire a UV/VIS spectrum of the buffer
between 300 and 450 nm to ensure that there is no transfer of tryptophan-fluores-
cence emission to the buffer. If one is examining the interaction of charged spe-
cies, the addition of 50—100 mM KCI or NaCl may be beneficial to prevent
nonspecific interactions. Finally, phosphate buffers are to be avoided in studies
involving CaZ* because of the precipitation of calcium phosphate solid.

4. For quenching studies, a saturated stock solution of the chosen quenching agent
is required. For example, a stock solution of potassium iodide can be made by
adding 30.0 g of KI to 21.0 mL of water, to form 30.0 mL of a 6.0 M solution (see
Note 2).

3. Method
3.1. Sample Preparation

1. Purified, dry protein is weighed and then dissolved in the chosen buffer. Care
must be taken to ensure that the pH does not vary significantly. This is especially
necessary for calcium-binding proteins which often have significant numbers of
acidic residues in the calcium binding regions (see Note 3).

2. The concentration of the sample must be quantitatively determined, as the dry
mass is not a reliable indicator of protein mass. The method of choice for such
concentration determinations of proteins (or peptides) without tryptophan and
tyrosine is quantitative amino acid analysis. If the protein sequence is known, the
absorbance at 280 nm can be used if the protein contains tryptophan or tyrosine
residues. The extinction coefficient can be calculated as:

€80 =X Eyr T Y Eyp T Ecys

where x, y, and z are the numbers of each residue in the sequence, and the value of
gy is 1280 M~lem!, g, is 5690 M~lem™!, and ey, (cystine) is 120 M~-lem~1. (13)
(see Note 4).

3. If a number of samples are to be made of the same protein or peptide, a 100X
stock solution can be made, and then a sample pool made with a volume slightly
greater than the total volume of all samples. For example, if 10 3.0 mL samples of
protein are needed, then a 30.5-mL pool might be made, and each sample made
from this pool. This will help ensure that the concentration of each sample
remains consistent, which is especially important when comparing spectra of
the same species under different conditions. Ensure that the volume used also
takes into account other reagents that might be added, such as calcium stock
solutions (see Note 5 for suggested stock concentrations).

4. Samples involving binding (calcium and or protein/peptide ligands) should be
allowed to come to a complete equilibrium prior to spectrum acquisition. For
stable species, samples can be prepared the day prior to use, and then stored at 4°
overnight. Ensure that the samples are allowed to equilibrate to room tempera-
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3.2.

. Turn instrument on several minutes to half an hour prior to experimentation to

3.3.

. Ensure that the sample cell is clean and dry prior to use to prevent extraneous

3.4.

1.

ture for 15-30 min prior to fluorescence analysis. For samples that are tempera-
ture sensitive, many spectrometers can be outfitted with a jacketed cuvet holder
to control sample temperature during spectral acquisition.

Instrument Setup and Calibration

allow the light source and electronics to stabilize (check specifications for indi-
vidual fluorimeters).

For tryptophan fluorescence, set the excitation wavelength to 295 nm (see Note 1),
and set values for the excitation and emission bandpass shutters. These values
should be around 1.5-5 nm for excitation, although certain instruments do not
allow for bandpass sizes less than 10 nm, and 4—10 nm for emission intensities
(see Note 6).

. Depending on the lamp being used in the fluorimeter, the fluorescence intensity

may decrease with the age of the lamp. If this is suspected to be a factor, the
fluorescence intensity can be normalized to a reference sample (see Note 7).

Obtaining Fluorescence Emission Spectrum

water from changing the sample concentration.

Obtain a baseline fluorescence-emission scan of buffer alone from 300 to 450 nm
keeping the excitation constant at 295 nm. A typical scan rate would be between
25-100 nm/min. A buffer baseline correction should also be performed with other
species present in the sample, but which do not contain tryptophan, such as other
proteins/ligands.

. Use the same parameters to obtain spectra of the fluorescence sample(s). Ensure

that the sample cell is washed and dried thoroughly between acquisitions (see
Note 8).

. Subtract the appropriate baseline spectrum from the spectra of interest to obtain

the final emission spectrum.

Quenching Studies

Use the method outlined in Subheading 3.3. to obtain an emission spectrum of
the sample. Note the wavelength of peak-fluorescence emission, and the fluores-
cence intensity at this point.
Set the fluorimeter-emission wavelength detection to the aforementioned emis-
sion maximum wavelength.

. Add an aliquot of quenching agent directly to the sample in the cuvet, and mix

thoroughly. As a simple example, with a 3.0-mL initial sample volume, 50-uLL
additions of 6.0 M KI will provide reasonable results for a species in which the
fluorophore is well protected from the solvent (see Note 2 for more information
on quenching agents).
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4. Aseries of emission intensities is obtained at various quenching agent concentra-
tions by incrementally adding the same amount of quenching agent (e.g., 50 uL.
in the above example to a final quenching concentration of 2.5 M).

5. The observed intensities must be corrected for dilution effects by multiplying the
observed intensity at each point by the dilution factor (V/V, where V is the vol-
ume at a given point, and V, is the initial volume without any quenching agent
present). For example, if 50 uL quenching agent is added to a 3.0-mL sample, the
resultant fluorescence intensity must be multiplied by (3.05/3.0).

6. The Stern-Volmer quenching constants can be derived from a plot that follows
the following equation:

Fo/F =1+ Kgy[Q]

where F, is the fluorescence intensity without any quenching agent present, and
the values of F are the fluorescence intensities at given concentrations of the
quenching agent Q. The slope of the plot of F,/F vs [Q] will be the Stern-Volmer
quenching constant, Kgy (1).

7. Ensure that changes in fluorescence intensity upon dilution are not a result of
concentration changes by repeating Subheading 3.4., steps 4 and 5 with water
alone as a control.

4. Notes
4.1. Emission Spectra and Quenching of Tryptophan Fluorescence

1. The optimal excitation wavelength is dependent on the combination of
fluorophores present in the sample of interest. Tryptophan is generally excited at
295 nm for proteins in order to minimize tyrosine fluorescence, which is
maximally excited at 278 nm. This wavelength provides sufficient excitation to
observe significant signal at low micromolar protein concentrations on an inex-
pensive spectrofluorimeter. Lower protein concentrations (up to nanomolar) are
feasible as the detection systems become more complex (and expensive). An
appropriate excitation wavelength can be determined by running a series of exci-
tation spectra on isolated fluorophores. These profiles will provide an indication
as to which wavelengths provide mutual excitation, and more importantly, where
individual fluorophores can be selectively excited. Often, this wavelength will
not be where a fluorophore exhibits it’s peak extinction coefficient, hence, there
may be a trade-off between selectivity and sensitivity.

2. The choice of quenching agent is dependent on the system under study and toler-
able dilution effects. We have used KI, CsCl, and acrylamide successfully for
quenching of calmodulin-target peptide complexes with equivalent results with
100 mM salt in the buffer. In each of these cases, the quenching agent has a
different charge (I, Cs*, acrylamide is polar, but neutral), and different quench-
ing efficiencies. Acrylamide is a very efficient quenching agent, hence smaller
dilution effects will be observed if this is a concern, however caution must be
used as it is a neurotoxin. Also, corrections must be made for the absorption of
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4.2.

acrylamide. KI is sensitive to light degradation; therefore, solutions should be
made fresh and care taken with handling.

Alternatively, the sample can be exchanged from a different buffer into the fluo-
rescence buffer by passing the sample through a size exclusion column contain-
ing G-25 resin (Pharmacia).

. There are also several sites on the World Wide Web where one can obtain

estimates of protein extinction coefficients using more complex factors. For
example, the ProtParam tool estimates €,g, based on both fully reduced cys resi-
dues, or on complete disulphide bond formation, in addition to tryptophan and
tyrosine contributions.

. In preparation of samples, the following concentration guidelines from our lab

might be useful. Protein samples containing the fluorophore of interest are used
at a concentration of 10—12 uM. Any other protein species binding to this one is
added to a 10—20% molar excess. For addition of Ca2* ions, a 50-mM stock of
CacCl, is added to a final concentration of 1 mM. Calcium-free studies are ensured
by the addition of a 500 mM stock of EDTA to a final concentration of 5 mM.
The optimal bandpass settings are dependent on numerous technical factors
including the optics of the instrument, the signal to noise ratio of the photomulti-
plier tube, and the signal from the sample, all of which is unique to a given setup.
Generally speaking, as one increases the excitation/emission bandpass sizes, more
electronic transitions are excited/detected simultaneously; hence, fine structure
is lost at larger values. It is important to note that the bandpass value is taken as
the full slitwidth, with the chosen wavelength at the center. For example, a
bandpass of 5 nm for excitation at 295 implies light from 292.5 to 297.5 nm
would pass through, unlike the definition used in other spectroscopic methods
(i.e., 295 +/- 5 nm). If the intensity of the fluorescence signal being monitored
shows small changes with mediocre signal to noise, the emission bandpass can be
increased (to 50 nm for example) in order to provide the equivalent of an integral
of the emission peak.

. Several methods of referencing can be used for normalization and calibration of

the fluorimeter. The best trade-off between simplicity and accuracy is to use a
chemical sample of known composition and concentration (such as 5 uM tryp-
tophan at pH 7.0) before each fluorescence session and normalize the acquired
data to this reference.

An ethanol or detergent wash followed by a minimum of 10 rinsings with dis-
tilled water should be performed between samples. For smaller cells, an air aspi-
rator will facilitate the cleaning and drying process.

Other Fluorescence Methods and Applications

After having reviewed the literature and performed initial fluorescence experi-
ments on a (suspected) calcium-binding protein, here are several simple experi-
ments suggested for initial analysis:

a. Excitation and emission spectra of protein alone, and then +/— Ca?* titration.
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Table 1

Advanced Fluorescence Methods and Selected Applications

Protein/

Fluorophore Brief method details Application Ref.

Parvalbumin, FRET from aromatic amino acids in the Ca?*- binding loops Use of Tb3* as a sensitive luminescent probe of (15)
oncomodulin, of the proteins to bound Tb3*. the structure and function of EF-hand Ca%*-
calmodulin/Tb3* binding loops

Calmodulin, troponin Frequency domain FRET used to probe the distance between  Determine the distribution of distances present (16)
C/tryptophan, the DANSYLated N-terminus and Trp of melittin. These in solution between the two fluorophores.
DANSYL measurements were performed for the free peptide as well The result can be interpreted as the degree

as in complexes with CaM, TnC, and in vesicles. of conformational freedom.
Calmodulin/tryptophan Steady state fluorescence of CaM complexes with CaM-target ~Probing the role of methionine side-chains in ~ (10.12)
peptides. CaM proteins were engineered such that methion- the sequestering of CaM-target peptides.
ine residues were replaced with unnatural amino acid
analogs.
Calmodulin/tyrosine FRET between two tyrosines by using a nitro-tyrosine deriva- Determination of distance separation in both (17)
tive as the acceptor, and a normal tyrosine as the donor. the apo and Ca%*-saturated states.
68Calmodulin/GFP Distinctly colored mutant Green Fluorescent proteins are Detection of localized concentrations of Ca?*.  (18)
genetically appended to the termini of a CaM/CaM-target Can be targeted to specific organelles within
chimera and monitored for fluorescence resonance energy living cells.
transfer.

Phospholipid FRET evidence that there is coordinate metal ion binding Confirmation that the EF-hand looplike (19)
scramblase/tryp- from protein trp to Tb3* in an EF- hand-like domain. The segement contributes directly to Ca>*-
tophan, Tb3* Tb3* is competed out by Ca*. binding.

C2 domain of Cytoso- Cysteine scanning mutagenesis used to attach a fluorescin Indication that the membrane docking surface (20)
lic Phospholipase probe in 16 locations. Ca* triggered environmental of the C2 domain is localized to the same
A,/fluorescin changes were probed based on intensity changes and Stern- surface that binds a pair of Ca* ions.

Volmer quenching constants.
Annexin V/fluorescin, Fluorescence recovery after photobleaching experiments Demonstration that the annexin is hindered by ~ (21)

NBD

employed to probe the concentration effects of annexin V
on its lateral mobility in a mixed lipid system.

its specific interaction with one type of
lipid; localization of this interaction to the
headgroup.
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10.

11.

12.

b. Quenching studies with several quenching agents to obtain Kgy, and then
repeat the quenching experiments at several Ca?* ion concentrations to obtain
a plot of Kgy vs [Ca?*]. If the calcium-binding protein interacts with another
species containing a fluorophore, such as a tryptophan containing protein/
peptide, or lanthanide ion:

c. Repeat the excitation and emission spectra and quenching experiments with
all species varied (e.g., protein alone, peptide alone, protein + Ca?*, peptide +
Ca?*, protein + peptide, protein + peptide + Ca2+). If the secondary binding
species is a lanthanide ion that binds in the CaZ*-binding region of the pro-
tein, then fluorescence of both the protein and the ion can be monitored in a
competitive titration experiment.

d. Red-edge emission spectral effect (REES) spectroscopy can be used to moni-
tor different populations of Trp (14), and determining if this is a sensitive tool
for following Ca?+-binding in titrations.

e. Fluorescence energy transfer (or Forster’s resonance effect spectroscopy,
FRET) can be used to monitor the distance between two specially chosen
fluorophores between 10—75 A apart (3). There is a high possibility that
labeling with an extrinsic fluorophore will be necessary (5). Once a suitable
system is established, quenching experiments can again be used to determine
the relative solvent exposures of the two fluorophores, with and without Ca2*.

f. Fluorescence anisotropy is another tool used to study the interaction between
two biomolecules, and has successfully been applied to calcium binding sys-
tems (4).

A selected set of examples that encompass major fluorescence applications to
calcium-binding proteins is given in Table 1. Many of these applications are
dependent on specific fluorophores (e.g., unique Trp residues, or attachment sites
for extrinsic fluorophores). The methods described in Table 1 also often require
instrumentation and expertise beyond the scope of this chapter, but are provided
for a demonstration of the usefulness of this technique.

Tb3* is a popular fluorescent Ca2*+ analogue, which can be used both intrinsically

as an indicator for metal ion-binding, Ca?*-binding competition experiments, and

also as part of a donor/acceptor pair in resonance transfer analysis. Caution should
be used in assessing structure—function relationships of proteins with bound Tb3+
however, as protein activity can be effected by this substitution.

Mutagenesis studies in which Tyr/Phe residues are replaced by Trp for fluores-

cence have been reported. It has been shown however that in the case of troponin

C, such mutagenesis alters the Ca*-binding properties of the protein, and results

using such mutants must therefore be carefully evaluated (22,23).
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Fluorescence Methods for Measuring Calcium
Affinity and Calcium Exchange with Proteins

J. David Johnson and Svetlana B. Tikunova

1. Introduction

A transient increase in intracellular Ca>* provides the signal for the transient
activation of numerous cellular processes including skeletal, cardiac and
smooth muscle contraction, neurotransmission, cell proliferation, and division.
Nature has designed hundreds of Ca**-binding proteins that sense the “Ca>*
signal” and transduce it into cellular action. Ca®*-binding proteins are “tuned”
to respond to these Ca’* transients by virtue of their specific Ca?* affinities,
on-rates, and off-rates. The Ca?*-binding parameters of a particular protein dic-
tate the speed, the extent, and the duration of its activation after a Ca2* transient.

In this chapter we describe how Ca?* titrations of fluorescent Ca**-binding
proteins are performed, calibrated, and analyzed. We also describe the use of
fluorescence stopped-flow methods for determining the rates of Ca?* dissocia-
tion and association with proteins.

Ca?*-binding to many EF-hand Ca?*-binding proteins produce large struc-
tural changes and if these structural changes perturb the environment of intrin-
sic or extrinsic fluorophores, then the Ca?* dependence of these fluorescence
changes allow a determination of Ca* affinity. Examples of this approach are
the Ca?*-dependent increases in intrinsic tyrosine fluorescence in the C-termi-
nal of TnC and calmodulin (CaM) (1-3) and the Ca?*-dependent increases in
extrinsic fluorescent probes in the N-terminal of cardiac and skeletal TnC (4-6).
In this chapter, this technique is exemplified by Ca?* titrations of a CaM in
which we have mutated F at position 19 to W. This F19W mutant undergoes
a large Ca”*-dependent increase in TRP fluorescence when Ca?* binds to its
N-terminal Ca?*-binding sites and a large decreases in fluorescence when Ca*
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is removed from these sites with ethylene glycol-bis N,N,N',N'-tetraacetic acid
(EGTA). We use fluorescence stopped-flow techniques to measure the rates of
the fluorescence changes that occur upon Ca?* association and dissociation
from this protein.

The rates of Ca?*-induced structural (fluorescence) changes in Ca?*-binding
proteins may be slower than the actual rates of Ca>* binding and Ca* dissocia-
tion. For this reason, it is necessary to have a method of monitoring Ca?* off
rates, which is independent of structural changes in the protein. The fluores-
cent Ca?* chelator, Quin-2, can be used to measure Ca2* off-rates from native
unlabeled proteins (7,8). In this technique, Quin is rapidly mixed with a Ca>*-
binding protein with bound Ca?*. Quin’s fluorescence increases at the rate at
which it removes Ca”* from the protein, allowing for a direct determination of
Ca?* off-rates. These techniques allow a rapid characterization of the Ca%* bind-
ing and exchange properties of any Ca”*-binding protein. This information
allows for a more accurate prediction of a protein’s activation/inactivation pro-
file in response to cellular Ca?* transients.

2. Materials
2.1. Fluorescence Methods for Determining Ca?* Affinity

A scanning fluorescence spectrophotometer.

1 cm path length, four sides polished, 1 mL quartz cuvets.

A purified stock of Ca?*-binding protein (typically 100-300 uM concentration).

A calibrated stock of CaCl, (generally 0.5 M) and a calibrated (see Note 4) buffer

composed of 200 mM MOPS, 90 mM KCl, and 2 mM EGTA at pH 7.0.

5. A Ca**-titration computer printout (as generated by the Robinson and Potter [9],
Fabiato [10], or Schoenmaker et al. [11] computer programs) that shows the num-
ber of microliters of your Ca?* stock, which should be added to a particular vol-
ume of your protein + buffer solution to obtain specific pCas.

6. Fluorescent Ca?* indicators: Quin-2, Fura-2, or Fluo-3.

b .

2.2. Methods of Monitoring Ca?* Dissociation and Association
Rates from Proteins
1. Afluorescence stopped-flow spectrophotometer with rapid mixing kinetics and a

computer for data acquisition and analysis.
2. Purified Ca?*-binding proteins, Quin-2, EGTA, and chelex resin.

3. Methods
3.1. Fluorescence Methods of Monitoring Ca?* Binding
to Proteins

Fig. 1 shows a Ca?* titration of F19W calmodulin as an example of a Ca*
titration of a fluorescent Ca?*-binding protein. Ca?* binds half-maximally at
pCa 5.4 (4 x 107% M) and produces a threefold increase in TRP fluorescence
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Fig. 1. The Ca?*-induced increase in F19W tryptophan fluorescence. Ca?* titrations
were conducted as described in the methods section. 100% fluorescence corresponds
to a threefold fluorescence increase. Each data point represents the average of three
titrations =S.E. The inset shows fluorescence emission spectra of F19W before (—Ca
trace) and after (+Ca trace) the addition of Ca?* (pCa 4.0) and the spectra of the buffer
without protein (buf trace).

with a Hill coefficient of 2.0. The inset to Fig. 1 shows the fluorescence emis-
sion spectra of FI9W in the absence of Ca?* (—Ca trace) and in the presence of
pCa 4.0 (+Ca trace).

To conduct these titrations:

1. Be sure the buffer (200 mM MOPS, 90 mM KCI, 2 mM EGTA at pH. 7.0) and
Ca?+ stocks have equilibrated to the desired temperature. Add 1 mL of the buffer
to a clean cuvet and then add 1 uM of the purified Ca%*-binding protein. Place
parafilm over the top of the cuvet and mix by inverting three times, being certain
that no volume is lost during mixing. Visually inspect the contents of the cuvet
and be certain that it has not been contaminated with lint and shows no visible
turbidity.

2. Place the cuvet in the fluorimeter and run an emission spectra by setting the exci-
tation to the desired wavelength and scanning the emission wavelength from the
excitation wavelength over the wavelength of fluorescence emission. For
example, for tryptophan-containing proteins, you can excite at 285 nm and
because TRP emissions are generally maximal at 320-360 nm, it is necessary to
scan the emission wavelength from 285 to 460 nm, as shown in Fig. 1.

3. Fix the emission wavelength to the wavelength where maximum emission was
obtained on the emission spectra (335 nm in Fig. 1) and record the intensity as a
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function of time for approx 1 min. Integrate or average the signal intensity over
this time. The fluorescence intensity should be level with time. If not, then it is
possible that temperature has not equilibrated because increasing temperature
decreases fluorescence. If the intensity increases and decreases, there may be lint
in the solution, which increases scattered light (and apparent fluorescence inten-
sity) as it floats through the light path.

4. If the initial intensity is level, begin your Ca?* titrations by adding an aliquot of
the Ca?* stock to the cuvet. After each addition of Ca2+, mix the solution to assure
homogeneity. This is easily accomplished by inserting a pipet tip and drawing
150 uL of solution in and out of the pipet tip five times. Be sure not to push air
into the solution, because bubbles forming on the side of the cuvet affect fluores-
cence.

5. For a complete Ca2* titration, you will want to have ~ 8—10 points (Ca%* concen-
trations) on the linear portion of the fluorescence increase. If you have an idea of
the K, this can easily be accomplished by hitting 4—5 points 1 Log unit before
and 1 Log unit after the K, Ca?* titrations are generally complete over 2 Log
units of [Ca2+]. Because Ca?* titrations are often plotted on a Log scale (i.e.,
pCa), it is important to go high enough (generally 25 times the K,) in [Ca?*] to
assure leveling.

6. After the last pCapoint, run a final emission spectra (+ Ca spectra in Fig. 1) over
the initial emission spectra. Compare the intensity of the scatter peak (when the
emission is at the excitation wavelength, i.e., 285 nm in Fig. 1) and its shoulder in
the initial and final spectra. If the scatter peaks are similar (as in Fig. 1) then the
fluorescence changes you are observing are free from interference from scatter or
turbidity.

7. Run an emission spectra of the buffer without protein (buf trace in Fig. 1). This
buffer spectra can also be run first if you know the correct instrument sensitivity
for the titration or if you have a fluorimeter with auto scaling.

8. Data analysis. Plot fluorescence intensity as a function of pCa. This can be done
in several ways. One method is to plot F/Fo as a function of pCa. F is the fluores-
cence intensity at each pCa and Fo is the initial fluorescence intensity in the
absence of added Ca?+. Any contribution of buffer should be subtracted before
determining F and Fo. An alternative method is to normalize the maximum fluo-
rescence to 100% and plot% fluorescence increase as a function of pCa (as in
Fig. 1). Typically, an average of 35 titrations are shown with standard error bars.
The data is fit with a sigmoidal plot, which allows an accurate determination of
K, and Hill coefficient.

3.2. Fluorescence Methods for Monitoring Ca?*-Dissociation
Rates from Ca?*-Binding Proteins

Once you have a Ca?*-binding protein which undergoes a large Ca®*-depen-
dent change in fluorescence, it is quite easy to determine the rates of Ca?*
dissociation using a fluorescence stopped-flow apparatus. Stopped-flow stud-
ies with F19W provide a good example of this technique.
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1. Before determining the Ca off-rate of a fluorescent Ca%*-binding protein it is
important to run fluorescent spectra of the protein in the Ca?* free and Ca?* bound
state (as in Fig. 1). This spectra shows that F19W undergoes a large increase in
TRP fluorescence with Ca?+-binding. When a CaZ*-F19W solution is rapidly
mixed with EGTA, its fluorescence should decrease as Ca2* dissociates. Having
the fluorescence spectra allows one to choose the correct wavelengths or filter
system with which to monitor this fluorescence decrease. For monitoring F1I9W
TRP fluorescence, we use a filter (UG1) that transmits light from 320 to 380 nm.
Excitation was at 285 nm as in Fig. 1.

2. For measuring Ca2+ off-rates using TRP fluorescence: Fill drive-syringe A with
2 mL of 4 uM FI9W + 200 uM CaCl, in a 10 mM MOPS, 90 mM KCI, pH 7.0
buffer, and the other drive-syringe B with 2 mL of the same buffer + 5 mM EGTA.
Make sure the temperature in the drive syringes has equilibrated to the desired
temperature, in this case 10°C. With our Applied Photophysics stopped-flow, each
time the pneumatic drive is activated to initiate a shot, it drives 100 uL of syringe
A and 100 uL of syringe B into the mixing chamber and mixing is complete in
1.6 ms. We make three shots to flush the mixing chamber of wash solution
(nanopure water) and then begin to collect data. Typically 5—10 shots are col-
lected, averaged, and fit with an exponential equation. Figure 2 shows the time
dependence of the EGTA-induced decrease in F19Ws fluorescence when six shots
are averaged. For data analysis, we fit the data after mixing is complete (1.6 ms)
with a single- or double-exponential equation using the nonlinear Levenberg-
Marquardt algorithm. As shown in Fig. 2, FI9Ws TRP fluorescence decreases
upon Ca?* dissociation as a single exponential (based on %-squared values and
distribution of residuals) at a rate of 310/s.

3. After each series of shots, both syringes and the mixing chamber are flushed with
3-5 mL of nanopure water to remove protein and CaCl,.

4. For the control shots, syringe A has the same FI9W + 200 uM CaCl, solution as
aforementioned and syringe B is replaced with a solution of the same buffer and
200 uM CaCl,. 5-10 shots are averaged and this data is overlaid with the EGTA
shots above. The control shots give the fluorescence intensity of the Ca* satu-
rated state and reveal any photobleaching that might be occurring. In our experi-
ments, these control traces were flat lines starting at 4.6 V fluorescence. This
showed that no bleaching was occurring over the time range of data acquisition
and no correction for bleaching was required. If the control shots exhibit a linear
decrease in intensity with time, then photobleaching is occurring and the control
shots should be subtracted from the data before fitting. The fact that the control
trace starts at 4.6 V also indicates that some of the decreases in fluorescence was
lost in the mixing time of the instrument (see Note 5).

3.3. Measurement of Ca?* Dissociation from Proteins Using
Quin-2 Fluorescence

The fact that EGTA induces a decreases in F19W fluorescence at 310/s does
not prove that this is the rate at which Ca* is dissociating from this protein. It
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Fig. 2. Rates of Ca?* dissociation from FI9W’s N-terminal Ca2+-binding sites using
Quin-2 and TRP fluorescence. Experiments were conducted as described in Subhead-
ing 3. For Quin experiments, each trace represents an average of 5-7 traces fit with a
single exponential (variance <7.5 x 10-3). For the TRP experiments, each trace repre-
sents an average of six traces fit with a single exponential (variance <5 x 10~%). All
kinetic traces were triggered at zero time, and the first 1.6 ms of premixing are shown
(the apparent lag phase).

is possible that Ca?* is dissociating faster than 310/s and that after Ca%* disso-
ciation, a slower conformational change occurs producing the decrease in TRP
fluorescence. The fluorescent Ca?* chelator, Quin-2, provides a convenient and
accurate method of determining the rate of Ca** dissociation from proteins that
is not dependent upon Ca**-dependent structural changes (see Notes 6 and 7).

1. For measuring Ca2+ off-rates using Quin-2 fluorescence: Fill drive syringe A with
2 mL of 8 uM FI9W + 60 uM CaCl, in a 10 mM MOPS, 90 mM KCI, pH 7.0
buffer and the other drive syringe B with 2 mL of the same buffer + 150 uM Quin.

2. Shoot three shots to flush wash solution out of the mixing chamber.

3. Shoot and average 5-10 shots of the aforementioned reaction to obtain the data
shown in Fig. 2 (Quin-2 trace). This data shows that Quin fluorescence increases
as a single exponential at 310/s. This is the same rate as F19W TRP fluorescence
decreases upon mixing with EGTA. Thus, both methods report the same rate for
Ca?+ dissociation and the changes in FI9W TRP fluorescence are accurately
reporting the rate of Ca2+ dissociation from this protein.

4. Shoot a series of control shots where 10, 20, 30, and 60 uM Ca?* is reacted with
150 mM Quin. Average 5 shots at each [CaZ*]. These can be used to calculate the
moles of Ca2* dissociating from the protein and to correct for any photobleaching
(see Note 8).
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3.4. Measurements of Ca?* On-Rates

Ca®* on-rates can be measured in proteins like FI9W by observing the rate of
the Ca?*-induced increase in TRP fluorescence as a function of increasing [Ca>*].

1. In order to measure Ca?+ on rates, the protein should be Ca?* free. If it is not, this
is achieved by incubating approx 30 uM of protein with chelex resin (generally
1 mL of resin for each 4 mL of protein) for approx 4 h in a plastic test tube. The
solution should be shaken, not stirred during the incubation. Stir bars can frag-
ment the resin. After incubation, the resin is allowed to settle to the bottom or is
pelleted by low-speed centrifugation and the supernatant decanted. The chelexed
protein can then be diluted into chelexed buffer and tested for Ca2+ occupancy.
This is done by diluting 2 uM of the protein into 1 mL of a chelexed buffer
(10 mM MOPS, 90 mM KCI, pH 7.0) and running a fluorescence spectra, as
shown in Fig. 1. After taking the initial spectra, add 100 uM Ca?* to the protein
and run the spectra of the protein in the Ca?+ saturated state. Finally, add 2 mM
EGTA to this 1-mL solution to produce the Ca2* free state and run a spectra. By
comparing the fluorescence intensity in the original state, the + Ca?* state and the
+EGTA state, the percent saturation of the chelexed protein can be easily deter-
mined. If the protein is found to be Ca2* free, then it can be used for determining
Ca?* on rates (see Note 10).

2. Fill syringe A with 2 uM protein (FI9W) in 10 mM MOPS, 90 mM KCl at pH 7.0.
Fill syringe B with the same chelexed (if required) buffer.

3. After three shots to clear the mixing chamber of wash solution, average 5—7 shots.
Because we are introducing little or no Ca?* to protein in these control shots,
there should be little time dependent increase in F19W fluorescence.

4. Keeping syringe A the same, now add increasing amounts of Ca?* (4, 6, 8, 10, 15,
and 20 uM) to syringe B and average 5-7 shots at each [CaZ*]. The [Ca2*] points
to be used can be determined from the Ca2* titration of the protein (see Fig. 1).
The rate of the increase in FI9W TRP fluorescence should increase as a function
of increasing [Ca2*] as shown in Fig. 3 inset. F19W TRP fluorescence increases
at a rate of 495/s for 2 uM Ca?* (after 1:1 dilution of 4 uM Ca?*), at 658/s for 4 uM
Ca?+ and at 1138/s for 10 uM Ca?*. Figure 3 shows a plot of the rate (K,,) of the
Ca?*-induced increase in F19W fluorescence as a function of increasing [Ca].
This linear plot exhibits a slope which is equal to the Ca2+ association rate
8 x 107 M/s and an intercept on the y-axis (approx 320/s) should equal to the
Ca?* off-rate. For further verification of this on rate see Note 11.

4. Notes
4.1. Fluorescence Methods for Determining Ca?* Affinity

Two major advantages of using fluorescence changes to follow Ca’*-bind-
ing are: The ease and reproducibility of the Ca?* titrations; (each titration takes
approx 30 min and error bars of <5% are easily obtained) and the low concen-
trations of protein required (typically 0.1-1 uM). In addition, most purified
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Fig. 3. Rates of Ca?* association with FI9W as a function of increasing [Ca2*]. A
plot of the observed rate of increase in F19W fluorescence (Kobs) vs the free [Ca2+] in
the mixing chamber before binding is shown. The inset shows the rate of the increase
in F1I9W TRP fluorescence when F19W is rapidly mixed increasing concentrations of
Ca?* as described in the methods section at 10°C. Each curve represents an average of
5-7 traces fit with a single exponential (variance <9 x 10~4). Each point represents the
average of three experiments + S. E.

Ca?*-binding proteins are incredibly stable and can be stored at —20°C for years,
without degrading. There are several other factors which can interfere with
accurate Ca’* titrations.

1.

Inner filter effects — If titrations are done with very high concentrations of pro-
tein or fluorophore this can result in the protein absorbing excitation light near
the surface or face of the cuvet resulting in less excitation and emission from the
center of the cuvet. Although these inner-filter effects are not generally a problem
when 10 uM or less protein or fluorescent probe are used, they can produce arti-
facts at higher concentrations. Inner-filter effects depend not only on the extinc-
tion coefficient and concentration of the fluorophore, but also the path length of
the cuvet and on the optics of the fluorimeter. Generally, it is advisable that con-
centrations be used so that the absorption of the fluorophore is less than 0.2 OD.

. Dilution of the fluorophore decreases fluorescence — The fluorescence intensity

of any fluorophore will decrease as the sample is diluted. Because fluorescence
changes are generally large, dilution is not generally a problem. For a Ca?* titra-
tion, we generally add less than 30 uL of total Ca* stock to a I-mL cuvet and this
would dilute the fluorescence intensity by only 3% from its original value. Dilu-
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tion can be minimized by using more concentrated Ca+ stocks. If necessary, the
fluorescence intensity can be corrected for dilution at each point in the titration
by multiplying the observed fluorescence intensity after the addition by the dilu-
tion factor (the ratio of the volume of the solution after the addition to the volume
of the solution before the addition).

3. Always run spectra — Even though it takes a few additional minutes, it is essen-
tial to run an emission (or excitation spectra) of your solution both before and
after the titration. This assures that the fluorescence change you are following
results from a change in the fluorescence of the fluorophore and is not a result of
changes in light scattering. These spectra allow one to determine the wavelength
at which the largest fluorescence change occurs and this can be used to increase
signal to noise in the titration. Although it is generally best to do the titration
using the emission wavelength where the greatest fluorescence change occurs, in
more turbid solutions, scattering can be a problem. When this is the case, the
contribution of scatter to emission can be reduced by selecting an emission wave-
length that is further removed from the excitation wavelength and where the
fluorophore still undergoes a large fluorescence change with [Ca2+].

4. Calibration of CaCl, stocks and EGTA buffers — The most critical points for
accurate Ca?* titrations is the precise control of free [Ca?*] using Ca2* chelators
like EGTA or ethylenediaminetetracetic acid (EDTA). It is important to use suffi-
cient Ca?* buffer (EGTA or EDTA) so that the small amount of endogenous Ca?*
bound to the protein (generally 1 uM or less) being titrated does not affect free
[Ca?+]. We typically conduct titrations in the presence of 2 mM EGTA and use
200 mM MOPS (or HEPES) at pH 7.0 to prevent decreases in pH as Ca2* binds
and releases protons from EGTA. Other buffers can be used as long as they do not
contribute or bind CaZ*. Any desired ionic strength can be used as long as its
affect on EGTAs affinity for Ca2* are considered by the pCa computer program.
Several computer programs are available for determining the free CaZ*, as a func-
tion of total added Ca?*, for a given [EGTA] or [EDTA] at various temperatures,
ionic strengths and pH (see Notes 9 and 10). Obviously, the stock [CaCl,] and
[EGTA] must be accurately made and this is facilitated by heating the powders of
both to 80-90°C for 10 min to remove water before weighing.

The CaCl, and EGTA stocks and the ability to accurately vary free CaZ* as a
function of added Ca?* should always be tested and calibrated by conducting
Ca?* titrations of a fluorescent CaZ* indicator like Quin-2, Fura-2, or Fluo-3.
Because each of these Ca?* indicators bind one mole of Ca2* per mole of indica-
tor with known K s, if the fit of the Ca?* dependent change in fluorescence gives
the appropriate K; and Hill coefficient (1.0) you can be confident that you are
accurately controlling free Ca2+. Figure 4 shows typical Ca?+ dependent increases
in Quin-2, Fura-2, and Fluo-3 fluorescence. Half-maximal increases occurred
at pCa 7.21 (62 nM) for Quin-2, pCa 6.86 (138 nM) for Fura-2, and pCa 6.36
(430 nM) for Fluo-3. All of the indicators exhibited Hill coefficients of 1.03 +
0.04. These K s are essentially identical to the K s for Quin-2 (60 nM), Fura-2
(145 nM) and Fluo-3 (390 nM), reported by their supplier in the Molecular Probes
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Fig. 4. Ca?* titrations of Quin-2, Fura-2, and Fluo-3. Increasing concentrations of
CaZ* were added to 1 uM of each indicator in 1 mL of buffer (200 mM MOPS, 90 mM
KCl, 2 mM EGTA) at 22°C. Excitation was at 330, 340, and 490 nm and emission was
at 495, 510 and 525 nm for Quin-2, Fura-2, and Fluo-3, respectively. 100% fluores-
cence increase corresponds to 7.8-, 2.6-, and 52-fold increases for Quin-2, Fura-2, or
Fluo-3, respectively. Each data point represents an average of 3 titrations + S. E.

handbook (12). Thus, Ca?* titrations of any of these indicators provides an easy
means of verifying the accuracy of your CaCl, and EGTA stocks.

Errors in either K,; or Hill coefficient can indicate inappropriate control of
pCa. If this occurs, then the concentrations of the EGTA or CaCl, stocks must be
off and should be adjusted till accurate Ca?* dependent increases in indicator
fluorescence are obtained. The concentration of the CaCl, stock (generally 0.5 M)
can also be verified by atomic absorption spectroscopy. If the CaCl, stock is cor-
rect, errors in the [EGTA] are probably responsible for deviant Ca2* titration.
After your CaCl, and EGTA buffers have been made and calibrated, they can be
broken into aliquots and stored frozen, in plastic, for years.

4.2. Fluorescence Methods to Measure Ca?* Dissociation Rates
from Proteins
5. For very rapid kinetic reactions, some of the fluorescence change may be lost

during in the mixing time of the instrument. For example in Fig. 2, FI9W + Ca*
had a fluorescence intensity of 4.6 V (control shot) yet the observable decrease in
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its fluorescence began at 3.8 V. The exponential fit of this data extrapolates back
to 4.6 V and this is consistent with the fact that for a reaction occurring at 310/s
approx 36% of the fluorescence change (0.8 V) would occur in the 1.6 ms mixing
time. The extrapolated exponential fit of this data corrects for this loss in signal
or, if desired, the reaction temperature can be reduce to slow the off rate so that
more of the change can be observed.

6. Quin can be used to measure Ca2+ dissociation rates from essentially any Ca%*-
binding protein and this method does not require that the Ca?*-binding protein
has a fluorescent label. Repeating our Quin shots with wtCaM (over 0—20 ms)
showed that Ca?* dissociates from the N-terminal sites of wtCaM nearly twice as
fast as from FI9W. This suggests that the F mutation is slightly slowing the Ca2+
off-rate. In addition, if these Quin experiments (see Fig. 2) are conducted over
longer times (02 s) you can observe Ca?* dissociating from the slower C-termi-
nal sites of F1I9W CaM at 3.5/s. Thus, Quin is extremely useful for verifying the
effect of any mutation, drug, peptide, or protein binding on Ca2* off-rates from
essentially any purified Ca2+-binding protein (8,13,14). The exception to this is
that if CaZ* affinity is reduced to much, the rates of Ca2* dissociation may become
too rapid to observe.

7. Quin is well suited for these type of measurements because of three factors:

a. It has a diffusion limited Ca2* on rate;

b. It has a high affinity for Ca?* and is an effective chelator;

c. It undergoes a large fluorescence increases upon binding Ca2+.

The fact that Quin has a diffusion limited Ca?* on-rate means that as soon as the
Ca?+ dissociates from the protein it will bind Quin and any Ca?* that is not bound
to the protein will bind to Quin during the mixing time of the instrument. These
effects are facilitated by keeping the [Quin] in excess of the [Ca2+] and [Ca2+-
binding protein]. Quin’s dissociation of Ca?* from proteins is a second-order
reaction dependent on the concentration of Quin and Ca?* -protein. It is, there-
fore, important to use enough Quin to chelate CaZ* at its true Ca?* dissociation
rate (make the reaction pseudo first order). In the above experiments we mixed
8 uM of Ca**-loaded protein with 150 uM Quin. In subsequent experiments, we
verified that increasing [Quin] (to 200 uM) and decreasing [Ca2+] (from 60 to
30 uM) did not increase the Ca?* off-rate. For higher affinity Ca?*-binding pro-
teins, the [Ca%*] concentration can be reduced and the Quin concentration can be
increased to assure complete and first-order removal of Ca?*. Generally it is bet-
ter to decrease the [Ca2+] because if [Quin] is increased much above 200 uM (in
our instrument), inner-filter effects may produce reductions in the signal to noise
because of Quin’s absorption of exciting light. Typically, we do a Quin experi-
ment like the one described at several different [Ca] and [Quin] to verify that the
off-rate is not altered.

8. Another advantage of the Quin technique is that it can be used to estimate the
number of moles of Ca2* that are dissociating from the protein. This is accom-
plished by rapidly mixing 150 wM Quin with increasing concentration of Ca2+
(10, 20, 30, and 60 uM) and determining the relationship between Quin fluores-
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cence intensity and bound Ca2*. These calibration studies should be done directly
after the Ca2+ off-rate experiments, using the same instrument conditions, to
reduces changes in intensity or amplitude produced by time dependent changes
in lamp output. By comparing the amplitude of the increase in Quin fluorescence
in the Ca2* off-rate experiments to the increase in Quin fluorescence when it is
reacted with a specific [Ca], we calculate that two moles of Ca2* were dissociated
per mole of F19W in Fig. 2. Thus, Quin allows a rapid determination of not only
the Ca2* off-rate, but also the number of sites from which Ca2* dissociated.

9. Quin will report the Ca?* dissociation rate from any contaminating chelator that
is with the protein. Thus, it is important to thoroughly dialyze your purified pro-
tein to remove chelator. If the protein is contaminated with EGTA or EDTA you
will see Ca2* dissociation at 0.55/s and 0.7/s, respectively, at 10°C, because of
CaZ* dissociation from chelators (15).

4.3. Measurement of Ca?* On-Rates

10. While chelex can generally be used to remove Ca?+ from the protein, for high-
affinity Ca2+-binding proteins some residual Ca** may remain. In these cases,
small amounts of EGTA can be used to remove the remaining Ca%*. It should be
noted that EGTA can affect the measured on rate for proteins that have slower on
rates. This is because EGTA can bind some of the Ca?* which is being reacted
with the protein at a rate of 1.3 x 10° M/s (see ref. 14) and at higher [EGTA] this
effect is substantial .

11. A quick approximation of the Ca2* on-rate can be obtained before shooting all of
the [Ca%*] shown in Fig. 3 by simply mixing a 10- to 20-fold molar excess of Ca?*
with the protein and determining the rate of increase in protein fluorescence.
When Ca?+ is in sufficient excess of protein, the reaction approaches pseudofirst-
order and the on-rate can be approximated by the ratio of the observed on rate
(1138/s) to the concentration of Ca?* reacted with the protein (10 uM), yielding
an on-rate of 1.1 x 108 M/s. Further verification of the Ca* on-rate can be
achieved by confirming that the off-rate (approx 320/s) determined as the inter-
cept on the y-axis in the linear plot of Fig. 3 inset, is similar to the actual mea-
sured off-rate (310/s in Fig. 2).

Because the K} is the ratio of the off rate to the on rate, the on rate can also be
calculated from K, = K /K ;. For F19W the K is 310/s and the K; (from Fig. 1) is
4 x 10-° M, indicating a K, of 8 x 107 M/s, identical to the actual measured Ca?*
on-rate. Thus, by using Quin and TRP fluorescence we can completely character-
ize the Ca2+ affinity and the Ca?+ exchange rates of a Ca2*-binding protein.

4.4. Other Methods for Determining Ca?* Binding and Ca?*
Exchange Rates with Proteins

12. Ca?*-binding to proteins can also be completely analyzed in terms of affinity,
number of sites, and cooperativity of sites by using *Ca?* and equilibrium or
flow dialysis (as discussed by M. Yazawa in Chapter 1) and by the use of Ca?*
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chelators that undergo changes in absorption (or fluorescence) upon Ca?*-bind-
ing (as discussed by S. Linse in Chapter 2).

13. The rates of Ca2* dissociation from proteins can also be determined using the
luminescent trivalent cation terbium (Tb3*). Tb3* undergoes a large increase in
fluorescence (an phosphorescence) upon binding to CaZ*-binding proteins. When
Tb3* is reacted with proteins containing bound Ca%* (or Mg2*), its luminescence
increases at the rate of Ca?* (or Mg2+) dissociation. We have used Tb3* fluores-
cence and stopped-flow methodology to determine the rates of Ca?* and Mg?*
dissociation from parvalbumin and EGTA (16). Ca?* exchange rates can also be
determined by NMR spectroscopy (see T. Drakenberg, Chapter 18).

14. We have recently introduced a method that allows the generation of Ca?* tran-
sients of various amplitudes and duration in a stopped-flow apparatus. This
method is based on the fact that EGTA and Mg-EDTA have a slow Ca%* on-rate
and when Ca?* is rapidly mixed with a solution containing EGTA (or Mg-EDTA),
[Ca2+] transiently rises until it is bound by chelator. This has allowed us to pro-
duce “artificial” Ca?* transients which vary in duration from 0.1 to 50 ms and to
observe the transient activation of various CaZ*-binding proteins and Ca2* depen-
dent enzymes in response to these transients (15). Thus, using stopped-flow tech-
niques similar to those discussed above it is possible to produce Ca?* transients
and follow the response of CaZ*-binding proteins to these transients in a stopped-
flow apparatus.
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