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ABSTRACT: Rat R- andâ-parvalbumins have distinct monovalent cation-binding properties [Henzl et al.
(2000)Biochemistry 39, 5859-5867].â binds two Na+ or one K+, andR binds one Na+ and no K+. Ca2+

abolishes these binding events, suggesting that the monovalent ions occupy the EF-hand motifs. This
study comparesR andâ divalent ion affinities in Na+ and K+ solutions. Solvent cation identity seriously
affectsR. In Hepes-buffered NaCl, at 5°C, the macroscopic Ca2+-binding constants are 2.6× 108 and
6.4 × 107 M-1 and the Mg2+ constants, 1.8× 104 and 4.3× 103 M-1. In Hepes-buffered KCl, the Ca2+

values increase to 2.9× 109 and 6.6× 108 M-1 and the Mg2+ values to 2.2× 105 and 3.7× 104 M-1.
Monte Carlo simulation ofR binding datasemploying site-specific constants and explicitly considering
Na+ bindingsyields aKNa of 630 M-1 and indicates that divalent ion-binding is positively cooperative.
NMR data suggest that the lone Na+ ion occupies the CD loop. Solvent cation identity has a smaller
impact onâ. In Na+, the Ca2+ constants for the EF and CD sites are 2.3× 107 and 1.5× 106 M-1,
respectively; the Mg2+ constants are 9.2× 103 and 1.7× 102 M-1. In K+, these values shift to 3.1× 107

and 3.8× 106 M-1 and the latter to 1.4× 104 and 2.9× 102 M-1. These data suggest that parvalbumin
divalent ion affinity, particularly that of ratR, can be significantly attenuated by increased intracellular
Na+ levels.

Transient alterations in cytosolic Ca2+ levels influence
myriad biological processes (1, 2). Variations in location,
amplitude, duration, and frequency permit diverse phenom-
ena to be regulated by the same second messenger. These
Ca2+ signalssproduced by the action of Ca2+ channels and
ATP-driven Ca2+ pumpsscan be further modulated by
various Ca2+-binding proteins.

“EF-hand”1 proteins (3-6) participate in virtually all Ca2+-
signaling pathways. This protein family is named for its
characteristic helix-loop-helix Ca2+-binding motifsthe con-
figuration of which can be mimicked by the thumb, index
finger, and forefinger of the right-hand. Within the binding
loop, the bound Ca2+ ion is coordinated by seven oxygen
ligands arranged in a pentagonal bipyramidal manner (Figure
1A). The EF-hand family includes more than 250 members,
divided into 45 subfamilies. Certain of these proteins, for
example, calmodulin and troponin C, function as Ca2+-
dependent regulatory proteins; others, such as calbindin and
parvalbumin, serve as Ca2+ buffers.

The parvalbumins (3-7) were the first EF-hand family
members detected, purified, sequenced, and crystallized.
These small (Mr 12 000), vertebrate-specific proteins contain
two EF-hand motifs, called the CD and EF sites, and the
nonbinding remnant of a third, the AB domain (Figure 1B).
Parvalbumin physical studies have contributed significantly
to our knowledge of EF-hand function. In fact, the crystal
structure of carp parvalbumin established the EF-hand
structural paradigm (8).

The parvalbumin family includesR andâ sublineages (9),
distinguished by isoelectric point (â < 5), C-terminal helix
length (typically one residue shorter inâ), and several
lineage-specific sequence assignments. Mammals express one
isoform from each lineage (10). Particularly abundant in fast-
twitch skeletal muscle, theR isoform is also expressed in a
variety of other specialized cell typessnotably rapidly firing
neurons (11-13) and theinner hair cellsof the organ of
Corti (14), the mammalian auditory organ. The distribution
of the â isoform, also known as oncomodulin, is far more
limited, with expression in postnatal mammals apparently
restricted to theouter hair cellsof the organ of Corti (15,
16).

The selective recruitment ofR andâ by the two sensory
cell types in the auditory organ may have been dictated by
their disparate metal ion-binding properties. Whereas theR
CD and EF sites are both high-affinity sites (17-19), the
CD site inâ is a low-affinity site (20, 21). An explanation
for this functional diversitysin proteins exhibiting 49%
sequence identity (22, 23)scould provide welcome insight
into EF-hand structure-affinity relationships.
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Due to their lower electrostatic free energy and increased
opportunities for tertiary interactions,R-parvalbumins are
expected to display inherently greater thermodynamic stabil-
ity. However, the Ca2+-free ratR isoform is substantially
lessstable than ratâ at physiologically relevant ionic strength
(24). The atypical stability of ratâ was recently traced to
Pro-21 and Pro-26 (25). Prior to this discovery, however,
the influence of monovalent cation identity and concentration
on conformational stability was investigated (26).

Although theâ isoform retains its superior stability over
the entire ionic strength range examined, these studies
revealed a differential interaction between the Ca2+-free
proteins and solvent cations. At pH 7.4 and a cation
concentration of 0.2 M, the apparent Na+ binding capacity
of â approaches 2 equiv, and the K+ binding capacity
approaches 1 equiv. In contrast,R apparently binds a single
equivalent of Na+ and exhibits negligible affinity for K+.
Binding of the monovalent cations, monitored by isothermal
titration calorimetry (ITC), is abolished in the presence of
100µM Ca2+. This finding suggests that the bound monova-
lent ions reside in the EF-hand binding loops. Thus,
parvalbumin divalent ion affinities may be shaped, in part,
by monovalent ion-binding capacity and affinity. To address
this issue, we have examined the Ca2+- and Mg2+-binding
properties of ratR- and â-parvalbumins in Na+- and K+-
containing buffers.

For theR isoform in K+ solution, this undertaking was
complicated by two factors: very high Ca2+ affinity and
marginal conformational stability. The protein’s avidity for
Ca2+ made the production of apoprotein difficult. It also
precluded the use of flow dialysis and necessitated the
development of an ITC-based method for determining
binding constants. Because the apoprotein is partially
denatured at 25°C (26), metal ion-binding is linked to
folding, so that ITC data collected at 25°C are not amenable
to analysis with a simple two-site binding model. To
circumvent this difficulty, the influence of Na+ and K+ on
R divalent ion-binding behavior was investigated at 5°C.
However, the binding constants have also been measured in
Na+ at 25 °C, to gauge the impact of temperature on the
free energy of divalent ion binding.

The apparent Ca2+- and Mg2+-binding constants forR were
used to extract binding curves from ITC experiments
conducted in Na+ and K+ solutions. The resulting datasets
were subjected to global Monte Carlo simulation, employing
models that explicitly included the monovalent cation-binding
event. These analyses yielded an estimate for the Na+-binding
constant.

MATERIALS AND METHODS

45CaCl2 was purchased from Perkin-Elmer Life Sciences,
15NH4Cl from Isotec, D2O from Sigma-Aldrich Co., and
Celtone-N from Spectra Stable Isotopes. Spectrapor 1 dialysis
membrane (MWCO 6000-8000), ScintiSafe Econo 2 scin-
tillation cocktail, nitric acid, NaCl, KCl, Hepes (free acid),
NaOH, KOH, CaCl2‚2H2O, MgCl2‚2H2O, and Na2EDTA‚
2H2O were obtained from Fisher. EDTA (free acid) was
purchased from Sigma-Aldrich. All Ca2+ and Mg2+ titrant
concentrations were determined by ITC, titrating gravimetri-
cally prepared standard solutions of EDTA.

Protein Expression and Purification.The expression and
isolation of recombinant ratR- andâ-parvalbumins have been
described previously (20, 24). Because the proteins are
devoid of tryptophan, theA292 value provides a useful
criterion of homogeneity. Employing an average mass
absorptivity at 292 nm of 0.5 (mg/mL)-1 cm-1 for the
contaminants, the estimated purity of the protein preparations
used for this work exceeded 98%. Protein concentrations
were estimated spectrophotometrically, employing extinction
coefficients of 1600 and 3260 M-1 cm-1 for rat R and â,
respectively.

Divalent metal ions were removed from the protein
preparations prior to binding analyses by passage over
EDTA-derivatized agarose at 4°C. The chelating matrix
prepared according to the method of Haner et al. (27) proved
to be inadequate for complete removal of Ca2+ from theR
isoform. However, a substantially higher binding capacity
(g25 µmol/mL gel) can be achieved by a modification of
the preparative method, described elsewhere (28). Provided
that the chromatography is conducted in Na+-containing
buffer, using 2 mL of gel/mg of protein, this material reduces

FIGURE 1: (A) Canonical EF-hand metal ion-binding motif, showing the pseudo-octahedral arrangement of ligands around the bound Ca2+.
The coordination of the glutamyl residue at-z is bidentate, so that the ligand geometry is actually pentagonal bipyramidal. A water
molecule (cyan) occupies the-x position. The-y ligand, an invariant main-chain carbonyl, is obscured in this view. (B) Ratâ-parvalbumin
tertiary structure, produced from the 1RRO PDB file. The N-terminal AB domain (residues 1-39) occludes the hydrophobic face of the
CD-EF metal ion-binding domain, preventing calmodulin-like interactions with amphipathic helical peptides.
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the residual Ca2+ contentsmeasured by flame atomic
absorption spectrometry (FAAS)sto <0.02 equiv. The
extremely high Ca2+ affinity of R in K+ solution prevented
direct removal of the divalent cation. Instead, Ca2+ removal
was carried out in Na+ solution, whereupon the Na+ was
exchanged for K+ by repeated rounds of concentration and
dilution with Ca2+-free K+-containing buffer.

Ca2+-freeR is susceptible to oxidation, particularly in K+-
containing solution. This modification is readily apparent in
calorimetrically monitored titrations with Ca2+, manifested
by significant perturbations of binding enthalpy and affinity.
The titration depicted in Figure 2A was conducted with
protein that had been subjected to EDTA-agarose chroma-
tography at room temperature. Notice the sharp increase in
binding heat near the equivalence point and the gradual return
of the binding heats to baseline values. This behavior can
be prevented by performing all manipulations of the apo-
protein at 0-4 °C. The titration displayed in Figure 2B was
conducted with protein treated with EDTA-agarose at 4°C.
The abrupt increase in binding heat near the end of the
titration has been eliminated, and the binding heats return
to the baseline immediately after the equivalence point. DSC
analyses suggest that Ca2+-freeR is partially unfolded at 25
°C (26). It is possible that the solvent accessibility of one or
more methionyl residue is increased under these conditions.
The ratR sequence lacks cysteine.

Flow-dialysismeasurements were performed as described
by Womack and Colowick (29), with minor modifications.
After assembly of the flow-dialysis cell, the lower chamber
is rinsed with 1% HNO3, then with deionized water, and
finally with the appropriate Ca2+-free buffer, at a flow rate
of 2.0 mL/min. During this period, the upper chamber is
subjected to a similar manual rinsing procedure. A 0.50 mL
sample of protein (100µM)scontaining roughly 3µCi of
45Ca2+sis then introduced into the upper chamber. Following
an equilibration period (30-120 min), 2.0µL aliquots of
titrant (each containing 5.0 nmol of Ca2+) are added to the
samples at 8 min intervals. Five minutes after each titrant
addition, a 3.0 mL sample of the eluate is collected for liquid

scintillation analysis. When the titration endpoint is reached,
signaled by an abrupt increase in the eluate radioactivity,
10µL of 1.0 M Ca2+ is added to the sample. The large molar
excess of nonradioactive Ca2+ liberates essentially all of the
45Ca2+. The resulting level of radioactivity in the eluates
commensurate with 100% free Ca2+spermits the free Ca2+

concentration to be calculated at each point in the titration.
Knowing the total Ca2+ values, the concentration of bound
Ca2+ can be calculated by difference. Samples were typically
counted for 20 min in a Beckman LS6500 liquid scintillation
counter.

Experiments were conducted at 25°C, at pH 7.4, in 0.15
M NaCl and 0.025 M Hepes-NaOH or in 0.15 M KCl and
0.025 M Hepes-KOH. In each buffer system, titrations were
performed in the absence of Mg2+ and at fixed levels of the
competing ion. The data were satisfactorily accommodated
by an independent two-site model

where k1 and k2 represent the microscopic Ca2+-binding
constants andk1M andk2M the corresponding Mg2+ constants.
The free Ca2+ concentration at each point is determined from
the level of radioactivity in the eluate, and the extent of
binding (Xh) is obtained by dividing the concentration of
bound Ca2+sthe difference between the total and free Ca2+

levelssby the total protein concentration. For experiments
conducted with Mg2+ present, the free concentration of the
competing ion is estimated by bisection (30), employing the
free Ca2+ level, the total Mg2+ concentration, and the current
estimates of the Ca2+- and Mg2+-binding constants.

The data from experiments with and without Mg2+ were
compiled into a single dataset, which was then analyzed by
weighted nonlinear least-squares minimization. This com-
posite dataset includes columns forXh, the estimated standard
deviation, the free Ca2+ concentration, the total Ca2+

concentration, the total Mg2+ concentration, an experiment
number, and the data point number within that experiment.
The global analysis program, developed in-house, employs
the CURFIT algorighm in the original Bevington monograph
(31). Supplied withXh, the free levels of Ca2+ and Mg2+,
and the standard deviation for each experimental point, the
program returns estimates for the Ca2+- and Mg2+-binding
constants that yield the lowest reduced chi-square value (øν

2)
for the composite dataset:

In this expression,ν represents the degrees of freedom,yi

andy(xi) denote the observed and calculated values ofXh for
the ith data point, andσi is the estimated standard deviation
for that point. Theσi values ranged from 0.05 early in the
titration to 0.01 near the end. In the absence of positive
cooperativity, the microscopic (k1, k2) constants are math-
ematically related to the macroscopic binding constants (K1,
K2) reported in Table 2 as follows:

FIGURE 2: Susceptibility of Ca2+-free ratR to modification. (A)
3.0 mM Ca2+ vs 195µM Ca2+-free ratR. Residual Ca2+ had been
removed from the protein by EDTA-agarose chromatography at
23 °C. (B) 3.0 mM Ca2+ vs 185µM Ca2+-free R. Treatment of
this protein sample with EDTA-agarose was conducted at 4°C.
Both titrations were performed at 25°C, in 0.15 M NaCl and 0.025
M Hepes-NaOH, pH 7.4.

Xh )
k1[Ca2+]

1 + k1[Ca2+] + k1M[Mg2+]
+

k2[Ca2+]

+1 + k2[Ca2+] + k2M[Mg2+]
(1)
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ν
)

1

ν
∑
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]2
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Conversely, given values forK1 andK2, the apparent values
of k1 andk2 are equal to

After identification of the optimal parameter values and
the lowest chi-square,ø2(min), confidence intervals were
determined by incrementing the parameter of interest, fixing
its value, and repeating the least-squares minimization,
allowing the remaining parameters to vary. This procedure
was repeated until the chi-square value,ø2(par), exceeded a
specified threshold, given by

In eq 5,p is the number of fitting parameters,ν the degrees
of freedom,P the probability that the increase inø2 could
be the result of random errors (0.32 for the 68% confidence
limit), and F(p,ν,P) the correspondingF statistic (32). We
utilized the values ofF(p,ν,P) tabulated by Lacowicz (33).
After the upper limit had been determined, the parameter
value was decremented from its optimal value untilø2(par)
again exceeded the specified threshold.

Isothermal Titration Calorimetry.With the exception of
the data presented in Figure 2, all experiments were
conducted in a VP-ITC calorimeter (MicroCal, Inc.). Fol-
lowing thermal equilibration, additions of titrant were made,
at 180 s intervals, to the 1.41 mL protein samples. To
facilitate comparison with the flow-dialysis data, experiments
were likewise conducted at pH 7.4, in 0.15 M NaCl and
0.025 M Hepes-NaOH or in 0.15 M KCl and 0.025 M
Hepes-KOH. For each buffer system, titrations were carried
out with Ca2+ alone, Mg2+ alone, Ca2+ at several fixed levels
of Mg2+, Ca2+ in the presence of EDTA, Ca2+ in the presence
of EGTA, and usually Mg2+ in the presence of EDTA. After
subtraction of the baseline heats, the experiments were
compiled into a master data file. This composite dataset was
then subjected to global nonlinear least-squares analysis, as
described in detail elsewhere (34). With the exception of
the initial point in each titration, a uniform standard deviation
(0.35µcal per addition) was assumed for all data points. This
value reflects the standard deviation measured with our
instrument for repeated additions of 1.0 mM Ca2+ into excess
EDTA, in 0.15 M NaCl and 0.025 M Hepes-NaOH, pH
7.4. Initial titration points are invariably unreliable, due to
diffusion of titrant from the buret tip during the thermal
equilibration period, and were assigned uncertainties of 107,
to ensure that they received no weight during the fitting
process.

The uncertainties associated with the ITC analyses were
evaluated by inspection of the parameter correlation matrices,
evaluation of the 68% confidence intervals, and Monte Carlo
simulations (34).

The titrations displayed in Figure 2 were conducted at 25
°C with a model 4209 microtitration calorimeter from

Calorimetry Sciences Corp., making 10µL additions at 200
s intervals to 1.00 mL protein samples.

NMR Spectroscopy.Rat R-PV was produced inEscheri-
chia coliDH5R harboring pLD2, a derivative of pBluescript
(Stratagene). To achieve uniform15N labeling, the bacteria
were cultured on M9 minimal medium containing 1.25 g/L
15NH4Cl, 2.5 g/L glucose, trace metals, MEM vitamins, and
2.5% (v/v) Celtone-N. Each liter of culture yielded∼10 mg
of protein. Purity exceeded 98%, based on UV absorbance
and SDS-polyacrylamide gel electrophoresis.

Ca2+ was removed from the protein samples prior to NMR
analysis by passage over EDTA-derivatized agarose in 0.15
M NaCl and 0.005 M Mes-NaOH, pH 7.4, at 4°C. When
required, the Na+ was exchanged for K+ by repeated
concentration and dilution in an Amicon ultrafiltration cell
(YM10 membrane), employing Ca2+-free 0.15 M KCl and
0.005 M Mes-KOH, pH 7.4. As explained above, this
strategy was dictated by the extremely high Ca2+ affinity of
R in K+-containing solution. After verification, by FAAS,
that >98% of the Ca2+ had been removed, the pH was
adjusted to 6.0; D2O (containing 0.15 M NaCl or KCl, as
appropriate) was added to a final concentration of 10% (v/
v), the sample volume was reduced to 0.60 mL, and the
sample was placed in a 5 mm NMRtube (Kontes).

NMR spectroscopy was conducted at 25°C on a Varian
Unity-600 spectrometer.1H chemical shifts were referenced
to the methyl protons of TSP (0 ppm);15N shifts were
referenced to acidic NH4Cl at 25 °C (24.93 ppm).1H,15N-
HSQC spectra were acquired with a pulse program based
on that of Mori et al. (35). Amide proton and nitrogen
assignments have been previously reported for the Ca2+-
bound protein (36). Assignments for select residues in the
Ca2+-free samples were verified by inspection of TOCSY-
HSQC (37) and NOESY-HSQC (38) experiments.

Estimation of RatR MonoValent Cation Affinity by Monte
Carlo Simulation.Binding curves were extracted from select
ITC experiments conducted in the presence of Na+ or K+.
Estimates of the Na+ affinity constants for ratR were
obtained by Monte Carlo analysis, employing a model that
includes these macroscopic species: M, MX, MX2, MY, and
MXY swhere M represents the macromolecule, X the
relevant divalent ion, and Y the major solvent cation.
Mathematically, the extent of divalent ion-binding,Xh, for
this system is described by

whereP is the relevant partition function, equal to

In these equations,K10 andK20 are the macroscopic associa-
tion constants for the first and second divalent ion-binding
events,K01 is the corresponding monovalent ion-binding
constant, andK11 is the monovalent ion-binding constant for
the MXY species.

The divalent ion-binding constants determined forR in
K+ solution provided values forK10 andK20. Calorimetrically
monitored titrations ofR with Na+, reported previously (26),
yielded a starting estimate for the Na+-binding constant,K01.

K1 ) k1 + k2; K2 ) k1k2/(k1 + k2) (3)

k1 )
K1 + xK1

2 - 4K1K2

2

k2 )
K1 - xK1

2 - 4K1K2

2

(4)

ø2(par)) (1 + p
ν
F(p,ν,P))(ø2(min)) (5)

Xh i ) (K10 × (1 + K11 × Yi) × Xi + 2 × K20K10 × Xi
2)/P

(6)

P ) 1 + K01 × Yi + K10 × (1 + K11Yi) × Xi + K20K10Xi
2

(7)
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K11 was arbitrarily set to 1. After calculation of an initialø2

value, a new parameter set was generated by incrementing
each binding constant by an arbitrary quantity,∆K. The
magnitude of∆K is equal to the output from a random
number generator multiplied by some arbitrary fraction of
the initial parameter value (δ). ø2 is then recalculated.

Simulations can be performed both with and without
minimization. The objective in the latter case is merely to
collect parameter sets satisfying an arbitraryø2 criterion. For
this application,δ is typically set to a fairly large value (e.g.,
0.1), and a large number (e.g., 10 000) of parameter sets are
accumulated. The parameter values associated with the
lowestø2 serve as the starting point for minimization. When
ø2 is minimized, an acceptable parameter set must return a
ø2 value below the current onesin which case it then serves
as a basis for further simulation. The program is allowed to
run until no further decrease inø2 is observed. Theδ values
employed for minimization are typically quite small (e.g.,
0.001), to help ensure that the parameter values remain in
the vicinity of the nearby minimum. In practice, it is
necessary to employ both modes (i.e., with and without
minimization) iteratively, to obtain satisfactory agreement
between the observed and calculated valuessparticularly
when the starting parameter values are far from a solution.

TheR data were also analyzed with a model that employed
site-specific binding constants and included these micro-
scopic species: M, XM, MX, XMX, YM, and YMX. The
extent of binding for this system is given by the equation

whereP, the partition function, equals

k1 andk2 are the microscopic binding constants for site 1
and site 2, respectively, andc12 is a cooperativity coefficient.

Occupation of site 1 or 2 is indicated by placement ofX;
that is, XM implies binding of the divalent ion at site 1 and
MX, binding at site 2. Note that this model assumes thatY,
the monovalent ion, binds exclusively to site 1. For complete
generality, a cooperativity coefficient could have been
included for formation of the YMX species. Because
agreement between calculated and observed values ofXh was
obtained without the additional parameter, it was omitted.

RESULTS

In the following paragraphs, the divalent ion affinities of
ratR- andâ-parvalbumins are compared in buffers containing
Na+ or K+. Whereas it was possible to studyâ by flow
dialysis and titration calorimetry at 25°C, heightened Ca2+

affinity frustrated attempts to studyR by flow dialysis in
K+ solution. The marginal stability ofR in K+-containing
buffers further complicated the analysis, so that ultimately
the comparison ofR divalent ion affinity in Na+ and K+

was conducted at 5°C.

Affinity of Ratâ for Ca2+ and Mg2+ in Na+- and
K+-Containing Solutions

Flow Dialysis.The Ca2+ affinities of theâ CD and EF
sites are well suited to determination by45Ca2+ flow dialysis.
For this study, samples of ratâ were titrated with Ca2+ in
the absence of Mg2+ and at five levels of the competing ion.
The combined data from these six titrations were subjected
to weighted global least-squares minimization. This proce-
dure was conducted in both Na+- and K+-containing buffer
solutions. Data for the two series of experiments are plotted
in panels A and B, respectively, of Figure 3, the solid lines
indicating the optimal least-squares fit for the composite
dataset. The resulting parameter estimates and 68% confi-
dence intervals are presented in Table 1.

The values of the Ca2+-binding constants determined in
Na+-containing solutions2.27 × 107 and 1.05 × 106

M-1sagree well with previous estimates, obtained from the
analysis of single experiments (39). However, the Mg2+

constantss12 300 and 7 M-1sare substantially different.

Table 1: R- andâ-PV Divalent Ion-Binding Properties

Ca2+ values Mg2+ values

protein
solvent
cation T (°C) K1

a (M-1) H1 (kcal/mol) K2 (M-1) H2 (kcal/mol) K1M (M-1) H1M (kcal/mol) K2M (M-1) H2M (kcal/mol)

Isothermal Titration Calorimetry
â-PV Na+ 25 2.45× 107 -4.10 1.43× 106 -3.46 9.40× 103 3.01 1.64× 102 4.16

(2.20, 2.71) (-4.16,-4.06) (1.29, 1.61) (-3.52,-3.41) (9.10, 9.83) (2.97, 3.05) (1.54, 1.75) (4.00, 4.32)
K+ 25 3.45× 107 -5.49 3.36× 106 -3.43 1.40× 104 2.02 2.80× 102 5.15

(3.73, 3.18) (-5.55,-5.43) (3.60, 3.10) (-3.48,-3.36) (1.51, 1.29) (2.08, 1.94) (3.13, 2.52) (5.32, 4.99)

R-PV Na+ 25 2.50× 108 -1.34 6.24× 107 -4.30 3.66× 104 7.92 9.02× 103 0.24
(2.65, 2.37) (-1.40,-1.28) (6.60, 5.92) (-4.36,-4.18) (3.81, 3.52) (8.00, 7.83) (9.38, 8.68) (0.30, 0.17)

Na+ 5 2.55× 108 -1.41 6.36× 107 -4.05 1.76× 104 7.82 4.30× 103 1.63
(2.74, 2.41) (-1.46,-1.35) (6.82, 6.00) (-4.11,-3.97) (1.88, 1.67) (7.91, 7.73) (4.58, 4.08) (1.71, 1.55)

K+ 5 2.94× 109 -3.64 6.59× 108 -4.22 2.17× 105 4.42 3.71× 104 2.29
(3.31, 2.51) (-3.75,-3.58) (7.40, 5.62) (-4.29,-4.16) (2.40, 2.00) (4.48,4.35) (4.12, 3.42) (2.38, 2.22)

Flow Dialysis
â-PV Na+ 25 2.27× 107 1.05× 106 1.23× 104 7.4

(2.22, 2.32) (1.03, 1.07) (1.20, 1.26) (0, 15)
K+ 25 3.05× 107 3.50× 106 1.73× 104 3.99× 102

(2.99, 3.11) (3.42, 3.59) (1.68, 1.77) (3.70, 4.27)

R-PV Na+ 25 1.74× 108 4.27× 107 3.71× 104 4.97× 103

(1.67, 1.80) (3.97, 4.59) (3.54, 3.90) (4.55, 5.39)
a The reported uncertainties (values in parentheses) reflect the 68% confidence intervals.

Xh i ) ((k1 + k2) × Xi + 2c12k2k1 × Xi
2 + kNak2 × Xi ×

Yi)/P (8)

P ) 1 + (k1 + k2) × Xi + c12k2k1 × Xi
2 + kNa × Yi +
kNak2 × Xi × Yi (9)
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Although the values reported here are inherently more
reliable, being the product of a global least-squares fit, the
significance of the second binding constant is nevertheless
questionable. The highest competing level of Mg2+ employed
in this study, 5.0 mM, would not significantly perturb Ca2+

binding at a site having a Mg2+ association constant of<100
M-1. The use of Mg2+ concentrations of>5 mM was not
possible, due to severe depletion of the radiolabel during
the course of the experiment. Even at 5 mM, it was necessary
to reduce the number of data points, to keep the loss of45Ca2+

from the sample chamber below 10%. It should be noted
that an unweighted least-squares treatment of these data,
omitting the confidence interval analysis, yielded Mg2+

association constants of 11 000 and 74 M-1 (34).
The binding constant estimates extracted from data col-

lected in K+-containing buffers (Figure 3D) are perceptibly
larger than those measured in Na+. K1 increases by ap-
proximately one-third, from 2.27× 107 to 3.05× 107 M-1.
The first Mg2+-binding constant,K1M, shows a similar
increase, from 12 300 to 17 300 M-1. The second Ca2+- and
Mg2+-binding events display proportionately greater increases

in affinity. K2 increases by a factor of 3.3 in K+, from 1.05
× 107 to 3.5× 107 M-1. The best-fit value ofK2M is 399,
likewise a substantial increase from the poorly determined
estimate obtained in Na+ solution.

ITC. Global least-squares analysis of ITC data offers an
alternative to flow dialysis for the estimation of parvalbumin
divalent ion affinities. Figure 4 compares select titrations of
rat R andâ in Na+- or K+-containing solution. Panels A-C
depict titrations of ratâ conducted in Na+-containing
solution, panels D-F titrations of â in K+, panels G-I
titrations ofR in Na+, and panels J-L titrations ofR in K+.
The marked variation in the appearance of these thermograms
illustrates the wealth of information inherent in these
experiments and the rationale for a global ITC-based
analytical method.

The ratâ system was recently used to demonstrate the
utility of this approach (34). In that work, samples of the
proteinsin Na+-containing buffersswere titrated with Ca2+,
with Mg2+, with Ca2+ at several fixed levels of Mg2+, with
Ca2+ in the presence of EDTA, and with Ca2+ in the presence
of EGTA. The binding constants from that analysis are
included in Table 1. Relative to the values determined by
flow dialysis, the ITC-derived estimates forK1 andK2, 2.45
× 107 and 1.43× 106 M-1, are slightly larger. The ITC-
based method also returns a somewhat smaller value forK1M

(9 400 vs 12 300 M-1) and a significantly larger value for
K2M (164 M-1).

The results of a comparable analysis in K+-containing
solution are presented herein. It is evident from Figure 4A-F
that the solvent cation has a perceptible impact on the
divalent ion-binding behavior. From a comparison of panels
A and D, it is evident that the enthalpy of the first binding
event (occupation of the EF site) is substantially more
exothermic in K+ solution. Panels B and E compare titrations
of â with Ca2+ in the presence of the competing chelator
EGTA, in Na+ or K+ solution, respectively. Besides the
increased exothermicity of Ca2+ binding in K+ just men-
tioned, the shapes of the curves differ perceptibly. Whereas
the chelator titrates concomitantly with theâ EF site in Na+,
the Ca2+ affinity of the protein is increased in K+, to the
point that the EF site is occupied preferentially during the
initial stage of the titration. Finally, as shown in panels C
and F, solvent cation identity has a major effect on the
titrations with Mg2+. Binding is far less endothermic in K+,
consistent with a marked increase in Mg2+ affinity.

Integrated data for a battery of titrations conducted in the
presence of K+ are displayed in Figure 5. This composite
dataset was subjected to nonlinear least-squares minimization.
Initial estimates for the Ca2+- and Mg2+-binding enthalpies
were obtained from the analysis of single titrations, and the
estimates obtained from flow dialysis provided input values
for the Ca2+- and Mg2+-binding constants. The solid lines
in Figure 5 indicate the best global least-squares fit. The
residuals for the various experiments, presented in the lower
panels, are largely free of systematic variation. Several of
the experiments, however, exhibit anomalies near the equiva-
lence point, for example, the titrations with Ca2+ in the
presence of EDTA (O) and EGTA (0) shown in Figure 5D.
These discrepancies may reflect errors in sample concentra-
tion.

The parameter correlation matrix for the system is
displayed in Table 2. The correlation coefficients are
acceptable, the highest being 0.894. In consequence, the

FIGURE 3: 45Ca2+ flow-dialysis measurements on ratR and â in
Na+ and K+ solution. (A) Titration ofâ with Ca2+ in 0.15 M NaCl
and 0.025 M Hepes-NaOH, pH 7.40, in the absence or presence
of fixed levels of Mg2+. Mg2+ concentrations: 0 (O); 0.20 mM
(b); 0.50 mM (0); 1.0 mM (9); 2.0 mM (4); 5.0 mM (2). (B)
Titration of â in 0.15 M KCl and 0.025 M Hepes-KOH, pH 7.40.
The competing Mg2+ concentrations were identical to those listed
for panel A. (C) Titration ofR in NaCl/Hepes, in the absence and
presence of fixed levels of Mg2+. Mg2+ concentrations: 0 (O); 0.05
mM (b); 0.10 mM (0); 0.20 mM (9); 0.50 mM (4); 1.0 mM (2);
2.0 mM (3); 5.0 mM (1). (D) Titration of R in KCl/Hepes.
Competing Mg2+ concentrations were identical to those listed for
panel C.
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parameters are well determined, with narrow confidence
intervals. Uncertainties were also examined by Monte Carlo
simulation. Briefly, random variations were made to each
of the fitting parameters, and aø2 value was determined for
the resulting parameter set. If theø2 value fell below the
68% confidence limit, the parameter values were written to
a file. If not, they were discarded. This process was repeated
until an arbitrary, large number of parameter sets satisfying
the chi-square criterion had been collected. Figure 6 displays
the binding constant distributions obtained for the ITC
analysis of ratâ in K+ solution.

The optimal parameter values, listed in Table 1, agree well
with the estimates from flow dialysis.K1 is 13% larger (3.45
× 107 vs 3.05× 107 M-1). The other three binding constants
are slightly smallers3.36× 106 vs 3.50× 106 M-1 for K2;
14 000 vs 17 300 forK1M; and 280 vs 399 forK2M. Consistent
with the flow-dialysis measurements, the ITC-based method
also suggests that the divalent ion affinity of ratâ is
perceptibly greater in K+ solution.

Ca2+ and Mg2+ Affinities of RatR-ParValbumin

NMR Spectra of Ca2+-Free RatR in Na+ and K+ Solution.
The identity of the major solvent cation strongly influences
rat R stability. TheTm for the proteins approximately 46
°C in 0.20 M NaCl, 0.01 M NaPi, and 0.005 M EDTAsis
shifted downward to 35°C in the corresponding K+-

containing buffer (26). The ∆Cp likewise undergoes sub-
stantial reduction from 1.4 kcal mol-1 K-1 in Na+ solution
to 0.53 kcal mol-1 K-1 in K+. This latter finding suggests
that the protein is less structured in K+ buffers. The
appearance of the1H,15N-HSQC spectrum for the Ca2+-free
protein lends support to that hypothesis.

The HSQC spectrum collected in 0.15 M KCl and 0.005
M Mes-KOH, pH 6.0, is displayed in Figure 7A; corre-
sponding data collected in Na+ solution are presented in
Figure 7B. A subset of the signals present in the K+ spectrum
appear as doublets, suggesting that at least two conformations
of R are populated, with relatively slow rates of intercon-
version. These doublets are absent in the Na+ spectrum, and
the chemical shift dispersion in the proton dimension appears
to be improved. Thus, the binding of Na+ apparently favors
a single, relatively well-structured conformation. In fact,
many of the resonances in the latter spectrum exhibit
chemical shifts comparable to those observed for the Ca2+-
loaded protein (Figure 7C). The behavior of the Gly-56 amide
is noteworthy. Whereas it affords an extremely weak signal
at 10.38 ppm in K+ solution, a strong resonance is observed,
at 10.88 ppm, in the presence of Na+. The chemical shift of
the Gly-56 amide proton is 10.58 in the Ca2+-bound form.

Flow Dialysis.45Ca2+ flow-dialysis data for ratR in both
Na+ and K+ buffer solutions, at 25°C, are presented in panels
C and D, respectively, of Figure 3. As withâ, titrations were

FIGURE 4: Raw ITC data: (A) 4.0 mM Ca2+ vs 260µM â, in Na+; (B) 2.0 mM Ca2+ vs 75µM â, 0.125 mM EGTA, in Na+; (C) 5.2 mM
Mg2+ vs 275µM â, in Na+; (D) 1.0 mM Ca2+ vs 60µM â, in K+; (E) 2.0 mM Ca2+ vs 62µM â, 0.125 mM EGTA, in K+; (F) 2.0 mM
Mg2+ vs 60µM â, in K+; (G) 1.0 mM Ca2+ vs 60µM R, in Na+; (H) 2.0 mM Ca2+ vs 60µM R, 0.125 mM EGTA, in Na+; (I) 2.0 mM
Mg2+ vs 120µM R, in Na+; (J) 2.0 mM Ca2+ vs 65µM R, in K+; (K) 2.0 mM Ca2+ vs 65µM R, 0.125 mM EGTA, in K+; (L) 2.0 mM
Mg2+ vs 65µM R, in K+.
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conducted both in the absence of Mg2+ (O) and at several
fixed levels of the competing ion. Figure 3 emphasizes the
disparate Ca2+ affinities of the ratR andâ isoforms. Whereas
the median Ca2+ concentrationsthe concentration producing
half-saturationsis 2× 10-7 M for â in Na+ solution (Figure
3A) in the absence of Mg2+, the median concentration forR
under the same conditions (Figure 3C) is∼10-8 M. As a
result of the latter’s much higher affinity for Ca2+, the levels
of radioactivity in the eluate early in the titration approach
background levels, making flow-dialysis measurements on
R challenging. Data from eight separate titrations, conducted
in the absence of Mg2+ (O), have been superimposed in
Figure 3C to provide a qualitative indication of the experi-
mental scatter.

Despite the high affinity ofR for Ca2+ in Na+ solution, it
is possible to obtain an acceptable least-squares fit to the
composite dataset, indicated by the solid lines in Figure 3C.

The apparent macroscopic Ca2+ constants are 1.74× 108

and 4.27× 107 M-1; the corresponding Mg2+ values are 3.71
× 104 and 4.97× 103 M-1.

Although it was apparent that the Ca2+ affinity of rat R is
higher in K+-containing solution, we were unable to extract

FIGURE 5: ITC analysis of ratâ divalent ion-binding behavior in K+-containing solution: (A) 1.0 mM Ca2+ vs 59µM â-PV (O); 2.0 mM
Ca2+ vs 62.4µM â (0); 2.0 mM Ca2+ vs 120µM â (4). (B) 2.0 mM Mg2+ vs 58µM â (3); 2.0 mM Mg2+ vs 63µM â (4); 4.0 mM Mg2+

vs 118µM â (0); 4.0 mM Mg2+ vs 62µM â, 0.125 mM EDTA (O). (C) 1.0 mM Ca2+ vs 60µM â, 0.50 mM Mg2+ (O); 1.0 mM Ca2+

vs 60µM â, 5.0 mM Mg2+ (0); 1.0 mM Ca2+ vs 60µM â, 10 mM Mg2+ (4); 1.0 mM Ca2+ vs 59µM â, 20 mM Mg2+ (3). (D) 2.0 mM
Ca2+ vs 63µM â, 0.125 mM EDTA (O); 2.0 mM Ca2+ vs 63µM â, 0.125 mM EGTA (0).

Table 2: Parameter Correlations for Global Fit ofâ-PV ITC Data
in K+ Solution at 25°C

∆H1 ∆H2 ∆H1M ∆H2M k1 k2 k1M k2M

∆H1 1.000
∆H2 0.617 1.000
∆H1M 0.241 0.232 1.000
∆H2M 0.314 0.450 0.487 1.000
k1 0.887 0.623 0.352 0.459 1.000
k2 0.661 0.846 0.373 0.650 0.816 1.000
k1M 0.425 0.397 0.418 0.658 0.681 0.716 1.000
k2M 0.342 0.421 0.419 0.894 0.553 0.732 0.816 1.000

FIGURE 6: Monte Carlo parameter simulations of ratâ divalent
ion-binding behavior in K+ solution. The best-fit parameter values
from least-squares minimization furnished the starting point for the
generation of additional parameter sets satisfying the requirement
thatø2 < 1.70, the value associated with the 68% confidence limit.
Each point represents one of 20 000 simulated parameter sets
meeting this criterion. The binding constants from each set have
been plotted against the associatedø2 value.
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reliable estimates of the Ca2+ binding constants by flow
dialysis. In the absence of Mg2+, the level of radioactivity
in the eluate remains just above background until very late
in the titration. As illustrated in Figure 3D, which includes
nine separate titrations in the absence of Mg2+ (O), uncer-
tainties in the background and sample activities combine to
produce an unacceptably high degree of scatter. When this
composite dataset was subjected to global nonlinear least-
squares minimization, it was not possible to simultaneously
accommodate data gathered in the presence and absence of
Mg2+.

ITC. Disappointed in our effort to characterize the ion-
binding behavior of ratR in K+ solution by flow dialysis,
we turned to titration calorimetry. As observed for ratâ,
solvent cation identity strongly influences the appearance of
the raw ITC data. The normalized thermograms displayed
in Figure 4G,J indicate that Ca2+-binding enthalpy is
substantially more exothermic in K+. Moreover, when the
protein is titrated with Ca2+ in the presence of EGTA, binding
by the chelator occurs later in the experiment in K+ solution
(cf. panels H and K of Figure 4)sevidence of the increased

Ca2+ affinity of the protein. It is also apparent that Mg2+

affinity is substantially higher in K+ solution. Whereas
binding continues throughout the titration in Na+ solution
(Figure 4I), an apparent endpoint is reached in the presence
of K+ (Figure 4L).

The divalent ion affinity ofR was initially studied by ITC
in Na+ solution at 25°C. Integrated data from a battery of
12 separate titrations are displayed in Figure 8. These
experiments were simultaneously analyzed by nonlinear least-
squares analysis. Initial estimates for the binding enthalpies
were obtained from the analysis of single titrations, and the
flow-dialysis measurements onR in Na+ solution provided
starting values for the binding constants. The solid lines
through the data points denote the best overall fit to the
composite dataset. Residuals for each experiment are plotted
in the lower panels. The binding constants obtained by this
analysis are slightly larger than those measured by flow
dialysis: 2.50× 108 and 6.24× 107 M-1 vs 1.74× 108 and
4.27× 107 M-1 for Ca2+; 3.66× 104 and 9.02× 103 M-1

vs 3.71× 104 and 4.97× 103 M-1 for Mg2+.

From the magnitudes of the binding constantssK1 ≈ 4K2

andK1M ≈ 4K2Msit is evident that theR CD and EF sites
are indistinguishable in Ca2+- or Mg2+-binding assays. The
parameter correlation matrix for this system is shown in
Table 3. In contrast to the corresponding matrix for ratâ
(Table 2), the enthalpies and binding constants for the two
sites are very highly correlated, that is,Rij g 0.98. This
finding, reflecting the functional equivalency of the two sites,
indicates that the system could be modeled equally well with
an equivalent two-site model.

Attempting to perform the comparable analysis in K+

solution at 25°C, we observed that single titrations ofR
with Ca2+ or Mg2+ could not be satisfactorily modeled with
an independent two-site model. For Mg2+, the optimal fit
yieldedK1 ) 3.0 × 104 andK2 ) 5.2 × 104 M-1 (Figure
9A,B). The magnitudes of the binding constants,K1 < 4K2,
indicate a positive interaction between the two sites. Upon
reflection, we concluded that this positive cooperativity might
be a consequence of the low conformational stability of rat
R in K+ solutions (see discussion below). Consistent with
this hypothesis, individual titrations at 5°C were readily
accommodated by a non-cooperative two-site model (e.g.,
Figure 9C,D). The decision was made, therefore, to examine
the impact of monovalent cation identity onR divalent ion-
binding behavior at 5°C.

Integrated ITC data gathered in either Hepes-buffered
NaCl or Hepes-buffered KCl at 5°C are displayed in Figures
10 and 11, respectively. The solid lines in each plot indicate
the best least-squares fit to the composite dataset. The
residuals are displayed below each plot. As for the preceding
analyses, parameter uncertainties were evaluated by deter-
mining the 68% confidence intervals and performing Monte
Carlo simulations of the parameters.

Temperature has a relatively small impact onR divalent
ion-binding behavior. The apparent Ca2+-binding constants
measured in Na+ solution at 5°C, both∆H andK values,
are essentially identical to those measured at 25°C. The
Mg2+ binding constants at the two temperatures differ by
only a factor of 2: 1.76× 104 and 4.30× 103 M-1 at 5 °C
and 3.66× 104 and 9.02× 103 M-1 at 25°C. The ratios of
K1/K2 and likewiseK1M/K2M are both≈4 at 5°C, implying

FIGURE 7: 1H,15N-HSQC spectra of ratR: (A) spectrum of 1.0
mM Ca2+-freeR, in 0.15 M KCl and 0.005 M Mes-KOH, pH 6.0;
(B) spectrum of 1.5 mM Ca2+-free R, in 0.15 M NaCl and 0.005
M Mes-NaOH, pH 6.0; (C) superposition of Ca2+-free R in Na+

(magenta) and that of 1.0 mM Ca2+-loadedR (cyan), collected after
dialysis against 0.15 M NaCl, 0.005 M Mes-NaOH, pH 6.0, and
0.5 mM Ca2+.
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that the apparent equivalency of the two sites is retained at
the low temperature.

Solvent cation identity has a much greater impact than
temperature on divalent ion affinity. Both Ca2+- and Mg2+-
binding constants increase by roughly an order of magnitude
in K+ solution. K1 and K2 increase from 2.55× 108 and
6.36× 107 to 2.94× 109 and 6.59× 108 M-1. K1M andK2M

increase from 1.76× 104 and 4.30× 103 M-1 to 2.17× 105

and 3.71× 104 M-1. Note that the relative magnitudes of
the binding constants differ slightly in K+swith the K1/K2

ratio increasing to 4.5 andK1M/K2M increasing to 5.8. These
alterations may indicate that the two sites are not completely
equivalent in K+-containing buffer.

DISCUSSION

It is evident that monovalent cation identity influences
parvalbumin divalent ion affinity in an isoform-dependent

manner. In the following paragraphs, the results obtained
for rat R and â isoforms in Na+ and K+ solutions are
compared and interpreted in light of the stability data
previously reported for the two proteins.

Impact of MonoValent Ions on Ratâ DiValent Ion-Binding
BehaVior. Although DSC data reported previously indicated

FIGURE 8: ITC analysis of ratR divalent ion-binding behavior in Na+ solution at 25°C: (A) 2.1 mM Ca2+ vs 130µM R (O); 2.1 mM Ca2+

vs 127µM R (0); (B) 4.1 mM Mg2+ vs 60µM R (O); 2.0 mM Mg2+ vs 57µM R (0); 4.3 mM Mg2+ vs 117µM R (4). (C) 2.1 mM Ca2+

vs 80µM R, 0.5 mM Mg2+ (O); 2.1 mM Ca2+ vs 80µM R, 2.0 mM Mg2+ (0); 2.1 mM Ca2+ vs 80µM R, 5.0 mM Mg2+ (4); 2.1 mM
Ca2+ vs 80µM R, 10 mM Mg2+ (3); 2.1 mM Ca2+ vs 80µM R, 20 mM Mg2+ (]). (D) 2.1 mM Ca2+ vs 60µM R, 0.125 mM EDTA (O);
2.1 mM Ca2+ vs 60µM R, 0.125 mM EGTA (0).

Table 3: Parameter Correlations for Global Analysis ofR-PV in
Na+ Solution at 25°C

∆H1 ∆H2 ∆H1M ∆H2M K1 K2 K1M K2M

∆H1 1.000
∆H2 0.997 1.000
∆H1M 0.577 0.576 1.000
∆H2M 0.587 0.597 0.993 1.000
K1 0.886 0.880 0.678 0.687 1.000
K2 0.880 0.884 0.682 0.700 0.992 1.000
K1M 0.589 0.583 0.636 0.654 0.802 0.796 1.000
K2M 0.588 0.591 0.627 0.658 0.793 0.800 0.992 1.000

FIGURE 9: Mg2+ binding by ratR K+-containing bufferseffect of
temperature: (left) titration of 210µM rat R with 4.0 mM Mg2+,
in 0.15 M KCl and 0.025 M Hepes-KOH, pH 7.4, at 25°C (raw
data are presented in the upper panel, integrated data in the lower
panel); (right) 1.0 mM Mg2+ vs 60µM R in K+ solution at 5°C
(raw and integrated data are presented in the upper and lower panels,
respectively).
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thatâ binds either Na+ or K+, the apparent binding capacities
differ for the two ions. Whereas the estimated stoichiometry
for Na+ binding is 1.8( 0.2 equiv in 0.24 M Na+, the
stoichiometry of K+ binding is just 1.1( 0.2 equiv at the
same ionic strength. Titration of the protein with Na+ at low
ionic strength (1 mM imidazole-EDTA, pH 7.4) produced
exothermic heat effects well in excess of those produced by
titration of buffer alone. Analysis of these data, assuming
two identical sites, yielded estimates for the apparent binding
constant and average enthalpy of binding of 60 M-1 and-4.9
kcal/mol, respectively. In anticipation of the subsequent
discussion, it should be noted that there is no evidence that
the monovalent ion-binding sites are in fact equivalent.
However, there was insufficient information in the dataset
to uniquely fit more complex models. Titration with K+ in
1 mM imidazole-EDTA, pH 7.4, yielded apparent binding
constant and enthalpy values of 55 M-1 and-8.8 kcal/mol,
respectively. In both cases, inclusion of 100µM Ca2+

abolished the binding events, suggesting that the bound
cations occupy the EF-hand motifs.

In contrast to more typical parvalbumin isoforms, the two
EF-hand motifs in ratâ are distinctly nonequivalentsthe EF
site exhibiting substantially greater affinity for divalent ions.
Resultingly, the sites are occupied sequentially during
titrations with Ca2+ or Mg2+, with the microscopic associa-
tion constants,k1 and k2, corresponding to the binding
constants for the EF and CD sites, respectively.

ITC and flow-dialysis studies both indicate that the
divalent ion affinities of both sites are modestly higher when
measured in K+ solution. The Ca2+ affinities determined by
ITC for the EF and CD sites are increased by factors of 1.41
and 2.35, respectively, producing an overall∆∆G°′ for Ca2+

binding of -0.7 kcal/mol (Table 4). The ITC-measured
Mg2+-binding constants increase by 1.48 and 1.71, respec-
tively, yielding a∆∆G value of roughly-0.6 kcal/mol.

K+ Binds at theâ CD Site.Although both EF-hand motifs
in rat â bind Na+, only one binds K+. The previous
suggestion that the lone K+ is bound in the CD loop (26)
was based on the lanthanide ion-binding studies by Sykes
and co-workers. Whereas the typical parvalbumin EF site
displays little size discrimination, the CD site displays a
preference for larger ions (40, 41), and the ratâ CD site
exhibits a particularly strong preference for the larger
lanthanides (42). Reasoning that this preference might extend
to monovalent ions, we suggested that the larger K+ binds
to the CD site (26).

The enthalpy changes for Ca2+ binding reported here
support that assignment. If the CD site can accommodate
either Na+ or K+, then Ca2+ binding will entail obligatory
monovalent ion dissociation, regardless of the solvent system.
Accordingly, ∆H2 for Ca2+ binding should be largely
independent of cation identity, as observed (-3.43 kcal/mol
in K+ vs -3.46 kcal/mol in Na+). On the other hand, if the
EF site binds only Na+, then the Ca2+-binding event will

FIGURE 10: ITC analysis of ratR divalent ion-binding behavior in Na+ solution at 5°C: (A) 1.0 mM Ca2+ vs 57µM R (O); 2.0 mM Ca2+

vs 115µM R (0). (B) 2.0 mM Mg2+ vs 115µM R (O); 2.0 mM Mg2+ vs 57µM R, 0.110 mM EDTA (4). (C) 1.0 mM Ca2+ vs 57µM
R, 0.50 mM Mg2+ (O); 2.0 mM Ca2+ vs 55µM R, 2.0 mM Mg2+ (0); 1.0 mM Ca2+ vs 56µM R, 5.0 mM Mg2+ (4); 1.0 mM Ca2+ vs 56
µM R, 10 mM Mg2+ (3); 2.0 mM Ca2+ vs 55µM R, 20 mM Mg2+ (]). (D) 2.0 mM Ca2+ vs 56µM R, 0.12 mM EDTA (O); 2.0 mM Ca2+

vs 56µM R, 0.10 mM EGTA (0).
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differ fundamentally in the two solvent systems. In Na+

solution, Ca2+ binding will require monovalent ion dissocia-
tion. In K+ solution, however, Ca2+ binds to a vacant site.
Because there is no requirement for (endothermic) monova-
lent ion release in the latter case, the∆H1 for Ca2+ binding
should be more exothermic, as observed (-5.5 kcal/mol in
K+; -4.1 kcal/mol in Na+).

RatR. DSC studies indicated that theR isoform binds 1.1
( 0.1 equiv of Na+ but has very low affinity for K+.
Consistent with these findings, titration ofR with Na+ in 1
mM imidazole-EDTA, pH 7.4, produces large exothermic
heat effects, whereas titration with K+ under comparable

conditions produces heat effects identical to those resulting
from titration of buffer alone (26). Least-squares analysis
of the Na+ titration data, assuming a stoichiometry of 1.0,
yielded an apparent binding constant of 120 M-1. As with
â, Na+ binding was abolished in the presence of Ca2+,
implying that the monovalent ion occupies one of the EF-
hand motifs.

The observation that ratR divalent ion affinity is much
higher in K+ solution than in Na+ solution is additional
evidence for the competitive nature of the monovalent ion
binding. In fact, the Ca2+ affinity in K+ solution proved to
be too high to accurately measure by flow dialysis, providing
the incentive for development of an ITC-based analytical
scheme.

The latter method worked well at 25°C in Na+-containing
buffer, yielding apparent binding constants in good agreement
with those obtained by flow dialysis. However, it was not
possible to obtain a satisfactory fit with a simple two-site
model to ITC data gathered in K+ at the same temperature.
The reason became evident upon close inspection of indi-
vidual titrations. Whereas titrations with Ca2+ in the presence
of Mg2+ were amenable to treatment with an independent
two-site model, the binding constants obtained from analysis
of single titrations with Ca2+ or Mg2+ indicated substantial
positive cooperativity.

FIGURE 11: ITC analysis of ratR divalent ion-binding behavior in K+ solution at 5°C: (A) 0.95 mM Ca2+ vs 56µM R (O); 1.93 mM Ca2+

vs 65µM R (0). (B) 1.0 mM Mg2+ vs 64µM R (O); 2.0 mM Mg2+ vs 65µM R (0); 2.0 mM Mg2+ vs 64µM R (]); 2.0 mM Mg2+ vs
62 µM R, 0.12 mM EDTA (4); 2.0 mM Mg2+ vs 64µM R, 0.12 mM EDTA (3). (C) 1.0 mM Ca2+ vs 95µM R, 1.0 mM Mg2+ (0); 2.0
mM Ca2+ vs 64µM R, 3.0 mM Mg2+ (O); 2.0 mM Mg2+ vs 95µM R, 10 mM Mg2+ (4). (D) 2.0 mM Ca2+ vs 64µM R, 0.12 mM EDTA
(3); 2.0 mM Ca2+ vs 51µM R, 0.12 mM EDTA (O); 2.0 mM Ca2+ vs 19µM R, 0.095 mM EGTA (0); 2.0 mM Ca2+ vs 64µM R, 0.115
mM EGTA (4).

Table 4: Summary of Divalent Ion-Binding Energeticsa

Ca2+ binding Mg2+ bindingpro-
tein cation

T
(°C) ∆Gtotal

b ∆Htotal -T∆Stotal ∆Gtotal
b ∆Htotal -T∆Stotal

â-PV Na+ 25 -18.4 -7.6 -10.8 -8.4 7.2 -15.6
K+ 25 -19.1 -8.9 -10.2 -9.0 7.2 -16.1

R-PV Na+ 25 -22.0 -5.6 -16.4 -11.6 8.2 -19.7
Na+ 5 -20.6 -5.5 -15.1 -10.0 9.4 -19.4
K+ 5 -23.2 -7.9 -15.3 -12.6 6.7 -19.3

a All energies reported as kcal/mol.b Calculated with the expression
∆G ) -RT ln K2K1, using the macroscopic binding constants listed in
Table 1.
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Upon reflection, it was concluded that this behavior
derived from the marginal stability of ratR in K+ solution.
In 0.12 M KCl, 0.010 M KPi, and 0.005 M KEDTA, pH
7.4, the apparent standard free energy change for denaturation
at 25 °C is just +1.13 kcal/mol (26). Thus,∼13% of the
protein is unfolded under these conditions. For this popula-
tion of molecules, Ca2+ binding is linked to folding. Besides
contributing an additional enthalpic component to the diva-
lent ion-binding reaction, the refolding phenomenon that
accompanies the first binding event facilitates the second
event.

This behavior is not observed in Na+ solution at 25°C
because the binding of Na+ significantly stabilizes the folded
form of the apoprotein. For example, theTm increases from
35.3°C in 0.20 mM KCl, 0.01 M KPi, and 0.005 M KEDTA,
pH 7.4, to 45.8°C in 0.20 M NaCl, 0.01 M NaPi, and 0.005
M NaEDTA (26). The ∆Cp for denaturation also increases
from 0.53 kcal mol-1 K-1 in K+ solution to 1.4 kcal mol-1

K-1 in Na+ solution. The latter finding suggests that the Ca2+-
free form of ratR is more completely folded in Na+, exposing
substantially less apolar surface area. The conformational
stability of Ca2+-freeR, estimated at 1.1 kcal/mol in 0.15 M
KCl at 25 °C, increases to 3.0 kcal/mol in 0.15 M NaCl.
Under the latter conditions,<1% of the protein is unfolded.

The analysis of ratR divalent ion-binding behavior was
ultimately conducted at 5°C. At this temperature, the
estimated stability of the protein is increased to 2.9 kcal/
mol, eliminating problems associated with protein instability.
Comparison of the ITC analyses conducted in Na+ at 5 and
25 °C indicates that the shift in temperature has a fairly
modest effect on the free energy changes associated with
divalent ion binding. The apparent Ca2+-binding constants
are essentially unchanged, and the Mg2+ constants decrease
by a factor of only 2.

In contrast to ratâ, the CD and EF sites in ratR behave
indistinguishably in titrations with Ca2+ and Mg2+. In Na+-
containing solution at 5°C, the macroscopic Ca2+-binding
constants are 2.55× 108 and 6.36× 107 M-1, respectively.
The corresponding Mg2+ values are 1.76× 104 and 4.30×
103 M-1. Both pairs of constants differ by a factor of 4,
indicating that the two sites have apparently identical divalent
ion affinities.

BecauseR binds a single equivalent of Na+, one might
predict that the switch to K+ solution would primarily affect
divalent ion affinity at just one of the two sites. Instead, the
affinities of both sites increase by comparable factors. The
macroscopic Ca2+-binding constants are 2.94× 109 and 6.59
× 108 M-1. The ratio ofK1 to K2 is 4.5, implying that the
apparent equivalence of the binding sites is largely main-
tained in the presence of K+. The corresponding Mg2+ values
are 2.17× 105 and 3.71× 104 M-1, for a ratio of 5.8,
suggesting perhaps that the sites may not be exactly
equivalent with respect to Mg2+ binding. There is NMR and
X-ray crystallographic evidence that Ca2+ and Mg2+ do not
provoke precisely the same conformational alterations upon
binding (43, 44).

Thus, ratR divalent ion affinity is substantially higher in
K+ solution. In Na+-containing buffers at 5°C, the apparent
∆G values for Ca2+ and Mg2+ binding are-20.6 and-10.0
kcal/mol, respectively (Table 4). In K+ solution, these values
shift to -23.2 and-12.6 kcal/mol, respectively. The ITC
data suggest that the more favorable free energies of binding

in K+ reflect enthalpic gains. The overall enthalpy change
for Ca2+ binding shifts from-5.5 kcal/mol in Na+ to -7.9
kcal/mol in K+, a∆∆H of -2.4 kcal/mol. Because the∆∆G
value is -2.6 kcal/mol, the entropic contribution to the
binding free energy change (-T∆∆S) is just-0.2 kcal/mol.
For Mg2+, the overall∆H shifts from an estimated 9.4 kcal/
mol in Na+-containing buffer to 6.7 kcal/mol in K+, a∆∆H°′
of -2.7 kcal/mol. Given the∆∆GMg value of -2.6 kcal/
mol, -T∆∆Smust equal 0.1 kcal/mol, slightly unfavorable.

The more favorable divalent ion-binding enthalpy in the
presence of K+ is consistent with other data on the protein.
For example, DSC analyses indicate that ratR is less tightly
folded in K+ (26). Whereas the∆Cp for denaturation is 1.4
kcal mol-1 K-1 in Na+, it is just 0.53 kcal mol-1 K-1 in K+.
Moreover, the appearance of the NMR spectrum (Figure
7B,C) likewise suggests that ratR is less structured in K+

solution. Binding of divalent ions to this relatively unstruc-
tured state of the protein would provoke substantial folding,
and the concomitant increase in non-covalent interactions
would be manifested in more exothermic binding.

Because the binding models used to fit the ratR flow
dialysis and ITC data in Na+ solution did not explicitly
consider competition by Na+, the measured binding constants
are apparent values. In contrast, the Ca2+- and Mg2+-binding
constants measured forR in K+ represent “true” binding
constants, that is, unperturbed by monovalent ion competi-
tion. We eventually recognized that divalent ion-binding data
obtained for ratR in Na+ and K+ could be analyzed
simultaneously to extract an estimate for the Na+ affinity.

Monte Carlo simulations were conducted as described
under Materials and Methods. Binding curves were extracted
from four relevant ITC experiments: titrations with Ca2+ in
either Na+ or K+ and titrations with Mg2+ in either Na+ or
K+ (Figure 12). These data were then simulated with the
model described by eqs 6 and 7, to obtain estimates forK01

and K11, the constants for binding of Na+ to the apo- and
singly Ca2+-bound species. The values thus determined were
640 and 50 M-1. The former is substantially larger than the
value determined by direct titration of the protein with Na+.
Conceivably, the conformational change provoked by Na+

binding is more favorable at physiological ionic strength than
in the 1 mM imidazole-EDTA solution employed for the
direct titration.

FIGURE 12: Monte Carlo simulation of ratR divalent ion-binding
behavior, with explicit consideration of monovalent cation bind-
ing: Ca2+-binding data, in Na+ (O) or K+ (b); Mg2+-binding data,
in Na+ (0) or K+ (9). Solid lines indicate the best fit to the data.
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DiValent Ion Binding byR Is CooperatiVe. Whether the
assays are conducted in K+ or Na+ solution, Ca2+ ion binding
by rat R is macroscopically noncooperative, that is,K1 ≈
4K2, implying that the CD and EF sites are functionally
equivalent. However, only one of the two, tentatively
identified as the CD site by NMR data (see below), binds
Na+. Moreover, although Na+ is bound at just one site, the
divalent ion affinities of both sites decrease in parallel in
the presence of Na+.

Macroscopic binding studies are of limited utility for
detecting and characterizing cooperative binding phenomena
(45). For a cooperative system, ifk1 andk2 are the intrinsic
Ca2+-binding constants for the two parvalbumin sites, the
two macroscopic constants,K1 andK2, are equal to

where c12 is a cooperativity coefficient. Equation 10 is a
restatement of eq 3, allowing for a positively cooperative
interaction between the sites. IfF is equal tok2/k1, macro-
scopic positive cooperativity requires that

In essence, the two sites must have comparable intrinsic
ligand affinities in order to reveal macroscopic positive
cooperativity. If k1 is substantially larger thank2, binding
can appear to be noncooperative, or negatively cooperative,
even thoughc12 > 1.

The Ca2+-binding data for ratR can be accommodated
equally well with site-specific binding constants, employing
a model that includes positively cooperative divalent ion
binding and Na+ binding at a specific site (see Materials
and Methods, eqs 8 and 9). The best fitsindistinguishable
from that shown in Figure 12Asis obtained withk1 ) 2.68
× 109, k2 ) 2.32 × 108, c12 ) 3.12, andkNa ) 630 M-1.
This result suggests that the two sites in theR isoform have
decidedly different intrinsic Ca2+ affinities but are rendered
functionally equivalent by a positively cooperative interaction
between them.

Alternatively, the presence of Na+ at the CD site could
antagonize Ca2+ binding at the EF site. Because this
explanation would require the competing monovalent ion to
have a similar impact on the local and remote sites, it seems
less likely. However, some combination of the two phenom-
ena could also produce the observed attenuation of the EF
site affinity in the presence of Na+. It is worth emphasizing
that both explanations require a substantial conformationally
mediated interaction between the two EF-hand motifs.

PutatiVe Identity of the Na+-Binding Site in RatR. The
1H,15N-HSQC spectrum of Ca2+-free ratR was acquired in
Na+ solution and in K+ solution. The spectrum collected in
the presence of Na+ bears surprising similarity to that of the
Ca2+-bound protein (Figure 7B,C). Many of the resonances
are superimposable in the two spectra, or nearly so. The
behavior of the G56 resonance is particularly noteworthy.
The G56 amide proton yields the most strongly deshielded
1H signal in the spectrum of the Ca2+-loaded protein (10.58
ppm). In the spectrum of the Ca2+-free protein collected in
Na+ solution, it is likewise the most downfield resonance,
with a chemical shift of 10.88. In K+, by contrast, G56
produces an extremely weak signal near 10.34 ppm (Figure

7A). If the chemical shift of G56 is an indicator of CD site
occupation, it is likely that the lone Na+ resides in the CD
site.

It is interesting that the Na+ binding eventsand the
concomitant neutralization of a single chargeshas such a
major effect on the conformational equilibrium of the protein.
Although we previously speculated that the Na+ is bound in
the EF site (26), the substantial structural consequences
attendant to the binding event are perhaps more consistent
with binding in the CD pocket. Whereas the EF site is
positioned proximal to the C terminus, the CD site is
positioned near the center of the primary sequence. It is more
likely that overall protein conformation would be more
sensitive to the occupational state of the CD site than to that
of the EF site.

RelatiVe Energetics of DiValent Ion Binding by RatR and
â. Because of their distinct monovalent ion-binding proper-
ties, the perceived difference between ratR and â with
respect to divalent ion-binding behavior depends on solvent
cation identity. The overall apparent standard free energies
for Ca2+ and Mg2+ binding by ratR andâ are listed in Table
4. When the assays are conducted in Na+-containing solution,
the apparent standard free energies for Ca2+ and Mg2+

binding are 3.6 and 3.2 kcal/mol, respectively, more favorable
for R. However, inspection of theR binding data collected
at 5 °C reveals that the free energies of Ca2+ and Mg2+

binding for R are both 2.6 kcal/mol more favorable in K+

than in Na+. Thus, in K+ solution, the free energies of Ca2+

and Mg2+ binding are predicted to be 6.2 and 5.8 kcal/mol,
respectively, more favorable forR than forâ.

The disparate behaviors of theR and â EF sites in K+

solution deserve comment. The affinity of theR site, obtained
from Monte Carlo simulation with site-specific binding
constants, is 2.3× 108 M-1. The corresponding value for
theâ site is 3.1× 107 M-1, calculated from the macroscopic
values in Table 1, using eq 4. Thus, the affinity of theR EF
site for Ca2+ is nearly an order of magnitude higher than
that of theâ site. Ca2+ binding at the EF site inâ could
conceivably be antagonized by the presence of K+ at the
CD site; that is, the conformation of the K+-bound CD site
may not be optimal for binding of Ca2+ at the EF site.
Alternatively, the affinity of theâ EF site may be inherently
lower inâ. In this context,15N NMR relaxation studies from
this laboratory indicated that the order parameters for the
residues in the AB and D/E regions of the ratâ molecule
are higher in the Ca2+-free state than in the Ca2+-bound state
(46). This finding was interpreted as evidence that a portion
of the rat â Ca2+-binding energy is used to pay for a
conformational change involving the AB and D/E regions.

To distinguish between these two possibilities, it will be
necessary to conduct divalent ion-binding studies on ratâ
under solution conditions in which the CD site is not
occupied by monovalent cations. The fact that the CD site
divalent ion affinity is higher in K+ solution suggests that
K+ is bound somewhat less tightly than Na+. If so, then
monovalent ion binding might be abolished in the presence
of a still larger alkali metal ion, for example, Rb+ or Cs+.
Alternatively, replacement of the alkali metal by either
tetramethylammonium or imidazolium cation may eliminate
monovalent cation binding by the CD site.

Comparison with PreVious Work.Published values of rat
R divalent ion affinity in K+ solution show considerable

K1 ) k1 + k2; K2 ) c12k2k1/K1 (10)

4c12F - (1 + F)2 > 0 (11)
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variation. Pauls et al. (17) reported an average intrinsic
association constant of 2.4× 107 M-1, measured in 0.15 M
KCl and 50 mM Tris-HCl, pH 7.5. In contrast, Rinaldi et al.
(19) reported intrinsic Ca2+ association constants of 8.3×
108 and 5.3× 108 M-1, determined in 0.15 M KCl and 0.025
M Hepes, pH 7.5. Flow dialysis was employed in both cases,
and residual Ca2+ was removed in both cases by precipitation
with trichloroacetic acid (47). Using the fluorescent Ca2+

indicator, fluo-3, Eberhard and Erne (18) measured an
average association constant of 1.5× 108 M-1 at 25°C, in
0.15 M KCl and 0.020 M Hepes-KOH, pH 7.2. More
recently, The´pault et al. (48) reported an average Ca2+

association constant of 2× 108 M-1, although the data and
experimental conditions were not described.

Although the impact of monovalent ions on parvalbumin
divalent ion affinity has received relatively little attention,
Eberhard and Erne (18) have measured the divalent ion
affinity of rat R in Na+- and K+-containing buffers. They
likewise observed higher divalent ion affinity in the presence
of K+. However, their binding constant estimates are nearly
an order of magnitude smaller than those reported here. In
addition, the values that they measured in K+ differed from
those measured in Na+ by just a factor of 4, rather than the
order of magnitude that we observe. Moreover, whereas
calorimetric measurements unequivocally show the binding
of Mg2+ to be endothermic, their binding datascollected as
a function of temperaturessuggest that the binding of Mg2+

is slightly exothermic.
Conceivably, the method used by Eberhard and Erne to

remove residual Ca2+sa 30 min exposure to 4 M urea at
room temperature, in the presence of EDTA-derivatized
polyacrylamidesmay have resulted in modification of the
protein. As the data presented in Figure 2 clearly illustrate,
rat R is susceptible to modification in the Ca2+-free state,
and the oxidized protein exhibits attenuated affinity for Ca2+.
Denaturing levels of urea may heighten this susceptibility
and/or facilitate other undesirable reactions (e.g., reaction
of lysyl side chains with cyanate impurities).

Physiological Significance of MonoValent Ion Binding.
Parvalbumin monovalent ion-binding behavior may have
physiological relevance. Although K+ is the major intra-
cellular solvent cation, the intracellular sodium concentration
([Na+]i) is not negligible. As a rule of thumb, intracellular
Na+ levels vary from 10 to 50 mM, depending on cell type.
For example, [Na+]i is 29 ( 5 mM in mouse hepatocytes
(49), 7.8 ( 3.3 mM in kidney proximal tubule cells (50),
8.9 ( 3.8 mM in rat brain neurons (51), and 7.2( 0.5 mM
in rat skeletal muscle (52).

Importantly, intracellular Na+ levels can fluctuate in
response to physiological and pathological events. In excit-
able cells, action potentials can produce significant increases
in [Na+]i. For example, a chain of 20 action potentials
produced transient 4 mM increases in [Na+]i CA1 pyramidal
neurons in hippocampal slices (53). Spontaneous, transient
increases in [Na+]i of 5 mM were also observed in cultured
hippocampal neurons (51). Artificial hyperpolarization of
dopamine-sensitive neurons, meant to mimic the effect of
dopamine exposure, produced significant increases in [Na+]i

(54). Ischemia can produce much larger changes. In one
study on isolated rat CA1 neurons, a 3-4 min period of
anoxia caused a 27 mM increase in [Na+]i (55). In a study
on rat hippocampal slices, 10 min of hypoxia increased [Na+]i

by 218% (56). In another study on rat hippocampal slices,
hypoxia produced a∆[Na+]i of 24 ( 8 mM (57). Given a
Na+-binding constant of 650 M-1, changes of this magnitude
would significantly attenuate ratR Ca2+ and Mg2+ affinities
and, presumably, affect the ability of parvalbumin to buffer
cytosolic Ca2+ levels.

The physiological significance, if any, of monovalent ion
binding by â is less obvious. Expression of the protein in
postnatal mammals is apparently restricted to the outer hair
cells (OHCs) of the mammalian auditory organ (15, 16),
where its concentration is estimated at 0.5 mM (58). The
composition of the extracellular fluid (endolymph) bathing
the apical surface of the OHC is uniqueshigh in K+ (157
mM) and low in Na+ (1 mM) and Ca2+ (20 µM) (59). As a
consequence, the OHCs experience a large, continuous K+

flux through relatively nonselective transduction channels.
Modulation of this standing current by mechanoacoustic
vibration of the auditory organ causes these cells to undergo
audio frequency cycles of contraction and elongation (60,
61). This phenomenon, termed electromotility, results from
voltage-dependent conformational changes in prestin, a
highly abundant protein in the OHC lateral membrane (62).
The mechanical disturbances produced by electromotility are
believed to amplify the original acoustic signal. Conceivably,
the recruitment of theâ isoform to the OHC is related to its
ability to bind K+. It should be noted that the nearby inner
hair cell (IHC), likewise bathed by endolymph, expresses
theR isoform exclusively (14). However, the K+ flux through
the inner hair cell is much lower than that in the outer hair
cell.

CONCLUSIONS

The potential impact of solvent cations on parvalbumin
divalent ion-binding behavior has been largely neglected. It
is evident, however, that monovalent cations can modulate
parvalbumin divalent ion affinity and that they do so in an
isoform-dependent manner. RatR exhibits substantial affinity
for Na+, but not K+, and competition by Na+ significantly
attenuates divalent ion affinity. NMR data suggest that the
lone Na+ ion is bound in the CD ion-binding loop.
Simultaneous analysis of divalent ion-binding data in K+ and
Na+ yields an estimate of 1.5 mM for the Na+ dissociation
constant. The analysis also suggests that divalent ion binding
is positively cooperative, even though the macroscopic
binding data can be modeled with the assumption of two
equivalent sites. The attenuation of Ca2+ and Mg2+ affinity
by Na+ may have physiological relevance.

Ratâ can bind either Na+ or K+. Previous work indicated
that the binding capacity for Na+ approaches 2 equiv,
consistent with binding at both the CD and EF sites. By
contrast, the protein binds a single equivalent of K+. Whereas
the apparent Ca2+-binding enthalpy for the EF site is
substantially larger in K+ solution, the CD site enthalpy is
unchanged, suggesting that the lone K+ ion is bound at the
CD site. Although the affinity of the vacantâ EF site is much
lower in K+ solution than the corresponding site inR, it is
not presently known whether this disparity reflects an
intrinsic difference between the two proteins or whether the
EF site affinity is antagonized by the presence of K+ at the
â CD site.

The physical basis for the disparate monovalent cation-
binding behavior of ratR andâ is presently conjectural. The
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two proteins differ substantially in net charge. WhereasR
has a predicted net charge of-5, â has a predicted charge
of -15. Thus, the greater charge onâ might provide the
driving force for binding of a second equivalent of Na+ to
the apoprotein. Alternatively, the disparate monovalent ion-
binding properties may reflect the difference in conforma-
tional stability. Ca2+-freeâ is substantially more stable than
R, due to the presence of Pro-21 and Pro-26 (25). As a result,
the EF site in Ca2+-freeâ may be more structured than that
in Ca2+-free R, so that Na+ binding to theâ EF site would
carry a smaller entropic penalty.

Although the exclusive binding of K+ by â is presumably
related to the preference of theâ CD site for larger cations,
the basis for that preference is uncertain. Significantly, the
virtually invariant PV sequence triad, F57-I58-E59, is
replaced by Y57-L58-D59 in the mammalianâ isoform.
These substitutions could potentially expand the CD binding
pocket. For example, the requirement for solvent exposure
of the Tyr-57 hydroxyl may produce an outward movement
of the CD binding loop. Moreover, residue 58 plays a dual
structural rolesthe side chain serving to anchor the CD site
to the protein core and the amide and carbonyl groups
contributing to the segment of antiparallelâ structure linking
the CD and EF sites. Replacement of isoleucine by leucine
at this position could subtly alter the path of the peptide
chain. Finally, Asp-59 allows the binding loop substantially
greater freedom than does Glu-59, which, by directly
coordinating the bound divalent ion, effectively immobilizes
the peptide backbone.
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