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Abstract

The elucidation of structure-affinity relationships in EF-hand proteins requires a
reliable assay of divalent ion affinity. In principle, isothermal titration calorimetry
(ITC) should be capable of furnishing estimates for Ca%*- and Mg2*-binding
constants in these systems. And because the method yields the binding enthalpy
directly, ITC can provide a more detailed view of binding energetics than methods
that rely on “>Ca?* or fluorescent indicators. For several reasons, however, it is
generally not possible to extract reliable binding parameters from single ITC
experiments. Ca?* affinity is often too high, and Mg2* affinity is invariably too low.
Moreover, least-squares minimization of multisite systems may not afford a
unique fit because of strong parameter correlations. This chapter outlines a
strategy for analyzing two-site systems that overcomes these obstacles. The
method—which involves simultaneous, or global, least-squares analysis of
direct and competitive ITC data—yields binding parameters for both Ca?* and
Mg?*. Application of the method is demonstrated for two systems. The S55D/
E59D variant of rat o-parvalbumin, noteworthy for its elevated metal ion affinity,
binds divalent ions noncooperatively and is amenable to analysis using an
independent two-site model. On the other hand, Phl p 7, a pollen-specific EF-
hand protein from timothy grass, binds Ca%* with positive cooperativity. Divalent
ion-binding data for the protein must be analyzed using a two-site Adair model.

1. INTRODUCTION

The ability to selectively replace amino acid residues within a protein
provides a powerful tool for investigating its function. Effective incorpora-
tion of site-specific mutagenesis into a structure-function study, however,
requires an effective assay for altered function. For an enzyme, perturbations
can be readily diagnosed with a standard activity assay, and the nature of the
perturbation can often be interpreted from its relative impact on k., and or
ke./ K. However, the biological activity of many physiologically signifi-
cant proteins is restricted to noncovalent interaction with one or more
target ligands. For those systems, it is important to have an accurate,
convenient assay for altered ligand affinity.

Isothermal titration calorimetry (ITC) offers a particularly attractive
method for studying protein-ligand reactions (Freyer and Lewis, 2008;
Lewis and Murphy, 2005; Leavitt and Freire, 2001; Ladbury and
Chowdhry, 1996). In an ITC experiment, automated additions of the
ligand are made at regular intervals to a solution of the protein at constant
temperature. The modern commercial instruments used to study protein-
ligand interactions are so-called power-compensation calorimeters. They
maintain a constant, minuscule temperature difference between the sample
cell and a reference cell filled with bufter (or water). The magnitude of the
heat flux that accompanies an injection of titrant is estimated from the
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change in electrical power required to maintain the temperature difference.
Because the vast majority of protein-ligand interactions are accompanied by
detectable absorption or evolution of heat, ITC is a nearly universal method
for monitoring binding reactions.

ITC is the only technique that yields binding enthalpy directly. Because
the enthalpy is measured as a function of the ligand concentration, the
titration can also provide estimates for the overall binding free energy and
stoichiometry. Given the free energy change and the reaction enthalpy, the
entropic contribution can be calculated by difference. Protonation events
can be readily diagnosed from the observation of a buffer-dependent reac-
tion enthalpy. Moreover, the apparent AC, for the interaction, which is
obtained from the temperature dependence of the reaction enthalpy, can
furnish insight into the molecular details of the protein-ligand interaction.

For a number of years, this laboratory has sought to understand the physical
and structural basis for variations in divalent ion affinity in EF-hand proteins
(Celio, Pauls, and Schwaller, 1996; Kawasaki and Kretsinger, 1995; Kretsinger,
1980; Strynadka and James, 1989), using the parvalbumin molecule as a model.
Parvalbumins are small (M, 12,000), vertebrate-specific proteins that contain
two EF-hand binding motifs (Heizmann and Kagi, 1989; Kretsinger and
Nockolds, 1973; Pauls, Cox, and Berchtold, 1996). Although they are gener-
ally viewed as interchangeable Ca?* buffer proteins, in fact there are significant
differences in divalent ion-binding properties among the various parvalbumin
isoforms. We have attempted to exploit these differences to further our
understanding of determinants of divalention affinity. We have also conducted
numerous site-specific mutagenesis studies. The ability to facilely measure
divalent ion affinity has been crucial to this project.

The lab purchased a microtitration calorimeter from Hart Scientific in
1993. However, we continued to rely on *Ca?* flow-dialysis to evaluate
Ca?* affinity until 2001. The calorimeter was used exclusively for measur-
ing binding enthalpies, employing the binding constants determined
by corresponding flow-dialysis measurements in least-squares modeling.
Mg>" affinity was largely ignored, although occasionally an attempt was
made to extract Mg?" affinity by competition in flow-dialysis assays. This
approach seems archaic in retrospect. However, it was simply not possible
to extract reliable estimates for the parvalbumin divalent ion-binding con-
stants from single ITC experiments or to accurately assess small changes in
these values. The Ca®* affinities in these systems approach or exceed the
upper limit for accurate estimation by I'TC. By contrast, the Mg?" affinities
are generally too low to determine unambiguously. For both ions, the least-
squares treatment often fails to find a unique solution, because of correla-
tions between the binding parameters for the two binding sites.

In recent years, we have employed an ITC-based strategy that sur-
mounts the obstacles. The method involves simultaneous, or global,
nonlinear least-squares modeling of direct and competitive ITC data. The
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decision to adopt this approach was, in large part, motivated by the success
of global NLLS methods for modeling sedimentation equilibrium (Johnson
et al., 1981), sedimentation velocity (Philo, 1997; Schuck, 2000), and time-
resolved fluorescence (Beechem, 1992) data.

Analysis of single-site systems by ITC is generally straightforward, in the
absence of confounding ancillary issues (e.g., limited protein availability or
solubility, high ligand affinities). Although the complexity of the problem
increases exponentially with the number of binding sites, we herein dem-
onstrate that the treatment of two-site systems remains quite tractable.

We currently employ a MicroCal VP-ITC for our calorimetric analyses.
However, the first application of the global ITC approach, to measure the
divalent ion-binding parameters for wild-type rat f-parvalbumin, was actu-
ally performed with data collected on a Hart 4209 microtitration calorime-
ter. Although the 4200 series has been vastly improved in the interim, our
1993-vintage instrument had a signal-to-noise ratio fully an order of mag-
nitude lower than the VP-ITC. That the analyses with data from the two
calorimeters yielded comparable parameter values is testimony to the
robustness of the global fitting strategy.

The motivation for writing this chapter was to provide a reasonably
detailed road map for implementing the global ITC analysis of calcium-
binding proteins harboring two binding sites. The chapter begins with a
discussion of some practical issues related to data acquisition. We then
outline the general approach for modeling ITC data, including descriptions
of the in-house-generated software that we employ for our analyses. The
chapter concludes with two applications of the method. In the first, we
describe the analysis of the S55D/E59D variant of rat o-parvalbumin,
noteworthy for its extremely high affinity for Ca®>" and Mg?*. The binding
of divalent ions in this case is macroscopically noncooperative, permitting
the use of an independent two-site model. In the second example, we
analyze divalent ion binding by Phl p 7, a member of the polcalcin family.
Ca* binding in this system is positively cooperative, necessitating the
application of a general two-site model.

2. PrRAcTICAL ASPECTS OF DATA COLLECTION

To obtain estimates of the binding enthalpies and binding constants for
both Ca?* and Mg?", aliquots of the protein of interest are subjected to a
battery of titrations. Typically, Ca?* titrations are performed at two or more
protein concentrations. Mg?* titrations are likewise performed at one or
more protein concentrations. The protein is titrated with Ca?* at several
fixed levels of Mg?*. It is also titrated with Ca?* in the presence of
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competitive chelators—typically EDTA, EGTA, and NTA. Finally, the
protein is titrated with Mg?* in the presence of EDTA.

2.1. Buffer selection

The analysis buffer should have low affinity for Ca?* and Mg?*. Phosphate
and bicarbonate are unsuitable. Although di- and tricarboxlic acids (e.g.,
malonate and citrate, respectively) could potentially be used as buffers
between pH 5 and 6, they have the potential to chelate divalent ions and
should be avoided. At pH 7.4, the pH at which we conduct our analyses,
Hepes is an effective buffer. Other buffers in this series (e.g., Mes, Pipes,
Mops) would be logical candidates at other pH values.

Protonation phenomena associated with binding can be diagnosed by
titration of the protein with Ca?* in two or more buffers differing in
ionization enthalpy. A bufter-dependent binding enthalpy signals (de)pro-
tonation. If the apparent binding enthalpy is plotted against the buffer
ionization enthalpy, the slope equals the number of protons involved at
the pH of the analysis. lonization enthalpies have been tabulated for many
common buffer systems (Fukada and Takahashi, 1998; Goldberg, Kishore,
and Lennen, 2002).

The composition of titrant and sample buffers should be as closely
matched as possible, to minimize artifactual mixing heats. Unfortunately,
when dealing with low-molecular-weight ligands, dialysis of the protein
and ligand against a common pool of bufter is not an option. Alternatively,
the protein could be dialyzed to equilibrium against a pool of buffer, which
is subsequently used to prepare the titrant solutions. However, this approach
requires time-consuming standardization of titrant solutions for every
protein preparation. In our experience, with exercise of due care in
their preparation, the variation between individual bufter solutions is
acceptably low.

2.2. Standardization of metal ion and chelator solutions

Careful consideration should be given to the preparation of reagents. In this
lab, 1.0 M solutions of analytical reagent-grade CaCl,*2H,O and
MgCl,92H,0 are prepared gravimetrically in the analysis bufter. Preparing
the concentrated stock solutions in the analysis buffer helps to ensure that
heat-of-mixing artifacts arising from adding the diluted titrant to the protein
solution will be minimal. Aliquots of the stock Mg?" solution are diluted in
analysis buffer to obtain 100 mM and 2.0 mM solutions. Then 20 mM and
1.0 mM solutions of Ca?* are similarly prepared. We store aliquots of the
stock solutions and dilutions in tightly sealed polypropylene containers
at —20 °C.
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We treat analytical-grade Na,EDTA®2H,O as a primary standard.
A 100.0 mM stock solution is prepared in the analysis buffer and then
appropriately diluted, with the analysis buffer, to obtain 10.0 mM and
0.15 mM solutions. The latter is titrated with the 1.0 mM Ca?>" and
2.0 mM Mg>" solutions to obtain more precise estimates of the respective
metal ion concentrations.

Additionally, 100 mM stock solutions of EGTA and NTA are likewise
prepared and diluted with buffer to obtain 10.0 mM solutions. These are
used in the sample preparation. Additionally, 0.15 mM EGTA and 1.0 mM
NTA solutions are prepared. The former is standardized by titration with
1.0 mM Ca?", the latter by titration with 20 mM Ca?*.

2.3. Removal of metal ions from buffers and protein solutions

For the majority of cases, metal ions can be sequestered from protein
preparations by passage over EDTA-derivatized agarose. The chelating
matrix is prepared by carbodiimide-mediated coupling of EDTA to ami-
nohexyl agarose.

2.4. Preparation of EDTA-agarose

Aminohexyl agarose is prepared by activation with 1,4-butanedioldiglycidyl
ether (Pepper, 1998), followed by reaction with 1,6-diaminohexane at pH
13. For example, 100 mL (moist cake) of Sepharose 4B is placed in a 500-mL
polypropylene reaction bottle. In a fume hood, 100 mL of 0.6 N NaOH and
100 mL of 1,4-butanedioldiglycidyl ether are added, and the suspension is
incubated overnight at 25 °C with vigorous agitation (required to keep the
minimally soluble ether in suspension). The suspension is filtered through a
sintered-glass funnel and washed extensively with hot tap water (e.g., 10 vols)
until the smell of the 1,4-butanedioldiglycidyl ether is faint. The resulting
epoxy-activated agarose is ready for modification with 1,6-diaminohexane.

Then, 1.0 g of 1,6-diaminohexane is dissolved in 100 mL of 1 M sodium
carbonate, and the pH is adjusted to 13 with concentrated NaOH. This
solution is added to the epoxy-activated gel cake, and the pH is readjusted
to 13, if necessary. The resulting suspension is incubated for 24—48 h with
vigorous agitation at 25 °C. At the end of the incubation, excess reagents are
removed by filtration, and the gel is washed extensively with water.

After removing excess water, the aminohexyl agarose is resuspended in
250 mL of 0.5 M EDTA, pH 6.0. Then 5.0 g of EDAC are added to the gel
suspension, which is then incubated at room temperature with constant
agitation. After 4 h, the pH is measured and readjusted to 6.0 if necessary.
A second 5.0-g aliquot of EDAC is added, and incubation is continued for
another 4 h. The resulting material is washed extensively with water and
then 10 mM Ca>* to remove excess EDTA.
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The binding capacity is determined by saturating an aliquot of the gel
with Ca?*, rinsing off the excess Ca®", eluting the bound Ca?* with dilute
HCI (pH 1), and measuring the Ca®>" content of the eluate by flame atomic
absorption spectrometry. One mL of EDTA-agarose thus prepared binds
20-30 umol Ca®*.

The EDTA-derivatized matrix retains a net positive charge due to the
presence of unreacted amino groups, and it can act as an anion exchanger at
low 1onic strength. To prevent nonspecific electrostatic interactions
between the acidic EF-hand proteins and the EDTA agarose, a solvent
ion concentration of at least 0.15 M is recommended.

2.5. Removal of Ca?* from protein samples

Prior to loading the protein, residual divalent ions are stripped from the
column with four bed volumes of dilute HCI (pH 2). The HCl in the head
space is then removed and replaced with the analysis bufter, and the column
is eluted with the analysis buffer until the pH of the eluate matches the
buffer pH. The protein (2.5 umol, at a concentration of 80 puM) is loaded
onto the column at 0.5 mL/min. After the protein has loaded, elution is
continued at the same flow rate with bufter. Fractions of the eluate exhibit-
ing significant UV absorbance are combined, and the resulting solution is
assayed for residual Ca®>" by flame atomic-absorption spectrometry.

Although the protein is diluted approximately 50% by passage over the
column, recovery exceeds 90%. The residual Ca?* concentration is typically
less than 0.5 uM. Thus, if the protein concentration is 25 pM, removal
is >299% complete. Using this protocol, we have successfully removed the
Ca?* from rat o-parvalbumin, which exhibits an average Ca®*-binding
constant of 1.2 x 108 M~! in Hepes-buftered saline.

The key to quantitative removal of divalent cations is to avoid over-
loading the column. Because a carboxylate is sacrificed in the coupling
reaction, immobilized EDTA exhibits fairly modest affinity for Ca?>*. The
titration of an aliquot of EDTA-agarose with 20 mM Ca®*, in Hepes-
buffered saline at pH 7.4, is displayed in Fig. 10.1. Least-squares analysis
of the integrated data indicates the existence of two populations of binding
sites. The major population binds with an average enthalpy of —3.8 kcal/
mol and average binding constant of just 2.7 (0.4) x 10> M~!. A minor
population (<5%) binds with marginally higher affinity, 7.7 (1.0) x 10°
M1, and greater exothermicity, AH = —9.5 kcal/mol. The latter may
represent adjacent chelating groups that are capable of functioning cooper-
atively. Clearly, the ability of the EDTA-agarose matrix to extract Ca?*
from proteins with binding constants exceeding 108 M~! is strongly depen-
dent on mass action. Assuming 25 umol of chelator per mL of gel, a 100-mL
column would have a total capacity of 2.5 mmol. We typically load
2.5 umol of protein, which corresponds to 5 pmol of divalent ion-binding
sites. Thus, the ratio of chelator sites to protein sites is on the order of 500:1.
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Figure 10.1 Titration of an aliquot of EDTA-derivatized agarose with Ca®*
The raw and integrated ITC data are displayed in panels A and B, respectively.

To date, we have encountered two proteins for which the EDTA-
derivatized agarose was unable to quantitatively remove the bound Ca?*
Because K* does not compete with Ca* for the EF-hand sites in rat o-
parvalbumin, the protein exhibits substantially higher affinity for Ca?*
when K*, rather than Na*, is the major solvent cation. The average
Ca?"-binding constant is 1.6 x 10° M~" in 0.15 M KCl, 0.025 M Hepes,
pH 7.4. After passage over EDTA agarose in this buffer, the protein retains
roughly 0.5 equivalents of Ca?*. In this case, the Ca?>" was removed in the
presence of 0.15 M NaCl, 0.025 M Hepes, pH 7.4. The Na" was subse-
quently replaced by K* by repeated cycles of concentration and dilution, in
an ultrafiltration cell, with (Ca?*-free) K*-containing buffer.

The S55D/E59D variant of rat o-parvalbumin was the second protein
that successfully resisted Ca?* removal with EDTA-agarose. As discussed
later in the chapter, this protein exhibits extremely high affinity for Ca?*
The binding constant for Ca* at the engineered CD site exceeds 107 M~}
in Hepes-buffered saline and 10'© M~! when K™ replaces Na* as the major
solvent cation. To remove residual Ca®" in these cases, it was necessary to
dialyze the protein (20 mL, at 1.5 mg/mL) against a large excess of EDTA
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(1 L of NaCl/Hepes, containing 0.01 M EDTA), then dialyze away the bulk
of the EDTA (against 1 L of buffer containing 0.001 M EDTA). Comple-
tion of EDTA removal and solvent cation exchange, if required, were
completed by repeated cycles of concentration and dilution with the appro-
priate Ca®>"free buffer in an ultrafiltration cell.

2.6. Binding parameters for competing chelators

Because the divalent ion-binding parameters extracted from titrations con-
ducted in the presence of a competing chelator are dependent on the
corresponding values for the chelator, accurate knowledge of the chelator
binding behavior is important. The three competitive chelators that we
routinely employ are EDTA, EGTA, and NTA. The relevant binding
constants and enthalpies that we observe in 0.15 M NaCl, 0.025 M
Hepes, pH 7.4, are listed in Table 10.2.

The Ca?*-binding parameters for NTA were obtained by titrating a 1.0
mM, 0.5 mM, and 0.25 mM aliquots of the chelator with 20 mM or 5 mM
Ca?*. The resulting data were analyzed globally with a single-site model to
extract the binding constant and binding enthalpy.

The Ca®*-binding parameters for EGTA were determined by titrating
EGTA with Ca?" in the presence of 2.0 mM NTA. The equations used to
treat these data are described subsequently. To determine the binding
parameters associated with EDTA, the chelator was first titrated with
Mg?*. The binding constant and enthalpy for Mg2*, 5.5 x 10> M~! and
4.2 kcal/mol, respectively, can be readily estimated from direct titrations
with Mg?*. The corresponding values for Ca®>" were then obtained by
titrating samples of EDTA with Ca?* and with Ca?* in the presence of Mg?™.
The equations used to treat these data are likewise described subsequently.

Clearly, the competitive chelators employed in the experiments should
not bind to the protein. Although we have not encountered this problem to
date in our analyses, interactions between EF-hand proteins and Ca?*
indicators have been reported. For example, Haiech et al. reported that
EGTA binds to hake parvalbumin with an apparent dissociation constant of
35 mM at pH 7.55 (Haiech et al., 1979). Moreover, whether such interac-
tions occur may be strongly influenced by solution conditions. To deter-
mine whether protein-chelator interactions are occurring, the protein
should be titrated with a solution of the chelator. Ideally, the observed
heat fluxes should be identical to those accompanying addition of chelator
to buffer alone. In practice, there may be small differences because the
frictional heat generated by injecting the titrant into the stirred sample cell
will difter slightly in the presence of the protein. However, the difference
should be small, and the heat effects should be constant.
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2.7. ITC data collection

We routinely employ a set of 10 titrations, listed in Table 10.1, for the
evaluation of parvalbumin/polcalcin Ca?>* and Mg?*-binding parameters.
The significance of the experiment number is described subsequently.
Protein concentrations between 50 and 60 uM are optimal. If the concen-
trations in the experiments numbered 11 and 13 significantly exceed 60 uM,
the amount of titrant in the buret will not be sufficient to reach the endpoint
for the reaction. When the protein concentration is significantly less than
50 uM, the endpoint is reached rather earlier during the titration, with a
resultant decrease in the informational content of the experiment.

Because overfilling the VP-ITC sample cell requires approximately
1.8 mL of solution, we typically prepare 2.0 mL samples in 5.0-mL plastic
vials. To prepare sample 7, for example, 20 uL of a 100 mM Mg?* solution is
combined with 1.98 mL of (60 uM) protein solution. Sample 9 is prepared
similarly by combining 20 uL of 1.0 M Mg>* and 1.98 mL of protein. We find
it convenient to prepare the entire sample series at the same time. The samples
are then rapidly frozen in liquid nitrogen and stored at —20 °C prior to use.

2.8. Data set preparation

Although one can probably imagine alternative strategies for supplying data
to the fitting program, we combine the data from the 10 experiments
described previously into a single composite data file. As currently config-
ured, that file includes 13 columns. An excerpt from a typical file is
displayed in Fig. 10.2. These values correspond to the first three points
from a titration with Ca* in the presence of EDTA. Clearly, the data file
must include the injection heat (Col. 1) for each titration point and an
estimated standard deviation (Col. 2), as well as the associated total ligand

Table 10.1 Titrations used to analyze parvalbumin and polcalcin divalent ion binding

Exp. Protein Competing ion Injection Number of
no. concentration or chelator Titrant volume  injections
1 60 uM — 1.0 mM Ca?* 7 ul 42
2 30 uM — 1.0 mM Ca?*  5uL 30
4 60 uM — 2.0 mM Mg?* 10 ul 29
7 60 uM 1.0 mM Mg?" 1.0 mM Ca%" 7 puL 42
8 60 uM 5.0 mM Mg?* 1.0 mM Ca?* 7 uL 42
9 60 uM 10.0 mM Mg®* 1.0 mM Ca®* 7 uL 42
11 60 uM 60 uM EDTA 1.0 mM Ca?* 7 uL 42
13 60 uM 60 uM EGTA 1.0 mM Ca?* 7 uL 42
15 60 uM 0.10 mM NTA 1.0 mM Ca®>* 7 uL 42
17 60 uM EDTA 2.0 mM Mg>*t 7 uL 42
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1 2 3 4 5 6 7
Inj. heat Std. dev. [Ca2*],o [Mg2*],;  [protein] [EDTA] [EGTA]
(ucal) (ucal) (M) (M) (M) (M) (M)

-7.46189  1.00E+07 1.5645E—-06  0.0000 5.7800E—-05 5.7918E—-05 0.0000
—43.0542  0.350000  7.0228E-06  0.0000 5.7718E—-05 5.7632E-05  0.0000
—41.3975  0.350000  1.2454E-05  0.0000 5.7432E-05 5.7350E-05  0.0000

8 9 10 11 12 13
[NTA] Expt. no. Inj. no.  Model no. Inj. vol. Tot. vol.
(M) L) (D)
0.0000 11 1 4 2.0000E-06 1.4193E-03
0.0000 11 2 4 7.0000E-06 1.4123E-03
0.0000 11 3 4 7.0000E-06 1.4263E—-03

Figure 10.2 Excerpt from a composite data file. The first three lines from the titration
of a parvalbumin sample with Ca®* in the presence of EDTA. Note that the standard
deviation associated with the first titrant addition, the 2.0-uL preinjection, is assigned a
value of 107, to ensure that it receives no weight in the least-squares analysis.

(Col. 3 for Ca?*, Col. 4 for Mg?") and total protein concentrations (Col. 5).
If there 1s a competing chelator, as in this case, that concentration must also
be supplied (Cols. 6, 7, and 8 for EDTA, EGTA, and NTA, respectively).

The experiment number, listed in Col. 9, tells the fitting program which
model is to be used to simulate the injection heat. Experiments 1-3
correspond to direct titrations with Ca?*, 4—6 to direct titrations with
Mg?*, 7-10 to titrations with Ca?* in the presence of Mg?*, 11-12 to
titrations with Ca?* in the presence of EDTA, 1314 to titrations with Ca?*
in the presence of EGTA, 15-16 to titrations with Ca?* in the presence of
NTA, and 1718 to titrations with Mg?* in the presence of EDTA. The
injection number for the particular experiment is listed in Col. 10. The
model number appears in Col. 11. It will differ depending on whether
independent-site (Scatchard) or general (Adair) fitting equations are to be
employed for the least-squares minimization. Columns 12 and 13 provide
the injection volume and total volume, respectively.

Preparation of the data file requires some care. We integrate the data
from separate experiments and perform baseline smoothing, if necessary,
using the Origin-based software supplied with the VP-ITC. The topic of
baseline smoothing deserves comment. Obviously, one manipulates raw
data at his peril, as there is always the danger of reducing the information
content of the data set (Johnson and Faunt, 1992). However, the MicroCal
baseline algorithm frequently cuts a sawtooth pattern through the data,
greatly exaggerating the variance. In these cases, we adjust the baseline so
that it bisects the perceived average in the point-to-point noise.

Because there is generally insufficient protein sample available to prerinse
the cell, the protein sample is diluted by residual bufter in the sample cell at the
time of loading. Consequently, the actual and calculated protein concentra-
tions will differ slightly. This situation can compromise the quality of the
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least-squares fit. Although it is possible to correct these inaccuracies during the
least-squares analysis, as described subsequently, it is preferable to begin with
the most accurate estimates for the protein concentration. In many of the
titrations, the equivalence point is well-defined. These individual data sets are
subjected to a preliminary analysis using the MicroCal software, the motivation
being to correct minor errors in protein concentration. The sample concen-
tration is varied until the fitted stoichiometries for both sites are 1.00.

The MicroCal conversion software produces a spreadsheet listing the
relevant information associated with each injection of titrant. The first four
columns list the injection heat (ucal), the injection volume (uL), the
dilution-corrected ligand concentration (mM) in the cell following the
injection, and the corresponding dilution-corrected protein concentration
(mM). The four columns of data are exported as an ASCII file and subse-
quently used in the construction of the master data file. We employ a
Fortran-based utility called ““itcdatafile’ for this task.

This program asks for the total number of titrations to be included in the
composite data set. Then, for each experiment, it prompts for the name of
the corresponding ASCII file, the experiment number, and a standard
deviation. Except for the first point in the titration, which is always a 2.0-
UL preinjection, we generally utilize a uniform standard deviation for each
data point. This number was determined by repeatedly titrating a solution of
EDTA with Ca?*, calculating the standard deviation associated with each
point in the titration, and averaging the values. For our calorimeter, this
value turned out to be 0.35 pcal. The use of a uniform variance is not
particularly realistic, as the signal-to-noise varies from experiment to exper-
iment and even from replicate to replicate. However, it is approximately
correct and permits the calculation of a reduced y? value:

=1 (10~ vl (101

In Eq. (10.1), v is the number of degrees of freedom (the number of data points
minus the number of variable parameters), g;1s the standard deviation of the ith
point, y(i) is the observed injection heat and y(x;) is the calculated injection
heat. The heat associated with the 2-uL preinjection is invariably low due to
diffusion of titrant from the buret during the relatively lengthy thermal
equilibration period. In order to eftectively ignore this point during the
least-squares minimization process, it is assigned a standard deviation of 10”.
If the experiment number corresponds to a titration in the presence of a
fixed level of Mg?*, the program asks for the initial concentration. Likewise,
if a competing chelator is present, it prompts for the initial chelator concen-
tration. When the information has been collected for all of the titrations, the
program asks for an output file name and subsequently writes out the file.
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2.9. Preparation of the parameter file

The parameter file contains the initial estimates of the Ca?*- and Mg?*-
binding enthalpies and binding constants for the protein of interest. It also
contains the corresponding binding parameters for the competing chelators.
These are so-called global parameters, which apply to the entire data set.
There are also some experiment-specific, or local, parameters. These
include binding stoichiometries for the proteins and chelators in each of
the titrations and baseline offsets for each experiment. The stoichiometry
values are set to 1.0 by default. As the y2 minimum is approached, experi-
ments for which the assumed protein concentration is incorrect become
obvious—exhibiting large % contributions in the vicinity of the equiva-
lence point. For these cases, the corresponding stoichiometry coefficients
can be adjusted by trial and error to find the optimal values. The baseline
offsets are all set to 0.0 by default. As the > minimum is approached, it may
become apparent that one or more of the experiments requires a baseline
correction. This is likewise done empirically, adjusting the value until no
further improvement in %2 is observed.

We employ a utility called “itcparfile’ to produce the parameter file. As
currently configured, the resulting parameter file contains four columns. An
excerpt from a file is displayed in Fig. 10.3. The first column is a shorthand
label for the parameter. The second column is a text descriptor. The third
column contains the actual parameter values, and the final column, consist-
ing of 1’s and (s, indicates whether the corresponding parameter is to be
varied (1) or not (0). The file contains 80 lines. Lines 1—4 present the
binding enthalpies and binding constants for Ca?*; lines 5-8 present the
corresponding values for Mg?*. Lines 9 and 10, used only in the Adair
model, correspond to the enthalpy change and equilibrium constant,
respectively, for the formation of a mixed Ca?*-Mg?* complex. Lines 11—
18 present the binding parameters for the competing chelators. Lines 19-38
contain stoichiometry values (ny, n,) for experiments 1-10. Lines 39-62
contain stoichiometry values (11, 1, c) for experiments 11-18. Lines 63—
80 correspond to the baseline adjustments for experiments 1-18.

2.10. General comments on ITC model development

We herein offer a brief introduction to ITC model development. For
simplicity, we consider a molecule M having a single-site for ligand X:

M+X = MX. (10.2)

For relevance, we further assume that M is a small-molecule chelator (e.g.,
EDTA or EGTA) and that X is either Ca?* or Mg?*. The model develop-
ment process begins with the equation for the cumulative heat of binding
following the ith titrant addition:
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1 2 3 4
H1 SITE 1 CA ENTHALPY —4100.000 1
K1 SITE 1 CA-BINDING CONSTANT 22000000.000 1
H2 SITE 2 CA ENTHALPY —-3460.000 1
K2 SITE 2 CA-BINDING CONSTANT 1500000.000 1
HM1 SITE 1 MG ENTHALPY 3010.000 1
KMl1 SITE 1 MG-BINDING CONSTANT 9200.000 1
HM2 SITE 2 MG ENTHALPY 4160.000 1
KM2 SITE 2 MG-BINDING CONSTANT 170.000 1
HCAMG MIXED-SPECIES BINDING ENTHALPY 0.000 0
BCAMG MIXED-SPECIES BINDING CONSTANT 0.000 0
HEDTA EDTA CA-BINDING ENTHALPY —6300.000 0
KEDTA EDTA CA-BINDING CONSTANT 44000000.000 0
HMEDTA EDTA MG-BINDING ENTHALPY 4400.000 0
KMEDTA EDTA CA-BINDING CONSTANT 550000.000 0
HEGTA EDTA CA-BINDING ENTHALPY —7500.000 0
KEGTA EGTA CA-BINDING CONSTANT 17000000.000 0
HNTA NTA CA-BINDING ENTHALPY —1900.000 0
KNTA NTA CA-BINDING CONSTANT 11000.000 0
N1 EXPT 1 CA TITRATION 1.000 0
N2 EXPT 1 CA TITRATION 1.000 0
N1 EXPT 2 CA TITRATION 1.000 0
N2 EXPT 2 CA TITRATION 1.000 0
BL BASELINE EXPT 15 0.000 0
BL BASELINE EXPT 16 0.000 0
BL BASELINE EXPT 17 0.000 0
BL BASELINE EXPT 18 0.000 0

Figure 10.3 Excerpt from a typical parameter file. Binding enthalpies and binding
constants for the protein and chelators occupy the first 18 lines. Binding stoichiometries
for 18 potential experiments occupy the following 34 lines. Baseline adjustment para-
meters occupy the final 18 lines.

Q; = AHuv,. (10.3)

In this general equation, AH is the enthalpy of the reaction and o, is the
fraction of binding sites occupied on M after the ith addition. AH is
commonly expressed in cal/mol, whereas Q; is typically measured in pcal.
Thus, for consistency of units, the right side of the equation must be
multiplied by 10°1/,[M],;, where I/, represents the sample cell volume and
[M], is the total concentration of M:

Qi = 10°V,[M], AHu;. (10.4)

The factor of 10° serves to convert calories to microcalories, and the
productV/,[M], equals the total moles of M in the sample cell.
For a single-site system, the value of «; is given by the binding isotherm:

o K.’X,'l'
o 1 + Kxi’

o

(10.5)
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where K is the association constant and x; is the free molar concentration of
ligand after the ith injection, shorthand for [X];. The denominator in
this equation corresponds to the binding partition function, or binding
polynomial. It reflects the statistical weight of each of the ligated forms at
ligand concentration x;. For the single-site system, there are just two forms,
apo- and bound.

Note that Eq. (10.5) requires knowledge of the free ligand concentra-
tion, whereas the independent variable in an ITC experiment is the total
ligand concentration, [X],;. However, given [X],,, the total concentration
of M, [M];; and an estimate for K, we can solve for the free ligand
concentration. For a one-site system, the solution can be obtained either
analytically or numerically.

In the former case, we can write an expression for the association
constant K, taking advantage of the fact thatx; = [X] i [MX],
and[M]; = [M]t,i — [MX];:

= M]xi <[M]t,i — [Mx]l) ([X]t,i — [MXL-)

K

Clearing the denominator and collecting terms yields a quadratic equation
that can be solved for [MX],, yielding:

pax) = 5 ( (101, + 10,

K
e e (107)
(a4 10,4 1) -+,
The resulting value can then be used to calculate «; because
MX]|.
;= [MX], ) (10.8)
(M,

Given a value for o, and an estimate for AH, Q; can be calculated via
Eq. (10.4).

Alternatively, the free ligand concentration can be estimated numeri-
cally. To do this, we define a function, f(x;), equal to the estimated free-
ligand concentration (x;) plus the estimated bound-ligand concentration
minus the (known) total ligand concentration:

Sfxi) = x4+ [MX], — [X], (10.9)

i
)
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We can substitute for [MX];, making use of Egs. (10.5) and (10.8), to obtain
an expression in terms of x; and K:

fo) =t (o) - (1000)

If the initial estimate for x; is correct, f(x;) will equal zero. If not, we try
other values of x; until the value is acceptably small, say 107°[X], ;.

The bisection method is an efficient way to proceed. We first identify a
value for x; that yields a positive value of f(x;). The total ligand concentra-
tion, [X],;, is a logical choice. We refer to that value of x; as up (for upper
limit). The value of x; is then decremented until the value of f{x;) is negative.
That value of x; is referred to as lo (for lower limit). Next, we calculate the
average of up and lo (i.e., we bisect them) to obtain a better estimate for x;.
We then recalculate f(x;). If it is sufficiently small, we are done. Otherwise,
we continue. If f{(x;) is positive, we assign x; to up; if flx;) is negative, x;
becomes the new value for lo. The updated values for up and lo are once
again averaged to yield a new value of x;. As before, assuming f(x;) is still not
acceptably small, if f{(x;) is positive, x; is assigned to up. Otherwise, it is
assigned to lo. The bisection routine is continued until the criterion for
acceptability is met.

Regardless of the model used to simulate the cumulative heat, the
injection heat for the ith titrant addition is obtained by subtracting the
cumulative heats associated with the ith and (i — 1)th data points:

g =(Q — Q1) + (d7V> (%) + bl. (10.11)

In both the VP-ITC and Nano ITC, the sample cell is overfilled, so that
the observed reaction volume is constant. With this configuration, how-
ever, each addition of titrant displaces an equal volume of the reaction
mixture from the cell. The second term in Eq. (10.5) corrects for the
undetected heat of reaction associated with that displaced volume. The
“bl” term, short for baseline, corresponds to the mixing heat associated
with the titrant injection.

To summarize, ITC model development involves four basic steps:
(1) Express the cumulative heat is expressed in terms of the binding enthalpies
and fractional occupancies. (2) Express the fractional occupancies in terms of
the binding constants and free ligand concentrations. (3) Solve for the free
ligand concentration, employing the binding constants and total concentra-
tions of M and X. (4) Calculate the injection heat from the difference between
the cumulative heats for the ith and (i — 1)th titrant additions. Implementation
of this process is described for two cases: binding of Ca?* to a small molecule
chelator in the presence of a competing chelator and binding of Ca?*
to chelator in the presence of a competing metal ion, Mg?™.
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2.11. Binding in the presence of a competing chelator

Often, ligand-binding affinity precludes a determination of the binding
constant by direct titration. For example, the Ca®" affinity of EGTA is
sufficiently high that direct determination of the binding constant is prob-
lematic. One solution to this problem involves titrating the molecule of
interest in the presence of a competitor molecule having lower affinity for
the ligand. For example, EGTA can be titrated with Ca?" in the presence of
NTA. In this case, the cumulative heat for the ith titrant addition includes
contributions from the binding of Ca?* to both EGTA and NTA, as
expressed by the following equation:

Qi = AHpgra% pcra + AHNTA% NTA, (10.12)

where o; pg4 and o; N4 represent the fractions of the chelators coordinat-
ing Ca>" after the ith addition. They are calculated as follows:

KEGTA[Ca2+]i o _ KJ\VTA[CG2+]i
1 + KEGTA[CQZ-F],' ) THNTA 1 + KNTA [Ca2+]i )

O, EGTA = (10.13)

Employing these expressions and making the units consistent, Q; can then
be written as

AHgcraKeara|Ca*t), )

. =101, | [EGTA], .
Q <[ ]t,l( 1+KEGTA[Ca2+]i

(10.14)

AHNTAKNTA [Ca2+]i > >

NTA|, .
+ [ ]I‘,,I( 14+ KNTA[Ca2+]i

The next step is to solve for the free ligand concentration. In this case, the
free Ca?* concentration can be obtained numerically for this experiment by
minimizing this equation:

fx) =[Ca*t]. + [EGTA]M( Kggra[Ca®t], )

1 +KE(‘T4 Ca2 :
5 [ ]l (1()1[))
liNlA[Ca ]i

_ 2+
1+KNTA[C¢12+],.) ]

+ [NTA],, (

The injection heats are obtained by substituting the expressions for Q; (and
Q;—1) from Eq. (10.14) into Eq. (10.11).



276 Michael T. Henzl

2.12. Binding in the presence of a competing metal ion

Another strategy for estimating the binding constant for a high-affinity
ligand involves titrating the molecule of interest with ligand X in the
presence of low-affinity ligand Y (Eatough, 1970; Hu and Eftink, 1994;
Sigurskjold, Berland, and Svensson, 1994). For example, whereas the Ca?*
affinity of EDTA is too high to measure directly, the Mg?" affinity is readily
measured by direct titration. Thus, the Ca®* association constant for EDTA
can be determined by titrating the chelator with Ca* in the presence of a
fixed level of Mg?*. For this system, the cumulative heat for the ith titrant
addition will include contributions from both the binding of Ca?* and the
displacement of Mg>*:

Qi = AHcu,ca + AHg0% ag, (10.16)

where a; ¢, or @; ) represent the fraction of chelator coordinating Ca’* or
Mg?", respectively. These fractional occupancies are given by the following
expressions:

Oica = ,
@ =TT RalGe, + K] (10.17)
OinMg =

1 + KCa[Ca2+]i + K’\/Ig[MgZJr]i ‘

Note that the binding partition function (denominator) contains an addi-
tional term corresponding to the Mg?*-bound form of the protein. Clearly,
to have a discernible impact on the affinity for Ca*, the Mg?" must be
present at a concentration comparable to, or exceeding, its dissociation
constant. Substituting the terms from Eq. (10.17) into Eq. (10.16) yields
the following expression for Q;:

AHc,Kc,|Ca*™),
1+ K, [Ca2+]i + Ky [Mgz"“]i

Qi =10°V,|[EGTA] . (
(10.18)

+ AHMgKMg [M£2+]i
1+ Kea [Caz+]i + Kag [M22+]i ‘

Application of this equation requires knowledge of both the free Ca?* and
Mg>* concentrations. Sigurskjold has described an analytical solution for
the free ligand concentration in this type of competitive ITC analysis
(Sigurskjold, 2000). Alternatively, these values can be obtained by simulta-
neously minimizing these two equations:
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f([ee])) =[ee), + [EGT4),

( Keq[Ca*t), ) - [Caﬂ] (10.19)
1 4+ Keo[CaH?*], 4+ Ky [Mg? ], fi'
£([m),) =[me), + waTa),

Ko [Mg**], (10.20)

— Mo
(1 + KCa[Caer]i + KMQ[MXH] > [ ¢ ]["

i

A strategy for performing the simultaneous minimization is described in a
subsequent section.

2.13. Least-squares minimization

If an appropriate mathematical model is available, the exercise of curve
fitting reduces to a search for optimal parameter values. The least-squares
strategy for parameter optimization assumes that the set of parameters that
provides the best agreement with observation (i.e., the smallest variance) has
the highest probability of being correct (Johnson and Faunt, 1992). The
validity of this assumption is conditional. It requires that the fitting model be
correct, that the data points be independent of one another, and that there
be sufficient data points to adequately sample the experimental uncertainty.
It further requires that the data be free of systematic error, that the experi-
mental uncertainty can be described by a Gaussian distribution, and that the
uncertainty can be attributed entirely to the dependent variables.

The term “least-squares minimization’ actually encompasses a number
of numerical strategies (Bevington and Robinson, 1992; Johnson and Faunt,
1992;). In so-called grid-search methods, after calculating an initial 2 value,
one of the fitting parameters 4; is incremented by £Aq; (where the sign is
chosen such that y? decreases) and y? is recalculated. This step is repeated
until y2 no longer decreases and begins to increase. This process is carried
out for each fitting parameter in turn. The entire procedure is repeated until
no further significant reduction in y? is achieved.

Although reliable, grid-search algorithms converge slowly, especially
when the parameters are highly correlated. In the more efficient gradient-
search or steepest-descent methods, all of the fitting parameters a; are
adjusted simultaneously. The relative magnitudes of the adjustments are
chosen so that the movement in parameter space is in the direction of
maximum reduction in y? (i.e., along the y? gradient (Vy?)). The gradient
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Vy? is a vector pointing in the direction along which y? changes
most rapidly:

n a 2
V=) %aj : (10.21)
=1 L9

where d;is a unit vector in the direction of the a; coordinate axis. The partial

derivatives of y? with respect to each of the parameters are calculated
numerically:
o’ 12 (g + 0a;) — 72 (a)

e e , (10.22)

where da; is some fraction of the parameter value. The sign of each g
increment is chosen so that y? decreases.

So-called expansion methods offer yet another approach to minimizing
2. In this approach, the fitting function y(x) is approximated by means of a
truncated Taylor series about the point a;':

y(x) = +Z{ 5 J}. (10.23)

j=1

In Eq. (10.23), y/(x) is the value of the fitting function when the parameters
have starting values a/ and the derivatives are evaluated at those values.
Then, 2 can be expressed explicitly as a function of the parameter incre-

ments da;:

P = Z % i — v (x) — f: {%jjx’)éaj} . (10.24)

1 J—]

Then y? is minimized with respect to each of the parameter increments da,
to obtain the optimal values of the increments:

972 1 Ay'(xi) ) _
Oda, ZZ o2 Z: [ Oaj j} Ja =0.

(10.25)

The resulting m simultaneous equations are solved to obtain the optimal
parameter increments, which are then used to update the starting parameter
estimates. This process is carried out iteratively until no further significant
reduction in y? is obtained. The advantage of this approach is that it
converges very rapidly in the neighborhood of 2 minimum.
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One of the most effective least-squares fitting strategies, the Levenberg-
Marquardt algorithm, combines the most desirable features of the steepest-
descent and expansion methods. When »? is far from a minimum, the
Marquardt algorithm behaves like a gradient or steepest-descent search.
However, in the neighborhood of a minimum, it behaves more like the
expansion method.

Ideally, least-squares minimization should begin with good initial param-
eter estimates. Often, the binding parameters are known for a closely related
protein, an ortholog or site-specific variant. In our experience, however,
even with reasonably good starting parameter estimates, the Levenberg-
Marquardt algorithm often fails to converge to a global minimum. This
failure might reflect the ruggedness of the y2 hypersurface resulting from the
variation of eight parameters—four enthalpies and four binding constants—
and the presence of multiple local minima. Whatever the reason, our
least-squares minimization strategy relies heavily on Monte Carlo simulation.

The program ““itcmonte” prompts for the data file and parameter file
names, the number of parameter sets desired (typically 100), and a value for
“delta.” Initially, delta should be set to 0.20. The program generates random
numbers between —1.0 and +1.0. Each of the variable parameters is multiplied
by a random number and the value for delta. This product is then added to the
current value of the parameter. After this process has been carried out for each
of the adjustable parameters, the resulting modified parameter set is used to
calculate simulated injection heats for each of the data points in the composite
dataset. If the resulting %2 value is less than the starting value, the updated
parameter values of the parameters are written to a file and used as the starting
point for another round of modification. Otherwise, they are discarded.

This procedure is repeated until the specified number of parameter sets
has been collected. Upon completion, the program displays the y? mini-
mum, and the associated parameter values, and writes the latter to a file
(“bestpars”). It also performs a simulation with the optimal parameter values
and writes an ASCII file called “monteplot™ containing the experimental
values, the calculated values, and residuals for each experiment. This file can
be imported into a plotting program to evaluate the quality of the fit.

The program then asks whether you wish to continue with additional
simulations and, if so, the number of parameter sets desired and the value of
delta to be employed. As the y? limit decreases, the value of delta should
likewise be decreased. As one approaches the minimum in the error space,
and the parameter values approach their optimal values, smaller corrections
to the parameter values should be used.

In the absence of systematic errors and an accurate estimate of the standard
deviation for each point, the reduced y? value for a perfect least-squares fit
would be 1.0. In practice, we obtain values between 2 and 5. Occasionally, the
Monte Carlo simulations will fail to yield a y? of this magnitude. This situation
might reflect a problem in the dataset, perhaps mistyping protein or chelator
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concentrations or inadvertently entering concentrations in the wrong units
(e.g., millimolar rather than molar). Alternatively, if the initial estimates were
extremely poor, the simulations may simply have wandered into the wrong
sector of parameter space. If the Monte Carlo simulations stall at a high 2 value,
it is recommended that the data and simulated fit be examined.
Nonconvergence of the %2 values can also be a signal that the fitting model
is incorrect. This situation was encountered during the initial analysis of the
polcalcin Phl p 7, described subsequently. Initially, we tried the two-site
independent-site model that we typically employ for analysis of parvalbumin
binding data. When it failed to yield an acceptable y? value, we modified the
data set to use the Adair fitting functions, which readily yielded a solution.
Once the Monte Carlo simulations have identified a set of parameter values
that yield a reduced 2 value in the acceptable range, a round of least-squares
minimization is performed. We utilize a standard Levenberg-Marquardt algo-
rithm, adapted from the CURFIT routine in the original Bevington mono-
graph (Bevington, 1969), for minimization. The program called ““itcmargmin’
prompts for the names of the data set and the parameter file. At the conclusion
of the minimization, it writes a file called “margplot”, comparable to “mon-
teplot”, which can be imported into a plotting program for visualization.

2.14. Error analysis

The least-squares analysis is not concluded with the acquisition of a set of
parameter values. The importance of knowing the uncertainties associated
with the estimated binding parameters cannot be overstated (Johnson and
Faunt, 1992). Tellinghuisen has discussed the this issue in the context of
analyzing ITC data (Tellinghuisen, 2004). In our work, we have conducted
statistical error analyses by Monte Carlo analysis, simulated data sets, and
confidence intervals. In the Monte Carlo analysis, the optimized parameter
values are modified with the aid of a random-number generator. A simula-
tion is conducted with the resulting parameter set, and the y? value is
recorded. This procedure is repeated perhaps 5,000 to 10,000 times. At
the end, the F-statistic is used to estimate the y? value associated with, say,
the 95% confidence interval. The range of parameter values observed at this
limit is accepted as the uncertainty associated with a given parameter.

Alternatively, synthetic data sets can be used to estimate parameter
uncertainty. A set of simulated data is generated with the optimized param-
eter values using the program ‘“‘syndat.” Random noise is introduced into
this data set by ““Gaussian data smearing.” This procedure is repeated until
525 simulated datasets have been collected, which is equivalent, in princi-
ple, to having repeated the actual experimental analysis 525 times. Each data
set in this ensemble is then subjected to Marquardt-Levenberg minimiza-
tion. The distribution of parameter values can be used as an estimate of the
parameter uncertainty.
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Our preferred method of error analysis involves generation of confi-
dence intervals for each parameter. Following identification of the optimal
parameter values and the lowest chi-square value, y?(min), confidence
intervals are obtained by incrementing the parameter of interest, fixing its
value, and repeating the least-squares minimization, allowing the remaining
parameters to vary. This procedure is repeated until the chi-square value,
72(par), exceeds a specified threshold, given by

72 (par) = (1 +§F(p, v, p)) (Xz(min)>. (10.26)

In this equation, p is the number of fitting parameters, v the degrees of
freedom, P the probability that the increase in 2 could be the result of
random errors (e.g., 0.10 for the 90% confidence limit), and F(p, v, P) the
corresponding F statistic. After the upper limit has been determined, the
parameter value is decremented from its optimal value until y(par) again
exceeded the specified threshold.

The program “itcconfint” is used for this procedure. At the conclusion
of the analysis, the confidence intervals are written to a file called “parli-
mits.”” In addition to defining confidence intervals for each of the para-
meters, the program will occasionally reveal a combination of parameters
that produces a (slightly) improved 2 value. If this happens, the improved
parameter estimates are written to file called “newoptpars.”

3. ILLUSTRATIVE GLOBAL ITC ANALYSES OF
DIVALENT ION BINDING

3.1. The independent two-site model

For all of the parvalbumin analyses that we have performed, it has been
possible to employ an independent two-site model, sometimes called a
Scatchard model. For a protein with two ligand-binding sites, the cumula-
tive heat after the ith titrant addition can be expressed as

Qi = AHl(XL,' + AH20(27,', (1027)
where AH; and AH, are the binding enthalpies associated with sites 1 and

2 and o ; and a, ; are the corresponding fractional occupancies. The extent
of binding after the ith addition, X, for a two-site system is given by:

— n /€1.X‘1' ﬂgkgx,'
X, = ) 10.28
(1 + k1x,' + 14+ /€2.’X’i> ( )
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In this equation, the first term, nkix;/(1+ kix;), describes the fractional
occupancy of site 1, o ;, and the second term describes the fractional occu-
pancy of site 2, o ;. The ny and n, values allow for nonunity binding-site
stoichiometries, which could result from minor errors in the protein con-
centration. The denominator in each term is the binding polynomial for the
particular site. The equation for the free ligand concentration is given by

nq k’]X[ 142/6296,'
Xi = [X]t,i - [M]t,i :
1 + /€1X,’ 1 + kzx,'

(10.29)

Multiplying both sides of the equation by (1 + kyx;) and (1 + kox;) yields
a cubic equation that can be solved exactly for x;, employing the following
system of equations:

A = kik;. (10.30)
B= ki + ko + kiko (M), (m + ) = [X],)). (1031)
CcC=1+ [M]tyi(m/q + 112/62) - [L]t,i(kl + kz) (1032)
D= —[X], (10.33)
1/3C B
F=-(—/-=). (10.34)
3\ A4 A2
G 1 (2B® 9BC N 27D (10.35)
27\ A A2 A ) '
G P
H=—+—. 10.36
¥ 27 ( )

= (32 _ H)O'S. (10.37)
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J=1"7. (10.38)

-G

K = cos ™! (—) (10.39)

21

i Ky £ (10.40)
x; = 2] cos 3 YE .

Alternatively, the value of x; can be obtained by bisection, as described
earlier, minimizing the following function:

mqu,- nglezx,-
i) =x; + [M],; —[X], .. 10.41
o) = (8 ) g a0y

Once the free-ligand concentration has been obtained, the cumulative heat
can be calculated with the expression:

(10.42)

AH] n Kqx; AHZ”ZKin)
)

= 10°1,[M],
Ql 0[ ]t./l( 1 +K1x1' 1 _'_Kin
which may be substituted into Eq. (10.11) to calculate the injection heat.
These equations can be used to model data obtained by direct titration of
the protein with either Ca?* or Mg?*.

3.2. Competing chelator

If the titration is carried out in the presence of a competing chelator (e.g.,
titration of the protein with Ca" in the presence of EDTA), the cumulative
heat includes contributions from binding of the metal ion to both the
protein and the chelator:

Qi = AHlocL,' -+ AHzOCQJ' + AHCoCCJ' (1043)
where AHcand o ;are the binding enthalpy and fractional occupancy of the

chelator. Substituting the relevant fractional occupancies for the protein and
chelator binding sites (given by Eqs. (10.23) and (10.5), respectively) yields:

o=,

(10.44)
AHnikix; AHrnokox; AHcnckex;
1M 1x+ 2M2R2X +[C]“' chcRcX
1 —|—I€1.’>C,' 1 +I€2:>C,' ’ 1 + kcxi




284 Michael T. Henzl

In this equation, [C],; represents the total chelator concentration, and
the expression in parentheses immediately following describes the binding
of ligand to the chelator.

To apply Eq. (10.44), it is of course necessary to solve for the free ligand
concentration. The relevant equation to be minimized has the following
general form:

n ]€1 Xi ngkzx,' nck’cxi
i) — X M|, . C | — ) =X,
f(x) X+[ ]t’l(1+k1x,+1—|—k2xi>+[ ]t,1(1+kcxi) [ ]t,t.

(10.45)

3.3. Competing metal ion

When a protein is titrated with Ca2* in the presence of Mg?*, the cumula-
tive heat expression must include the contributions from the binding of
both ions:

Qi =AH; % cai + AHo a0 o i+ AH v ag,i + AHopg0%0 010,45
(10.46)

where, for example, AH, ¢, and o ¢, represent the Ca?*-binding enthalpy
for site 1 and the fractional occupancy of that site by Ca?*, respectively.

The extent of Ca?* binding in the presence of a fixed concentration of
Mg?" is described by this equation:

o niki oo Ca™*];
T kica | Ca ], 4 kg [Mg*T],
n2kaca [Cﬂz+] i
1+ koca[Ca®*], + kang[Mg?+],’

(10.47)
+

where k¢, and ky¢, represent the Ca?>"-binding constants for sites 1 and
2 and kyy and kypg, represent the corresponding Mg>"-binding constants.
The two terms on the right-hand side of Eq. (10.47) correspond to ¢,
and 05, in Eq. (10.46). An analogous equation can be written for Mg>":

_ m klMg [Mg2+]i

i :1 n k1Ca[Ca2+]i + klMg[Mg2+]i
mokar [Mg™];
1 + kZCa[Caz+]i + kZMg[Mg2+]i ’

(10.48)
_|_

where the two terms on the right side of the equation correspond to oy,
and 055, in Eq. (10.46).
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Substituting these fractional occupancies into Eq. (10.46) yields the
following expression for the cumulative heat of binding:

_ (AHk [Ca* ] 4+ AH pok yig[Mg™ ]
P ( 14 ki [Ca®T] + kypge[Mg*T] )
" (AHzlez[Ca2+] + AHoagkong, [Mg2+]>
14 ko [Ca®t] + kopge[Mg> ]

(10.49)

Application of Eq. (10.49) requires knowledge of both the free Ca®* and
free Mg?* concentrations. We begin by solving for [Ca?*]; in the absence of
Mg>" and for [Mg?*]; in the absence of Ca?*. These estimates, which can
be obtained analytically using Eqs. (10.30—40), constitute lower limits
because the presence of the competing ion will displace some of the primary
ligand from the protein, and vice versa. However, they can be used as the
starting point in a nested bisection routine to obtain the true [Ca’*];
and [Mg®*]; values. The two equations that must be simultaneously
minimized are:

k ‘a[Ca2+]'

C2+v:C2+v Ml mRrRic i
f([ . ];) [ a ]l+[ },7,(1+k]Ca[CQZJr][+l€1Mg[Mg2+]i (10 50)

N nakaca[Ca® ], > _ [ngﬂ .
1+ kaca[Ca?t]; + kargg[Mg**]; 2 X

kipge [Mg* ],

Mg* ) =[M&T]. + [M]., ra ’
f([ g ]l) [ 8 }‘ [ L‘Y 1+lea[Caz+]r'+klMg[MgZJrL (10 51)

makangg[Mg*"]; > — [Mg*]
1+ koca[Ca®T], + kangy [Mg*T], :

+

Typically, we begin with Eq. (10.50), using our preliminary estimates for x;
and y;. The resulting improved value of x; is used in Eq. (10.51) to obtain an
improved value of y;. That improved value for y; is then recycled back into
Eq. (10.50) to further refine our estimate of x;. The process continues until
the changes in x; and y; become acceptably small.

3.4. Analysis of the divalent ion binding by the S55D/E59D
variant of rat z-parvalbumin

The CD site of the S55D/E59D variant is an example of a “‘pentacarbox-
ylate” ligand array. Five of the six metal-ion coordination positions are
occupied by side-chain carboxylates—aspartate at +x, +y, +z, and —x,
glutamate at —z. Although this ligand constellation displays reduced metal
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ion affinity, relative to a four-carboxylate site, in a model-peptide system
(Marsden, Hodges, and Sykes, 1988), heightened Ca" affinity is observed
when it is introduced into either parvalbumin binding site (Henzl, Hapak,
and Goodpasture, 1996; Henzl, Agah, and Larson, 2004; Lee ef al., 2004).
As mentioned earlier, the S55D/E59D variant of rat a-parvalbumin exhibits
very high affinity for Ca?*. A representative titration of & 55/59 with Ca>*
in 0.15 M KCl, 0.025 M Hepes-KOH, pH 7.4, is displayed in Fig. 10.4A.
Note that the injection heats return abruptly to baseline values with the
addition of two molar equivalents of Ca?*, indicative of a high-affinity

T T T T T T T T
0.0 [ TPy P IT PrT TP Ty PPy T

L l 1 I il I 1
0 50 100 150 200
Time (min)

Power (ucal/s)

O'O_Y ( ( M y”mm-

l 'l I ' l 'l l L I 1 I 1 l 'l
0 20 40 60 80 100 120 140

Time (min)

Figure 10.4 Representative raw data for the titration of rat &« S55D/E59D with Ca** (A)
and with Ca>* in the presence of EGTA (B).
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interaction. Fig. 10.4B presents raw data for the titration with Ca®* in the
presence of EGTA. Under our experimental conditions, the enthalpy
change associated with the binding of Ca?* to EGTA is substantially greater
than that associated with either EF-hand motif in the parvalbumin. Thus,
the appearance of the thermogram suggests that Ca?* binding occurs in a
highly ordered manner, with occupancy of the protein binding sites pre-
ceding that of the chelator, an indication that the Ca?* affinity of the protein
greatly exceeds that of EGTA.

Samples of o 55/59 were subjected to a battery of titrations comparable
to that outlined in Table 10.1. Because the Ca* affinity is extremely high,
the titrations in the presence of NTA were omitted. Instead, the protein was
titrated with Ca?* in the presence of two different levels of EDTA and
EGTA. Integrated data for the titrations are displayed in Fig. 10.5. Analysis

o)

;
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oo oo R o A T - e e E
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[Ca2t] (mM) D [Ca?] (mM)
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o000,

Residuals heat per injection (ucal) @ Residuals heat per injection (ucal) >
(=)
[
(=)

0.00 0.10 0.20 0.30 0.00 0.05 0.10 0.15
[Ma**] (mM) [Ca2*] (mM)

Figure 10.5 Integrated ITC data for the titration of rat a S55D/E59D with Ca**
(A), with Ca®* in the presence of EDTA (B, white symbols) and EGTA (B, grey
symbols), with Mg®* (C, white and grey), with Mg”>" in the presence of EDTA
(G, black), and with Ca®" in the presence of Mg?* (D) at 1 mM (white), 3 mM (grey),
and 10 mM (black) Mg?*.The solid lines reflect the best least-squares fit to the data.
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of these data with the independent-site models described above yielded the
optimal least-squares fit indicated by the solid lines in the figure. The
optimal parameter values and associated uncertainties are listed in
Table 10.2.

The first Ca?*-binding constant, presumably corresponding to occupancy
of the mutated CD binding site, approaches 2 x 10'® M~!. Clearly, the global
analysis strategy is applicable to systems exhibiting very high divalent ion
affinity. However, we have also applied it to systems having compromised
Ca?* affinity. For example, the combined D94S and G98E mutations in rat o~
parvalbumin produce a CD-site ligand array in the environment of the EF site.
The divalent ion affinity of the resulting “pseudo-CD site” is seriously atte-
nuated, however, with the association constant down from 1.2 X 108 M~! for
the wild-type EF site to 5.4 x 10> M~ 1. Nevertheless, the global fitting method
works equally well for this protein (Tanner et al., 2005).

3.5. Analysis of positively cooperative divalent ion binding

Many ligand-binding phenomena exhibit positive cooperativity, the bind-
ing of oxygen by hemoglobin being the archetypal example. In these
systems, the initial binding event provokes a conformational change that
facilitates subsequent binding events. The Scatchard model, predicated on
the apparent absence of binding-site interactions, fails for these systems.
Instead, a more general binding equation is required.

For the two-site systems treated here, the extent of binding is described
by the following equation:

— K1xi + 2K2K1x12
X=mn 5 s
1+ K1.’>Cl' + KZlei

(10.52)

where the factor n allows for nonunity binding stoichiometries. The bind-
ing constants in Eq. (10.43), represented by capital letters, are stepwise
macroscopic binding constants. The term “macroscopic’ is applied because
they describe the formation of the three macrostates of the protein: apo-
(M), singly bound (MX), and doubly bound (MXj3). The term “‘stepwise”
emphasizes their relevance to the individual ligation steps (i.e., M — MX —
MX5). Alternatively, the extent of binding can be described in terms of the
overall macroscopic binding constants, §; and f3,:

_ i 4 28,7
X = n( Prxi + 2B, 2). (10.53)
1+ fixi + fox;

The overall binding constants pertain to the overall conversion from the
apo-protein to a given binding state (i.e., f; governs the M — MX reaction;
f> governs the M — MX, reaction).



Table 10.2 Divalent ion-binding parameters?

EDTA EGTA

AH, ¢, —6.3 (—6.4, —5.9) —7.50 (=7.7, —=7.3)
ki ca 4.4 x 107 (4.3,4.5) 1.7 x 107 (1.6, 1.8)
AHZ,Ca - -

kZ,Ca -

AHp, 43 (42, 45) -

ki g 5.5 x 10° -

kZ,Mg - -

NTA

-1.9 (=2.1, —-1.7)
1.1 x 10* (0.9, 1.2)

Rat o S55D/E59D"

—4.6 (—4.8, —4.4)
1.8 x 101° (1.4, 2.2)
—4.6 (—4.8, —4.4)
2.0 x 10° (1.6, 2.4)
3.5 (3.4, 3.6)

2.7 x 10° (2.1, 3.3)
3.9 (3.8, 4.0)

Phlp 7°

AH] ,Ca
Kl,Ca
AHZ,C:L
KZ,Ca
AH, pg
Kl Mg
AH2,Mg
K2,Mg
Ca,Mg

—1.9 (2.0, —1.6)
1.7 x 10° (1.5, 2.0
—4.0 (—4.1, =3.7)
8.1 x 10° (6.8, 9.4)
2.8 (2.6, 2.9)
2.8 x 10* (2.4, 3.1)
5.7 (5.2, 6.1)
170 M~! (147, 197)
1.08 x 10°

(0.49, 1.55)

“ Enthalpies are expressed in units of kcal/mol, binding constants in units of M~ '. Numbers in parentheses below the parameter values reflect the 95% confidence intervals.

b Values originally reported in Lee ef al. (2004).
¢ Values originally reported in Henzl ef al. (2008).
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In terms of the stepwise constants, the function that must be minimized
to obtain the free ligand concentration is given by:

) — [X]m" (10.54)

Sfi) = xi + [M], n

)

K1.’>C,‘ —+ 2K2K1x12
1 =+ le,‘ —+ Kgle?
where nc is included to allow for a nonunity binding stoichiometry for the

chelator.
The corresponding expression for the cumulative heat of binding is:

).mmw

AH1K1xi —+ (AH1 + AHz)KzKﬂClz
14 Kixi + K K7

Q:1W%M@w<

If the titration is performed in the presence of a competing chelator, the
function to be minimized becomes

Kix;+ 2K, K x? neKex;
D =x;+[M] . ! Cl\——|—1X] .,
f(‘x) X +[ ]t’ln(1+lei+K2le,'2) +[ LJ(l"‘KC.X,’ [ ]r,:

(10.56)

where #n¢ is included to allow for a nonunity binding stoichiometry for the
chelator.

The corresponding expression for the cumulative heat of binding is then
given by

QfﬂmV<Mﬂn(AMKWA%Mﬂ+AHMQ&ﬁ>
P — 0 ti

14 Kixi + KoK x7

AH[nCchl-
’ W(W))

If the protein is titrated with ligand X in the presence of competing ion Y,
then, as described earlier, we are faced with the task of obtaining self-
consistent estimates for both x; and y;. The situation is somewhat more
complicated, however, owing to the possibility of formation of a mixed
MXY species. The partition function, or binding polynomial, for this case
must include the contributions from M, MX, MX,, MY, MY,, and MXY.
The extent of binding of ligand X for this case becomes:

% Kix;+ 2K Ko + By xiyi
=n .
14 Kyxi + Ko Ky 7 + B xiyi + Ky yi 4 Koy Koy y?
(10.58)

(10.57)
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The corresponding expression for Y is

~ Kiyyi+2Ko, Ky, y7 + B, xiyi
=n
14+ Kix;,+ K> K xlz + ﬁx),x,-yi + Ky,yi + K3y Ky y)/,2

. (10.59)

Thus, the following two equations must be simultaneously minimized:

fi) = xi+ [M],n
Kix; + 2K2K1X? + ﬁx),xiy,' ~ (1060)
1 + lei + Kzlel-z + ﬁxyx,'yi —+ Klin —+ KZyKlle‘Z 5t

fly)=yi+ [M]p.i”

Kyyi+ 2KoK172 + By v (1061
1 + le,' + KQleiz + ﬁxyx,-yi + KlyY{ + szKl),y% bit

The expression for the cumulative heat must include the contributions
from binding of both ions:

Qi = AH,o ; + AHy 04y + AH00 ; + AH,, 00, i + AH, 00y i,
(10.62)
where AH,,, is the enthalpy associated with formation of the mixed com-

plex and a,, ; 1s the fraction of the macromolecule present as the mixed
complex.

xy,i

3.6. Modeling divalent ion binding by Phl p 7

Phl p 7 belongs to the family of proteins called polcalcins, small pollen-
specific proteins containing two EF-hand motifs (Tinghino ef al., 2002;
Valenta ef al., 1998;). Although their functions are presently unknown, they
are believed to function in pollen-tube elongation. Interestingly, they are
potent allergens.

Phl p 7 is expressed naturally in timothy grass, Phleum pratense. The
cDNA sequence, which was expressed in E. coli, codes for 77 amino acids
plus the initiation codon. Although the protein crystallizes as an unusual
domain-swapped dimer at pH 3.4 (Verdino et al., 2003), sedimentation
analysis at neutral pH shows the protein to be exclusively monomeric in
both apo- and Ca?*-loaded states (Henzl et al., 2008). Our interest in the
protein grew from the observation that EF-hand 2 in Phl p 7 has a
pentacarboxylate ligand array identical to that in the S55D or G98D variants
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of rat f-parvalbumin (i.e., aspartyl carboxylates at +x, +y, +2z, and —x;
main-chain carbonyl at —y; and glutamate at —z). As discussed earlier, this
ligand array imparts heightened divalent ion affinity on the parvalbumin CD
and EF sites. It was therefore of interest to see how it performed in an
entirely different protein background.

Samples of Phl p 7 were subjected to a battery of titrations similar to that
employed for the S55D/E59D variant of rat o-parvalbumin, but including
titrations in the presence of NTA. Raw data for the titration with Ca?* and
with Ca?* in the presence of EGTA are displayed in Fig. 10.6. The
difference in the appearance between the raw data for this protein and
that of the S55D/E59D variant offers some insight into the capacity of
this method for extracting binding parameters from very diverse systems.
Integrated data for the entire suite of titrations are presented in Fig. 10.7.
The independent two-site model described above failed to produce a
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Figure 10.6 Representative raw data for the titration of the polcalcin Phl p 7 with Ca**
(A) and with Ca®" in the presence of EGTA (B).
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Figure 10.7 Integrated ITC data for the titration of Phl p 7 with Ca®* (A, white
and grey), with Ca?* in the presence of EGTA (B, white), EDTA (B, grey), and 0.1 mM
NTA (B, black), with Mg>* (C, white), with Mg>" in the presence of EDTA (C, black),
with Ca”" in the presence of Mg®* at 1.0 mM (D, white), 5.0 mM (D, grey), and 10 mM
(D, black), and with Ca®* in the presence of 1.0 mM NTA (D, white rectangles).
The solid lines represent the optimal least-squares fit.

satisfactory fit to the data. In retrospect, this result was not surprising.
Because the polcalcins are proposed to function as Ca?*-dependent regu-
latory proteins, it was quite plausible that Ca?* binding would be accom-
panied by a substantial conformational change, which might well be
manifested in positively cooperative metal-ion binding. Because positive
macroscopic cooperativity cannot be described by a Scatchard-type model,
it was necessary to employ a general Adair model.

The optimal fit obtained with this system of equations is indicated by the
solid lines in Fig. 10.7. The corresponding parameter values are listed in
Table 10.2. The results yielded substantial insight into this protein. The
binding of Ca?* was decidedly cooperative, with K; and K, values of 1.7 X
10 and 8.0 x 109, respectively. These values yield a ratio of Ky: K; of 4.7.
For equivalent binding sites, in the absence of cooperativity, this ratio
would be 0.25. Thus, the minimum coupling free energy for Ca?* binding
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to Phl p 7 is —RT In(4.7/0.25) = —1.7 kcal/mol. In fact, the coupling
energy could be substantially larger because the two sites EF-sites are
decidedly nonequivalent. Whereas site 1 has just three anionic ligands,
carboxylates occupy five of the six coordination sites in site 2. As discussed
previously, in the rat o- and ff-parvalbumin isoforms, the pentacarboxylate
ligand arrays exhibit heightened divalent ion affinity. It is therefore likely
that the initial Ca?>"-binding event occurs at site 2.

The positively cooperative Ca?*-binding behavior can be interpreted in
terms of a classic allosteric model, in which the protein is capable of
occupying two distinct conformations having different affinities for ligand.
In this case, the molecule resides largely in the low-attinity T state in the
absence of ligand. Binding of the first ligand is discouraged because the
preferred form for binding is present at very low concentrations and because
the net binding free energy includes a penalty for the conformational
change to the high-affinity R state. By contrast, binding of the second
ligand occurs more readily because the protein resides almost exclusively
in the R state. Thus, the net affinity associated with binding the second
ligand can exceed that for the first, even though the second site has
intrinsically lower affinity for the ligand.

Spectroscopic data indicate that, indeed, Ca?* binding is accompanied
by a substantial conformational change. Far-UV circular dichroism mea-
surements reveal a significant increase in molar ellipticity in the presence of
Ca>*. Moreover, ANS fluorescence increases markedly in the presence of
Ca?*-bound Phl p 7, whereas it is virtually unchanged in the presence of the
apo-protein.

In contrast to Ca®>* binding, the binding of Mg?* to Phl p 7 is highly
sequential. The two association constants—2.78 x 10*and 170 M~ '—differ
by more than two orders of magnitude.

Consistent with the apparent absence of cooperativity, the binding of
Mg?* does not appear to provoke a significant conformational change. The
CD spectrum is unchanged in the presence of Mg?*, and ANS fluorescence
does not increase upon addition of the Mg?*-bound Phl p 7.

Typically, the ratio of Ca?*- to Mg?"-binding constants for an EF-hand
site is on the order of 1-2 X 10%. In Phl p 7, however, the ratio of binding
constants (Kj: Kjpg) associated with site 2 is a mere 60. Two factors conspire
to produce this anomalously low value. First, whereas Ca?*-binding at site 2
is linked to an energetically costly conformational change, the Mg?*-binding
event evidently is not. Thus, whereas K; is substantially smaller than the
intrinsic binding constant, Ky approaches the intrinsic value. Secondly, the
pentacarboxylate ligand array confers exceptionally high intrinsic Mg?* affin-
ity on site 2. By contrast, the ratio of Ca?>" and Mg?* binding constants
associated with site 1 is atypically large, at 4.7 x 10*. Presumably, this elevated
ratio reflects the enhancement of site 1 Ca?* affinity, but not Mg>" affinity, by
the positively cooperative interaction with site 2.
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4. CONCLUSION

Global analysis of direct and competitive ITC experiments offers a
robust alternative to radiochemical or fluorescence-based methods for mea-
suring divalent ion affinity in EF-hand proteins. The approach can be used
to model either cooperative or noncooperative binding data. It has been
used to estimate Ca?*-binding constants exceeding 101 M~1, as well as
Mg?"-binding constants on the order of 10> M~!. The global ITC strategy
has the advantage over other methods that it furnishes estimates of the
binding enthalpies for Ca?* and Mg?* directly, thereby providing a more
complete thermodynamic description of divalent ion binding.
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