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ABSTRACT. Rata- andpj-parvalbumins have distinct monovalent cation-binding properties [Henzl et al.
(2000)Biochemistry 395859-5867]./3 binds two N& or one K", anda binds one Na and no K. Ca&*
abolishes these binding events, suggesting that the monovalent ions occupy the EF-hand motifs. This
study compareea. and/ divalent ion affinities in Na and K" solutions. Solvent cation identity seriously
affectsa. In Hepes-buffered NaCl, at &, the macroscopic C&binding constants are 2.6 1% and

6.4 x 10 M~1 and the M@" constants, 1.& 10* and 4.3x 10° M~1. In Hepes-buffered KCI, the Ca
values increase to 2.9 10° and 6.6x 108 M~ and the M@" values to 2.2x 10° and 3.7x 10* M1,
Monte Carlo simulation oft binding data-employing site-specific constants and explicitly considering
Na" binding—yields aKy, of 630 M~ and indicates that divalent ion-binding is positively cooperative.
NMR data suggest that the lone Na&n occupies the CD loop. Solvent cation identity has a smaller
impact ong. In Na*, the C&" constants for the EF and CD sites are 23L0" and 1.5x 10f M,
respectively; the Mg constants are 9.2 10° and 1.7x 102 M~L In KT, these values shift to 3.& 10

and 3.8x 10® M~ and the latter to 1.4 10* and 2.9x 10* M~L These data suggest that parvalbumin
divalent ion affinity, particularly that of rad, can be significantly attenuated by increased intracellular
Na' levels.

Transient alterations in cytosolic &alevels influence The parvalbumins3—7) were the first EF-hand family
myriad biological processed,(2). Variations in location, members detected, purified, sequenced, and crystallized.
amplitude, duration, and frequency permit diverse phenom- These smallii; 12 000), vertebrate-specific proteins contain
ena to be regulated by the same second messenger. Theseo EF-hand motifs, called the CD and EF sites, and the
C&" signals—produced by the action of €achannels and  nonbinding remnant of a third, the AB domain (Figure 1B).
ATP-driven C&" pumps-can be further modulated by Parvalbumin physical studies have contributed significantly

various C&"-binding proteins. to our knowledge of EF-hand function. In fact, the crystal
“EF-hand™ proteins 8—6) participate in virtually all C#& - structure of carp parvalbumin established the EF-hand

signaling pathways. This protein family is named for its structural paradigm@).

characteristic helix-loop-helix C&binding motif—-the con- The parvalbumin family includes and sublineages),

figuration of which can be mimicked by the thumb, index gistinguished by isoelectric poing (< 5), C-terminal helix
finger, and foreflnger_of t_he rlght-_hand. Within the binding length (typically one residue shorter i), and several
loop, the bound Cd ion is coordinated by seven oxygen jineage-specific sequence assignments. Mammals express one
ligands arranged in a pentagonal bipyramidal manner (Figureisoform from each lineagel(). Particularly abundant in fast-

1A). The EF-hand family includes more than 250 members, tyitch skeletal muscle, the isoform is also expressed in a
divided into 45 sub_famllles. Certa_un of these_ proteins, for variety of other specialized cell typesiotably rapidly firing
example, calmodulin and troponin C, function as*Ga  neyrons {1-13) and theinner hair cellsof the organ of
dependent_ regulatory proteins; others, such as calbindin andc gy (14), the mammalian auditory organ. The distribution
parvalbumin, serve as €abuffers. of the B isoform, also known as oncomodulin, is far more
limited, with expression in postnatal mammals apparently

" This work was supported by NSF Awards MCB9603877 and restricted to theouter hair cellsof the organ of Corti 15,
MCBO0131166 (to M.T.H.). 16)

* Author to whom correspondence should be addressed [telephone
(573) 882-7485; fax (573) 884-4812; e-mail henzIm@missouri.edu]. ~ The selective recruitment @f andj by the two sensory

D helical segments; DSC, differential scanning calorimetry; EDTA, LT . Lo .
ethylenediaminetetraacetic acid; EF site, parvalbumin metal ion-binding their dlsparate metal 'On'b'ndmg properties. Whereasithe

site flanked by the E and F helical segments; EGTA, ethylene glycol CD and EF sites are both high-affinity sitek7¢19), the
bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid; FAAS, flame atomic ~ CD site inf is a low-affinity site @0, 21). An explanation

absorption spectrometry; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-q thjs functional diversity-in proteins exhibiting 49%
sulfonic acid; HSQC, heteronuclear single-quantum coherence; ITC, . . . .
isothermal titration calorimetry; NLLS, nonlinear least squares; NMR, S€dquénce identity2@, 23)—could provide welcome insight

nuclear magnetic resonance; phosphate; PV, parvalbumin. into EF-hand structureaffinity relationships.
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AB DOMAIN

Ficure 1: (A) Canonical EF-hand metal ion-binding motif, showing the pseudo-octahedral arrangement of ligands around theZiound Ca
The coordination of the glutamyl residue at is bidentate, so that the ligand geometry is actually pentagonal bipyramidal. A water
molecule (cyan) occupies thex position. The—y ligand, an invariant main-chain carbonyl, is obscured in this view. (B)iRadrvalbumin
tertiary structure, produced from the 1RRO PDB file. The N-terminal AB domain (residu89)loccludes the hydrophobic face of the
CD—EF metal ion-binding domain, preventing calmodulin-like interactions with amphipathic helical peptides.

Due to their lower electrostatic free energy and increased The apparent Ca- and Mg "-binding constants fan were
opportunities for tertiary interactions;-parvalbumins are  used to extract binding curves from ITC experiments
expected to display inherently greater thermodynamic stabil- conducted in N&a and K" solutions. The resulting datasets
ity. However, the C&-free rata isoform is substantially =~ were subjected to global Monte Carlo simulation, employing
lessstable than ragf at physiologically relevant ionic strength  models that explicitly included the monovalent cation-binding
(24). The atypical stability of raff was recently traced to  event. These analyses yielded an estimate for tHeliWaling
Pro-21 and Pro-2625). Prior to this discovery, however, constant.
the influence of monovalent cation identity and concentration
on conformational stability was investigate2by. MATERIALS AND METHODS

Although thep isoform retains its superior stability over
the entire ionic strength range examined, these studies
revealed a differential interaction between the?Claee
proteins and solvent cations. At pH 7.4 and a cation
concentration of 0.2 M, the apparent Nbinding capacity
of f approaches 2 equiv, and the' kbinding capacity
approaches 1 equiv. In contrastapparently binds a single . > :
equivalent of Na and exhibits negligible affinity for K. 2H,0 were obtained from Fisher. EDTA (free acid) was

Binding of the monovalent cations, monitored by isothermal Purchased from Sigma-Aldrich. All Gaand Mg" titrant
titration calorimetry (ITC), is abolished in the presence of concentrations were determined by ITC, titrating gravimetri-
100uM C&*. This finding suggests that the bound monova- cally prgpared sta.ndard SO'““_OInS 9f EDTA. )

lent ions reside in the EF-hand binding loops. Thus, Protein Expression and Purificatiolthe expression and
parvalbumin divalent ion affinities may be shaped, in part, isolation of recombinant rat- andj-parvalbumins have been
by monovalent ion-binding capacity and affinity. To address described previously20, 24). Because the proteins are

45CaClb was purchased from Perkin-Elmer Life Sciences,
NH,CI from Isotec, RO from Sigma-Aldrich Co., and
Celtone-N from Spectra Stable Isotopes. Spectrapor 1 dialysis
membrane (MWCO 60068000), ScintiSafe Econo 2 scin-
tillation cocktail, nitric acid, NaCl, KCI, Hepes (free acid),
NaOH, KOH, CaC}-2H,0, MgCk-2H,0O, and NaEDTA-

this issue, we have examined the?Gaand Mg *-binding devoid of tryptophan, theAxs, value provides a useful
properties of rai- and S-parvalbumins in N& and K- criterion of homogeneity. Employing an average mass
containing buffers. absorptivity at 292 nm of 0.5 (mg/mt) cm™* for the

For thea isoform in K solution, this undertaking was ~ contaminants, the estimated purity of the protein preparations
complicated by two factors: very high &aaffinity and used for this work exceeded 98%. Protein concentrations

marginal conformational stability. The protein’s avidity for Were estimated spectrophotometrically, employing extinction
Ca* made the production of apoprotein difficult. It also coefficients of 1600 and 3260 M cm™* for rat a and 3,
precluded the use of flow dialysis and necessitated the respectively.

development of an ITC-based method for determining Divalent metal ions were removed from the protein
binding constants. Because the apoprotein is partially preparations prior to binding analyses by passage over
denatured at 25C (26), metal ion-binding is linked to = EDTA-derivatized agarose at 4C. The chelating matrix
folding, so that ITC data collected at 26 are not amenable  prepared according to the method of Haner et2¥) proved

to analysis with a simple two-site binding model. To to be inadequate for complete removal offC&om thea
circumvent this difficulty, the influence of Naand K" on isoform. However, a substantially higher binding capacity
a divalent ion-binding behavior was investigated at& (=25 umol/mL gel) can be achieved by a modification of
However, the binding constants have also been measured irthe preparative method, described elsewh28g. Provided
Na' at 25°C, to gauge the impact of temperature on the that the chromatography is conducted in*Nantaining
free energy of divalent ion binding. buffer, using 2 mL of gel/mg of protein, this material reduces
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FIGURE 2: Susceptibility of Cé&"-free rata to modification. (A)
3.0 mM C&t vs 195uM Ca?*-free rata. Residual C& had been
removed from the protein by EDTAagarose chromatography at
23 °C. (B) 3.0 mM C&" vs 185uM Ca&*-free a. Treatment of
this protein sample with EDTAagarose was conducted af@.
Both titrations were performed at 2&, in 0.15 M NaCl and 0.025
M Hepes-NaOH, pH 7.4.

the residual C& content-measured by flame atomic
absorption spectrometry (FAASJo <0.02 equiv. The
extremely high C& affinity of o in K* solution prevented
direct removal of the divalent cation. Instead ?Ceemoval
was carried out in Nasolution, whereupon the Nawas
exchanged for K by repeated rounds of concentration and
dilution with C&*-free K"-containing buffer.

Cat-freea is susceptible to oxidation, particularly in'K
containing solution. This modification is readily apparent in
calorimetrically monitored titrations with g manifested
by significant perturbations of binding enthalpy and affinity.
The titration depicted in Figure 2A was conducted with
protein that had been subjected to EDF¥égarose chroma-
tography at room temperature. Notice the sharp increase in
binding heat near the equivalence point and the gradual retur
of the binding heats to baseline values. This behavior can
be prevented by performing all manipulations of the apo-
protein at 6-4 °C. The titration displayed in Figure 2B was
conducted with protein treated with EDFAagarose at 4C.

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 thatdreea 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 rata sequence lacks cysteine.

Flow-dialysismeasurements were performed as described
by Womack and Colowick29), with minor modifications.
After assembly of the flow-dialysis cell, the lower chamber
is rinsed with 1% HNQ, then with deionized water, and
finally with the appropriate Ca-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 (10@M)—containing roughly 3«C; of
45Cat—is then introduced into the upper chamber. Following
an equilibration period (30120 min), 2.0uL aliquots of
titrant (each containing 5.0 nmol of &3 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
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scintillation analysis. When the titration endpoint is reached,
signaled by an abrupt increase in the eluate radioactivity,
10uL of 1.0 M C&* is added to the sample. The large molar
excess of nonradioactive &diberates essentially all of the
4Ca". The resulting level of radioactivity in the eluate
commensurate with 100% free €a-permits the free Ca
concentration to be calculated at each point in the titration.
Knowing the total C&" values, the concentration of bound
C&" can be calculated by difference. Samples were typically
counted for 20 min in a Beckman LS6500 liquid scintillation
counter.

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

k,[Ca®"]

X =
1+ k[Ca'] + kyy[Mg?']

k,[Ca’™"]
+1 + k[Ca™] + ko [Mg*']

(1)

where k; and k, represent the microscopic €abinding
constants anky andkay the corresponding Mg constants.
The free C&" concentration at each point is determined from
the level of radioactivity in the eluate, and the extent of
binding (X) is obtained by dividing the concentration of
bound Ca"—the difference between the total and freeCa
levels—by the total protein concentration. For experiments
conducted with Mg" present, the free concentration of the
competing ion is estimated by bisecti@0), employing the
free C&" level, the total M§" concentration, and the current
estimates of the C&- and M@ '-binding constants.

The data from experiments with and without Mgvere
compiled into a single dataset, which was then analyzed by

r‘\/\/eighted nonlinear least-squares minimization. This com-

posite dataset includes columns ¥the estimated standard
deviation, the free Ca concentration, the total €a
concentration, the total Mg 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 withX, the free levels of Ca and Mg™,

and the standard deviation for each experimental point, the
program returns estimates for the?Gaand Mg ™-binding
constants that yield the lowest reduced chi-square valdg (
for the composite dataset:

2 Y — Y(x)|?

Oj

%=

= |

1
- 2
VI

In this expressiony represents the degrees of freedgm,
andy(x) denote the observed and calculated values fair
theith data point, andy is the estimated standard deviation
for that point. Theo; values ranged from 0.05 early in the
titration to 0.01 near the end. In the absence of positive
cooperativity, the microscopid{, k;) constants are math-
ematically related to the macroscopic binding constais (
K>) reported in Table 2 as follows:
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Ki =k Tk Ky =kiko/(ky + k) 3

Conversely, given values fét; andK,, the apparent values
of k; andk, are equal to

o — K, + K% — 4K K,

! 2

4)

After identification of the optimal parameter values and
the lowest chi-squareg?(min), confidence intervals were

Henzl et al.

Calorimetry Sciences Corp., making 40 additions at 200
s intervals to 1.00 mL protein samples.

NMR Spectroscopyrat a-PV was produced iftscheri-
chia coliDH5a harboring pLD2, a derivative of pBluescript
(Stratagene). To achieve uniforffiN labeling, the bacteria
were cultured on M9 minimal medium containing 1.25 g/L
NH,4CI, 2.5 g/L glucose, trace metals, MEM vitamins, and
2.5% (v/v) Celtone-N. Each liter of culture yieldedlO mg
of protein. Purity exceeded 98%, based on UV absorbance
and SDS-polyacrylamide gel electrophoresis.

Ca* 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 MesNaOH, pH 7.4, at £C. When
required, the Na was exchanged for K by repeated

determined by incrementing the parameter of interest, fixing ¢,ncentration and dilution in an Amicon ultrafiltration cell
its value, and repeating the least-squares m|n|m|zat|on,(YM10 membrane), employing Gafree 0.15 M KCI and

allowing the remaining parameters to vary. This procedure

was repeated until the chi-square valy#par), exceeded a
specified threshold, given by

7(pan=(1+ BF(pP))c(min)

®)

In eq 5,p is the number of fitting parametersthe degrees
of freedom,P the probability that the increase #% could

be the result of random errors (0.32 for the 68% confidence

limit), and F(p,v,P) the correspondingr statistic 32). We
utilized the values of(p,v,P) tabulated by Lacowicz3Q).

0.005 M Mes-KOH, pH 7.4. As explained above, this
strategy was dictated by the extremely higl? Caffinity of
o in K*-containing solution. After verification, by FAAS,
that >98% of the C&" had been removed, the pH was
adjusted to 6.0; BD (containing 0.15 M NaCl or KCI, 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 placediia 5 mm NMRtube (Kontes).

NMR spectroscopy was conducted atZ5on a Varian
Unity-600 spectrometetH chemical shifts were referenced
to the methyl protons of TSP (0 ppm):N shifts were

After the upper limit had been determined, the parameter referenced to acidic NI at 25°C (24.93 ppm)!H,**N-

value was decremented from its optimal value uptfpar)
again exceeded the specified threshold.
Isothermal Titration CalorimetryWith the exception of

HSQC spectra were acquired with a pulse program based
on that of Mori et al. 85). Amide proton and nitrogen
assignments have been previously reported for th&-Ca

the data presented in Figure 2, all experiments were bound protein 36). Assignments for select residues in the

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 HepesNaOH or in 0.15 M KCI and 0.025 M

Hepes-KOH. For each buffer system, titrations were carried

out with C&* alone, M@" alone, C&" at several fixed levels
of Mg?*, C&* in the presence of EDTA, Gain the presence
of EGTA, and usually Mg" in the presence of EDTA. After

Ca*-free samples were verified by inspection of TOCSY
HSQC @7) and NOESY-HSQC @8) experiments.
Estimation of Ratr Monavalent Cation Affinity by Monte
Carlo SimulationBinding curves were extracted from select
ITC experiments conducted in the presence of MaKT.
Estimates of the Na affinity constants for rato. were
obtained by Monte Carlo analysis, employing a model that
includes these macroscopic species: M, MX, MY, and
MXY —where M represents the macromolecule, X the
relevant divalent ion, and Y the major solvent cation.

subtraction of the baseline heats, the experiments wereMathematically, the extent of divalent ion-bindiny, for
compiled into a master data file. This composite dataset wasthis system is described by
then subjected to global nonlinear least-squares analysis, as_

described in detail elsewher84). With the exception of
the initial point in each titration, a uniform standard deviation

(0.35ucal per addition) was assumed for all data points. This

X, = (Kigx (14 Ky x Y) x X+ 2 x KygKyg x X3P
(6)

value reflects the standard deviation measured with our whereP is the relevant partition function, equal to

instrument for repeated additions of 1.0 mMPCanto excess
EDTA, in 0.15 M NaCl and 0.025 M HepedNaOH, 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 gf 10

P=1+4Kg; x Y+ Ky x (L+Ky;Yp) x X + Koy
(7)

In these equation¥io andKyo are the macroscopic associa-

to ensure that they received no weight during the fitting tion constants for the first and second divalent ion-binding

process.

events,Ko; is the corresponding monovalent ion-binding

The uncertainties associated with the ITC analyses wereconstant, and;; is the monovalent ion-binding constant for
evaluated by inspection of the parameter correlation matrices,the MXY species.

evaluation of the 68% confidence intervals, and Monte Carlo

simulations 84).

The divalent ion-binding constants determined ¢oin
K* solution provided values fdf;o andKzo. Calorimetrically

The titrations displayed in Figure 2 were conducted at 25 monitored titrations oé. with Na*, reported previously2g),

°C with a model 4209 microtitration calorimeter from

yielded a starting estimate for the Nainding constanto;.
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Table 1: a- and$-PV Divalent lon-Binding Properties

solvent

C&" values

Md" values

protein cation T(°C) K;2(M™)

Hi (kcal/mol)

K2 (Mfl)

Kim (M 71) Haw (kcal/mol)  Kou (M 71) Haom (kcal/mol)

Isothermal Titration Calorimetry

p-PV Na* 25 2.45x 10 —4.10 1.43x 1P 9.40x 10° 3.01 1.64x 1% 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 3.45x 107 —5.49 3.36x 10° 1.40x 10* 2.02 2.80x 107 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)
a-PV Na" 25 2.50x 1C® —-1.34 6.24x 10 3.66x 10* 7.92 9.02x 10° 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 2.55x 10° —1.41 6.36x 10 5 1.76x 10* 7.82 4.30x 10° 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 2.94x 10° —3.64 6.59x 108 2.17x 1P 4.42 3.71x 10* 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
p-PV  Nat 25 2.27x 10 1.05x 1¢° 1.23x 10* 7.4
(2.22,2.32) (1.03, 1.07) (1.20, 1.26) (0, 15)
K+ 25  3.05x 107 3.50x 1 1.73x 10* 3.99x 107
(2.99, 3.11) (3.42, 3.59) (1.68, 1.77) (3.70,4.27)
o-PV  Na 25 1.74x 10 4.27x 10 3.71x 10¢ 4.97x 10°
(1.67, 1.80) (3.97, 4.59) (3.54, 3.90) (4.55, 5.39)

aThe reported uncertainties (values in parentheses) reflect the 68% confidence intervals.

K1 was arbitrarily set to 1. After calculation of an initigd Occupation of site 1 or 2 is indicated by placementXpf
value, a new parameter set was generated by incrementinghat is, XM implies binding of the divalent ion at site 1 and
each binding constant by an arbitrary quantiyK. The MX, binding at site 2. Note that this model assumes ¥at
magnitude ofAK is equal to the output from a random the monovalent ion, binds exclusively to site 1. For complete
number generator multiplied by some arbitrary fraction of generality, a cooperativity coefficient could have been
the initial parameter valued]. x? is then recalculated. included for formation of the YMX species. Because
Simulations can be performed both with and without agreement between calculated and observed valuésvak
minimization. The objective in the latter case is merely to obtained without the additional parameter, it was omitted.
collect parameter sets satisfying an arbitrgtgriterion. For
this applicationy is typically set to a fairly large value (e.g., RESULTS

0.1), and a large number (e.g., 10 000) of parameter sets are |, yho following paragraphs, the divalent ion affinities of

accumulated. The parameter values associated with the - andg-parvalbumins are compared in buffers containing
lowesty? serve as the starting point for minimization. When o+ or k*+ Whereas it was possible to studyby flow
Xi is minimized, an acceptable parameter set must return aqja\ysis and titration calorimetry at &, heightened G4
x* value below the current onen which case itthen serves  o¢inivy frustrated attempts to study by flow dialysis in
as a basis for further simulation. The program is allowed to |+ solution. The marginal stability of in K*-containing

run until no further decrease jit is observed. Thé values ) gfers further complicated the analysis, so that ultimately
employed for minimization are typically quite small (e.9., e comparison ofy divalent ion affinity in N& and K
0.001), to help ensure that the parameter values remain in, < ~onducted at 5C.

the vicinity of the nearby minimum. In practice, it is

necessary to employ both modes (i.e., with and without Affinity of Rat/3 for Ca?* and M@* in Na*- and

minimization) iteratively, to obtain satisfactory agreement K+.Containing Solutions

between the observed and calculated valtpeaticularly o o

when the starting parameter values are far from a solution. _Flow Dialysis. The C&" affinities of the CD and EF
Thea data were also analyzed with a model that employed Sites are well suited to determination "g?;z‘,a2+ flow dialysis.

site-specific binding constants and included these micro- FOr this study, samples of rgtwere titrated with C& in

scopic species: M, XM, MX, XMX, YM, and YMX. The  the absence of Mg and at five levels of the competing ion.
extent of binding for this system is given by the equation The combined data from these six titrations were subjected

to weighted global least-squares minimization. This proce-
dure was conducted in both Naand 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 Ca-binding constants determined in
Na'-containing solution-2.27 x 10’ and 1.05 x 10°
M~1—agree well with previous estimates, obtained from the

k; andk, are the microscopic binding constants for site 1 analysis of single experiment89). However, the Mg"
and site 2, respectively, amgh is a cooperativity coefficient.  constants-12 300 and 7 M*—are substantially different.

Xi = (kg + ko) x X+ 2C1oky x X7 + kg x X x
Y)IP (&)

whereP, the partition function, equals

P=14 (k;+ k) x X 4 Croky x XZ+ kyy x Y, +
kNakz X ><i X Y| (9)
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in affinity. K, increases by a factor of 3.3 in"fiKfrom 1.05

x 107 to 3.5 x 10" M~L. The best-fit value oKy is 399,
likewise a substantial increase from the poorly determined
estimate obtained in Nasolution.

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
rata andg in Nat- or K*-containing solution. Panels-AC
depict titrations of ratf conducted in Na-containing
solution, panels BF titrations of 3 in KT, panels G-I
titrations ofo in Na', and panels-dL titrations of o 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 ratf system was recently used to demonstrate the
utility of this approach 34). In that work, samples of the
protein—in Na"-containing buffers-were titrated with C&,
with Mg?*, with C&" at several fixed levels of Mg, with
C&" in the presence of EDTA, and with &an 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 f&i andKj, 2.45
x 10" and 1.43x 10° M1, are slightly larger. The ITC-
based method also returns a somewhat smaller valué for
(9400 vs 12 300 M*) and a significantly larger value for
Kom (164 M_l).

The results of a comparable analysis if-Bontaining
solution are presented herein. It is evident from Figure-&A

[Ca®] (M) that the solvent cation has a perceptible impact on the
FIGURE 3: 45C&* flow-dialysis measurements on ratandf in divalent ion-binding behavior. From a comparison of panels
Na* and K" solution. (A) Titration of8 with Ca&* in 0.15 M NaCl A and D, it is evident that the enthalpy of the first binding
gp?ix%gzlgvhéllngFiﬂsgfoJ’ZEl-::th‘(lzg’n l[rr]att?c?ng-t)soeqr])c-eoo;opr;ﬁnce event (occupation of the EF site) is substantially more
(®): 0.50 mM (0); 1.0 'mMg @); 2.0 MM (o) 5.0 mM '(A)_ (B) exothermic in K solution. Panels B and E compare titrations
Titration of 3 in 0.15 M KCl and 0.025 M HepeskOH, pH 7.40.  Of B with C&* in the presence of the competing chelator
The competing Mg concentrations were identical to those listed EGTA, in Na~ or Kt solution, respectively. Besides the
for panel Af ]S_C)(;I':tratilon ?ﬁl\ﬁénl\;\l%glmepest. il:_the ag%énggsand increased exothermicity of €abinding in K™ just men-
presence ot fixed levels of Vg. Mg concentrations: UL); U. tioned, the shapes of the curves differ perceptibly. Whereas
?g" ();0.10mM (1); 0.20 mM @); 0.50 mM (+); 1.0 mM (a); the chelator titrgtes concomitantly with t%eEF zite ?/n Nd,

.0 mM (v); 5.0 mM (v). (D) Titration of o in KCI/Hepes. PR ) :

Competing M@ concentrations were identical to those listed for the C&" affinity of the protein is increased in to the
panel C. point that the EF site is occupied preferentially during the

. initial stage of the titration. Finally, as shown in panels C
Although the values reported here are inherently more 5.4 F, solvent cation identity has a major effect on the

reliable, being the product of a global least-squares fit, the ijtrations with Mg*. Binding is far less endothermic in*
significance of the second binding constant is nevertheless:qnsistent with a marked increase in Maffinity.
questionable. The highest competing level ofMigmployed Integrated data for a battery of titrations conducted in the
in this study, 5.0 mM, would not significantly perturo€a  presence of K are displayed in Figure 5. This composite
binding at a site having a Mg association constant 6100 gataset was subjected to nonlinear least-squares minimization.
M~ The use of M§" concentrations o5 mM was not |njtial estimates for the G- and M¢*+-binding enthalpies
possible, due to severe depletion of the radiolabel during were obtained from the analysis of single titrations, and the
the course of the experiment. Even at 5 mM, it was necessaryestimates obtained from flow dialysis provided input values
to reduce the number of data points, to keep the lo$af* for the C&*- and Mg*-binding constants. The solid lines
from the sample chamber below 10%. It should be noted in Figure 5 indicate the best global least-squares fit. The
that an unweighted least-squares treatment of these datagesiduals for the various experiments, presented in the lower
omitting the confidence interval analysis, yielded Mg  panels, are largely free of systematic variation. Several of
association constants of 11 000 and 74'NB4). the experiments, however, exhibit anomalies near the equiva-
The binding constant estimates extracted from data col- lence point, for example, the titrations with Tain the
lected in K"-containing buffers (Figure 3D) are perceptibly presence of EDTA®) and EGTA (d) shown in Figure 5D.
larger than those measured in N&; increases by ap-  These discrepancies may reflect errors in sample concentra-
proximately one-third, from 2.2% 107 to 3.05x 10’ M1, tion.
The first M¢*-binding constant,K;y, shows a similar The parameter correlation matrix for the system is
increase, from 12 300 to 17 300 ™ The second Ca- and displayed in Table 2. The correlation coefficients are
Mg?*-binding events display proportionately greater increases acceptable, the highest being 0.894. In consequence, the

>

NAOwONMAO®O
1 1 1 1 1 1 1 1 1

AL B B BN B B BN

COOO=aaaaNn

0000 _AaaaanN
MrRoOwONMRO®OO
LI B B B B B B L |
(PR P S O P B P P |

molar equivalents of Ca**

LR B L LA B B B L
PN P RN N P PO B AP B |

0000 A aanN
NAODOONMOI®O

0000 =_"=aaaaN
MNRO®ONRMO®O
L B L B B B B




Parvalbumin Divalent lon Affinity Biochemistry, Vol. 43, No. 10, 2002753

04 04 ‘ 01 0
AR U IR
-40. A -40 (i D -30] G =30 ([t J
T 80 -80 -60 .60
‘T:% -120, -120; -90; -90
S -120. . . 1201
£ 1601 o ys g, Na' -160 ca®vs. B, K’ Ca” vs.a, Na 120 Ca*"vs.a, K’
[} 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
£ o 0- 0 0-
©
O .50 B 50 E 50 H .50 K
| S
g -100/ -100. -1001 -100-
o)
8 -150. -150. ‘ -150] M| -150 |
©
= -200- -200. -200. -200-
o Ca” vs. B/EGTA, Na' Ca” vs. B/EGTA, K’ Ca” vs. a/EGTA, Na’ Ca’ vs. a/EGTA, K’
2 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
S 100, 100,
3 601 F  so0] I 80.
N Mg” vs. o, Na”
S 40 40 . . 60 60
£ Mg~ vs. B, K
5 40 40
c 20 20
" 201 [l 20
0 { MMM 0 { MR 0. il 0.
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
time (min)

FIGURE 4: Raw ITC data: (A) 4.0 mM Cd vs 260uM f, in Na*; (B) 2.0 mM C&* vs 75uM S, 0.125 mM EGTA, in N4&; (C) 5.2 mM
Mg?t vs 275uM S, in Na*; (D) 1.0 mM C&" vs 60uM B, in K*; (E) 2.0 mM C&*" vs 62uM S, 0.125 mM EGTA, in K; (F) 2.0 mM
Mg?t vs 60uM S, in K*; (G) 1.0 mM C&" vs 60uM «, in Na*; (H) 2.0 mM C&* vs 60uM a, 0.125 mM EGTA, in N&; (I) 2.0 mM
Mg?*" vs 120uM a, in Na*; (J) 2.0 mM C&* vs 65uM a, in Kt; (K) 2.0 mM C&" vs 65uM a, 0.125 mM EGTA, in K; (L) 2.0 mM
Mg?t vs 65uM a, in KT,

parameters are well determined, with narrow confidence containing buffer 26). The AC, likewise undergoes sub-

intervals. Uncertainties were also examined by Monte Carlo stantial reduction from 1.4 kcal mdi K~ in Na" solution

simulation. Briefly, random variations were made to each to 0.53 kcal mot! K=t in K*. This latter finding suggests

of the fitting parameters, and;@ value was determined for  that the protein is less structured in*Kbuffers. The

the resulting parameter set. If thé value fell below the appearance of thi#d,®N-HSQC spectrum for the Cafree

68% confidence limit, the parameter values were written to protein lends support to that hypothesis.

afile. If not, they were discarded. This process was repeated The HSQC spectrum collected in 0.15 M KCI and 0.005

until an arbitrary, large number of parameter sets satisfying M Mes—KOH, pH 6.0, is displayed in Figure 7A; corre-

the chi-square criterion had been collected. Figure 6 displayssponding data collected in Nasolution are presented in

the binding constant distributions obtained for the ITC Figure 7B. A subset of the signals present in tHesigectrum

analysis of raf$ in K* solution. appear as doublets, suggesting that at least two conformations
The optimal parameter values, listed in Table 1, agree well of o are populated, with relatively slow rates of intercon-

with the estimates from flow dialysi&, is 13% larger (3.45  version. These doublets are absent in th& dfgectrum, and

x 107 vs 3.05x 10" M™). The other three binding constants  the chemical shift dispersion in the proton dimension appears

are slightly smaller-3.36 x 10° vs 3.50x 10° M~* for Kz; to be improved. Thus, the binding of Napparently favors
14 000 vs 17 300 foKyw; and 280 vs 399 foKzw. Consistent g single, relatively well-structured conformation. In fact,

with the flow-dialysis measurements, the ITC-based method many of the resonances in the latter spectrum exhibit

also suggests that the divalent ion affinity of rétis chemical shifts comparable to those observed for thg-Ca

perceptibly greater in K solution. loaded protein (Figure 7C). The behavior of the Gly-56 amide

o . is noteworthy. Whereas it affords an extremely weak signal

Ca" and Mg Affinities of Rato-Parvalbumin at 10.38 ppm in K solution, a strong resonance is observed,
NMR Spectra of Cd-Free Rata in Na™ and K+ Solution. at 10.88 ppm, in the presence of N&he chemical shift of

The identity of the major solvent cation strongly influences the Gly-56 amide proton is 10.58 in the Téound form.

rat o stability. TheTy, for the protein- approximately 46 Flow Dialysis.*Cea" flow-dialysis data for ratx in both

°C in 0.20 M NaCl, 0.01 M NaRand 0.005 M EDTA-is Na' and K" buffer solutions, at 28C, are presented in panels

shifted downward to 35°C in the corresponding & C and D, respectively, of Figure 3. As wifh titrations were
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FiGURE 5: ITC analysis of raf divalent ion-binding behavior in Kcontaining solution: (A) 1.0 mM G4 vs 59uM S-PV (O); 2.0 mM
Ca* vs 62.4uM $ (O); 2.0 mM C&* vs 120uM S (»). (B) 2.0 mM M@+ vs 58uM S (v); 2.0 mM M@* vs 63uM § (a); 4.0 mM Mg+
vs 118uM B (O); 4.0 mM Mgt vs 62uM S, 0.125 mM EDTA ©). (C) 1.0 mM C&" vs 60uM $, 0.50 mM Mg+ (O); 1.0 mM Ca&*
vs 60uM 3, 5.0 mM Mg+ (O); 1.0 mM C&*" vs 60uM S, 10 mM Mg* (a); 1.0 mM C&" vs 59uM S, 20 mM Mg+ (v). (D) 2.0 mM
Ca&* vs 63uM f, 0.125 mM EDTA ©); 2.0 mM C&* vs 63uM $, 0.125 mM EGTA ().

Table 2: Parameter Correlations for Global Fit®PV ITC Data 340410’ 1 s.60x10°
in K* Solution at 25°C ssoxt0’r 1 3.50x10°

AH; AHz AHim AHam k1 ko Kim kom 3.20x107 1 24 1 s.40x10°
AH; 1.000 S 3101073 1 3.30x10°}.
AH, 0.617 1.000 < s.00x10’ 1 3.20x10°
AHiv 0.241 0.232 1.000 S 2.90x10’ _ 3.10x10°
AHyy 0.314 0.450 0.487 1.000 g e L
kl 0887 0623 0352 0459 1000 o 1.60 1.62 1.64 1.66 1.68 1.70 1.60 162 1.64 166 168 1.70
ko 0.661 0.846 0.373 0.650 0.816 1.000 g 4ok . Aok L
Kim 0.425 0.397 0.418 0.658 0.681 0.716 1.000 2 1-0x10 ™ . : 8.10x10 2M
kom 0.342 0.421 0.419 0.894 0.553 0.732 0.816 1.000 - 1.45x10° 1 3.00x10%} :

1.40x10* 2.90x10°

conducted both in the absence of MdO) and at several 1.35x10° ] 2:80x10°
fixed levels of the competing ion. Figure 3 emphasizes the  1soxto’ 7 2.70x10%
disparate C# affinities of the raio. andf isoforms. Whereas veexioly o qeewey b
the median C& concentration-the concentration producing 10 182 164100 08 T isquare | o4 Tee teR 1T
half-saturation-is 2 x 10~7 M for 8 in Na* solution (Figure Ficure 6: Monte Carlo parameter simulations of gatdivalent
3A) in the absence of Mg, the median concentration for ion-binding behavior in K solution. The best-fit parameter values

under the same conditions (Figure 3C)~N408 M. As a from least-squares minimization furnished the starting point for the

) : - generation of additional parameter sets satisfying the requirement
result of the latter's much higher affinity for €a the levels thaty? < 1.70, the value associated with the 68% confidence limit.

of radioactivity in the eluate early in the titration approach gach point represents one of 20 000 simulated parameter sets
background levels, making flow-dialysis measurements on meeting this criterion. The binding constants from each set have
o challenging. Data from eight separate titrations, conducted been plotted against the associajédralue.

in the absence of Mg (O), have been superimposed in

Figure 3C to provide a qualitative indication of the experi- The apparent macroscopic €aconstants are 1.74 10°

mental scatter. and 4.27x 10’ M~%; the corresponding Mg values are 3.71
Despite the high affinity ofx for Ca?* in Na" solution, it x 10* and 4.97x 10° M1,

is possible to obtain an acceptable least-squares fit to the Although it was apparent that the €aaffinity of rat o is

composite dataset, indicated by the solid lines in Figure 3C. higher in KF-containing solution, we were unable to extract



Parvalbumin Divalent lon Affinity Biochemistry, Vol. 43, No. 10, 2002755

102 | - Ca" affinity of the protein. It is also apparent that kg
106 | A G0 affinity is substantially higher in K solution. Whereas
R binding continues throughout the titration in Naolution
1o . '('_ow “ (Figure 41), an apparent endpoint is reached in the presence
| Tt e e + (Ei
PR o (iaure 4. R
118 PRI % ALt The divalent ion affinity of was initially studied by ITC
122 ’ j,:ﬁ:ﬁ & in Na* solution at 25°C. Integrated data from a battery of
126 1 T 12 separate titrations are displayed in Figure 8. These
: experiments were simultaneously analyzed by nonlinear least-
B0 TS " : squares analysis. Initial estimates for the binding enthalpies
were obtained from the analysis of single titrations, and the
102 4 . flow-dialysis measurements anin Na* solution provided
106 4 SO0 starting values for the binding constants. The solid lines
110 . . through.the data point_s denote the best oyerall fit to the
s e composite dataset. Residuals for each experiment are plotted
N 7. SR TRt in the lower panels. The binding constants obtained by this
1184 . R TR SR analysis are slightly larger than those measured by flow
1224 e ST dialysis: 2.50x 10° and 6.24x 10’ M~*vs 1.74x 1% and
126 ] " . 4.27 x 10’ M~* for C&*; 3.66 x 10* and 9.02x 10° M~
. vs 3.71x 10* and 4.97x 10° M~ for Mg?*.
10 1 10 9 8 7 From the magnitudes of the binding constatits ~ 4K,
. andKiy ~ 4Kyv—it is evident that thex CD and EF sites
102 [- - . are indistinguishable in C& or Mg?-binding assays. The
106 - C . parameter correlation matrix for this system is shown in
1o b Gs6 ) ’ Table 3. In contrast to the corresponding matrix for fat
/f - ‘." . : (Table 2), the enthalpies and binding constants for the two
14 :- ."_Mu'-' ‘ sites are very highly correlated, that i8; > 0.98. This
N TS ,;}-.-i’f.».: finding, reflecting the functional equivalency of the two sites,
. ;b“’;‘ LW indicates that the system could be modeled equally well with
122 STl an equivalent two-site model.
126 - ' T ’ Attempting to perform the comparable analysis if K
130 + ! . solution at 25°C, we observed that single titrations af
1 10 ’ § ! with C&* or Mg?" could not be satisfactorily modeled with
]H an independent two-site model. For Rgthe optimal fit

FIGURE 7: H,I5N-HSQC spectra of rat: (A) spectrum of 1.0  yieldedK; = 3.0 x 10* andK, = 5.2 x 10* M~* (Figure

mM Ce'-freeq, in 0.15 M KCl and 0.005 M Mes-KOH, pH 6.0;  9A,B). The magnitudes of the binding constarts,< 4Ky,

I(\/Eli) MSIOeCtNFUg |_C|>f 1H56m0M gﬁf'ffee a, in 0.15 y@g?d and %095 indicate a positive interaction between the two sites. Upon
m ageesnt a)aa et of 1’6 rgﬁ”g;g;%ﬂgg”( C(; an) Colloatod ofier  reflection, we concluded that this positive cooperativity might
dialysis against 0.15 M NaCl, 0.005 M Me8laOH, pH 6.0, and ~ P€ & consequence of the low conformational stability of rat
0.5 mM C&*. a in K* solutions (see discussion below). Consistent with
this hypothesis, individual titrations at & were readily
accommodated by a non-cooperative two-site model (e.g.,

Figure 9C,D). The decision was made, therefore, to examine

reliable estimates of the €abinding constants by flow

dialysis. In the absence of Mg the level of radioactivity

in the eluate remains just above background until very late . 2 ' . .

in the titration. As illustrated in Figure 3D, which includes the Impact of monovalent cation identity endivalent ion-

nine separate titrations in the absence of?M(pD), uncer- binding behavior at 3C. o

tainties in the background and sample activities combine to Integrated ITC data gathered in either Hepes-buffered

produce an unacceptably high degree of scatter. When thisNaCl or Hepes-buffered KCI at®& are displayed in Figures

composite dataset was subjected to global nonlinear least-10 and 11, respectively. The solid lines in each plot indicate

squares minimization, it was not possible to simultaneously the best least-squares fit to the composite dataset. The

accommodate data gathered in the presence and absence &siduals are displayed below each plot. As for the preceding

Mg?*. analyses, parameter uncertainties were evaluated by deter-
ITC. Disappointed in our effort to characterize the ion- mining the 68% confidence intervals and performing Monte

binding behavior of ratt in K* solution by flow dialysis,  Carlo simulations of the parameters.

we turned to titration calorimetry. As observed for (it Temperature has a relatively small impactomivalent

solvent cation identity strongly influences the appearance of ion-binding behavior. The apparent ainding constants

the raw ITC data. The normalized thermograms displayed measured in Nasolution at 5°C, bothAH andK values,

in Figure 4G,J indicate that €abinding enthalpy is are essentially identical to those measured af@5The

substantially more exothermic in"K Moreover, when the ~ Mg?" binding constants at the two temperatures differ by

protein is titrated with C& in the presence of EGTA, binding only a factor of 2: 1.76x 10* and 4.30x 10 M~*at 5°C

by the chelator occurs later in the experiment ingolution and 3.66x 10* and 9.02x 10° M~! at 25°C. The ratios of

(cf. panels H and K of Figure 4)evidence of the increased Ki/K; and likewiseK;u/Kom are both~4 at 5°C, implying
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FIGURE 8: ITC analysis of ratt divalent ion-binding behavior in Nasolution at 25°C: (A) 2.1 mM C&* vs 130uM a (O); 2.1 mM C&"
vs 127uM o (O); (B) 4.1 mM Mg+ vs 60uM a (O); 2.0 mM Mgt vs 57uM o (O); 4.3 mM Mg?" vs 117uM a (2). (C) 2.1 mM C&*
vs 80uM o, 0.5 mM Mg" (O); 2.1 mM C&* vs 80uM a, 2.0 mM Mg" (O); 2.1 mM C&*" vs 80uM a, 5.0 mM Mg" (a); 2.1 mM
Ca&* vs 80uM a, 10 mM Mg2* (v); 2.1 mM C&* vs 80uM o, 20 mM Mc?t (<). (D) 2.1 mM C&" vs 60uM a, 0.125 mM EDTA ©);
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Table 3: Parameter Correlations for Global AnalysiseV in 0 20 40 60 (80 )100 120 140 0 30 60 90 120 150 180

Na" Solution at 25°C gosf T T goesf T T T T T T T T T
AH;  AH; AHiv AHav K Kz Kmm Koum 30'4 r 25°C g 04

AH;  1.000 g 03f 1 o3

AH, 0.997 1.000 s 02} 1 202

AHiy 0.577 0.576 1.000 H £ o4

AHzy 0.587 0.597 0.993 1.000 %0-" Ml 187

K1 0.886 0.880 0.678 0.687 1.000 0.0 |-AMERIARIING 1 5 o0

Kz 0.880 0.884 0.682 0.700 0.992 1.000 07 40

Kiv  0.589 0.583 0.636 0.654 0.802 0.796 1.000
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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 = /'t 00
temperature on divalent ion affinity. Both &a and Mg+- 00 10 20 30 40 00 05 10 15 20 25 30 35

binding constants increase by roughly an order of magnitude Molar Ratio Molar Ratio

K+ ; ; Ficure 9: Mg?* binding by rata. K*-containing buffer-effect of
ggié Sloolyilog'gi ariccijz Q%rzgselggol\n/’llj.?(& 10;2nd temperature: (left) titration of 210M rat a with 4.0 mM Mg+,
20 % 0 2.94x 1U"and b.o9x - Kam andiam in 0.15 M KCI and 0.025 M HepesKOH, pH 7.4, at 25°C (raw

increase from 1.76c 10*and 4.30x 10°M™*t0 2.17x 10° data are presented in the upper panel, integrated data in the lower
and 3.71x 10* ML Note that the relative magnitudes of panel); (right) 1.0 mM Mg* vs 60uM a. in K* solution at 5°C
the binding constants differ slightly in*&-with the Ki/K; (raw anq integrated data are presented in the upper and lower panels,
ratio increasing to 4.5 aniu/Koy increasing to 5.8. These  respectively).
alterations may indicate that the two sites are not completely manner. In the following paragraphs, the results obtained
equivalent in K-containing buffer. for rat a and f isoforms in N& and K' solutions are
compared and interpreted in light of the stability data

DISCUSSION previously reported for the two proteins.

It is evident that monovalent cation identity influences  Impact of Monealent lons on Raf Divalent lon-Binding
parvalbumin divalent ion affinity in an isoform-dependent Behavior. Although DSC data reported previously indicated
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Ficure 10: ITC analysis of ratx divalent ion-binding behavior in Nasolution at 5°C: (A) 1.0 mM C&" vs 57uM a (O); 2.0 mM C&"
vs 115uM a (0). (B) 2.0 mM M@* vs 115uM a (O); 2.0 mM Mg+ vs 57uM o, 0.110 mM EDTA @). (C) 1.0 mM C&" vs 57uM
a, 0.50 mM Md™* (O); 2.0 mM C&* vs 554M @, 2.0 mM Mg+ (00); 1.0 mM C&* vs 56uM a, 5.0 mM M@+ (a):; 1.0 mM C&* vs 56
uM o, 10 MM M@ (¥); 2.0 mM C&* vs 55uM o, 20 mM M2+ (). (D) 2.0 mM C&* vs 56uM o, 0.12 mM EDTA ©); 2.0 mM C&*
vs 56uM a, 0.10 mM EGTA ().

thatg binds either Na or K*, the apparent binding capacities ITC and flow-dialysis studies both indicate that the
differ for the two ions. Whereas the estimated stoichiometry divalent ion affinities of both sites are modestly higher when
for Na© binding is 1.8+ 0.2 equiv in 0.24 M N&, the measured in K solution. The C#& affinities determined by
stoichiometry of K binding is just 1.1+ 0.2 equiv at the ITC for the EF and CD sites are increased by factors of 1.41
same ionic strength. Titration of the protein withNat low and 2.35, respectively, producing an oversG®' for Ca&2*

ionic strength (1 mM imidazoleEDTA, pH 7.4) produced  binding of —0.7 kcal/mol (Table 4). The ITC-measured
exothermic heat effects well in excess of those produced by Mg?™-binding constants increase by 1.48 and 1.71, respec-
titration of buffer alone. Analysis of these data, assuming tively, yielding aAAG value of roughly—0.6 kcal/mol.

two identical sites, yielded estimates for the apparent binding K™ Binds at thes CD Site.Although both EF-hand motifs
constant and average enthalpy of binding of 60 lsihd—4.9 in rat # bind Naf, only one binds K. The previous
kcal/mol, respectively. In anticipation of the subsequent suggestion that the lone'Kis bound in the CD loop26)
discussion, it should be noted that there is no evidence thatwas based on the lanthanide ion-binding studies by Sykes
the monovalent ion-binding sites are in fact equivalent. and co-workers. Whereas the typical parvalbumin EF site
However, there was insufficient information in the dataset displays little size discrimination, the CD site displays a

to uniquely fit more complex models. Titration withtKn preference for larger ion4Q, 41), and the rat3 CD site

1 mM imidazole-EDTA, pH 7.4, yielded apparent binding exhibits a particularly strong preference for the larger
constant and enthalpy values of 55 Mand—8.8 kcal/mol, lanthanides42). Reasoning that this preference might extend
respectively. In both cases, inclusion of 101 Ca&t to monovalent ions, we suggested that the largeriads
abolished the binding events, suggesting that the boundto the CD site 26).

cations occupy the EF-hand motifs. The enthalpy changes for €abinding reported here

In contrast to more typical parvalbumin isoforms, the two support that assignment. If the CD site can accommodate
EF-hand motifs in raf are distinctly nonequivalentthe EF either Na or K*, then C&" binding will entail obligatory
site exhibiting substantially greater affinity for divalent ions. monovalent ion dissociation, regardless of the solvent system.
Resultingly, the sites are occupied sequentially during Accordingly, AH, for C&" binding should be largely
titrations with C&" or Mg?*, with the microscopic associa- independent of cation identity, as observe®(43 kcal/mol
tion constantsk; and ky, corresponding to the binding in K™ vs —3.46 kcal/mol in N&). On the other hand, if the
constants for the EF and CD sites, respectively. EF site binds only N& then the C#&-binding event will
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Ficure 11: ITC analysis of ratx divalent ion-binding behavior in Ksolution at 5°C: (A) 0.95 mM C&*" vs 56uM a (O); 1.93 mM C&"
vs 65uM o (O). (B) 1.0 mM M@" vs 64uM o (O); 2.0 mM Mg vs 65uM a (O); 2.0 mM Mg+ vs 64uM a (<); 2.0 mM M@t vs
62uM o, 0.12 mM EDTA (a); 2.0 mM M¢?" vs 64uM o, 0.12 mM EDTA ). (C) 1.0 mM C&" vs 95uM o, 1.0 mM Mg (O); 2.0
mM Ca* vs 64uM o, 3.0 MM M2+ (O); 2.0 mM Mc?t vs 95uM o, 10 mM Mg (a). (D) 2.0 mM C&* vs 64uM a, 0.12 mM EDTA
(v); 2.0 mM C&* vs 51uM o, 0.12 mM EDTA ©); 2.0 mM C&* vs 19uM «, 0.095 mM EGTA {I); 2.0 mM C&* vs 64uM a, 0.115

mM EGTA (a).

Table 4: Summary of Divalent lon-Binding Energetics

pro- T Cé&* binding Mg binding

tein cation (°C) AGiotaP AHiota —TASotal AGtotaP AHrotal —TASotal

p-PV Nat 25 -184 -7.6 —10.8 -84 7.2 —15.6
K+ 25 —-19.1 -89 -10.2 -9.0 72 -16.1

o-PV Na~ 25 —-220 -56 —-164 -116 82 —19.7
Na* 5 —-206 -55 -—-151 -10.0 94 -—-194
K+ 5 —-232 —-79 -—-153 -126 6.7 —19.3

a All energies reported as kcal/mdlCalculated with the expression
AG = —RTIn KK, using the macroscopic binding constants listed in
Table 1.

differ fundamentally in the two solvent systems. In*Na
solution, C&" binding will require monovalent ion dissocia-
tion. In K solution, however, Ca binds to a vacant site.

Because there is no requirement for (endothermic) monova-

lent ion release in the latter case, thel; for Ca&* binding
should be more exothermic, as observed.6 kcal/mol in
K*; —4.1 kcal/mol in N&).

Rata. DSC studies indicated that tloeisoform binds 1.1
+ 0.1 equiv of Na but has very low affinity for K.
Consistent with these findings, titration afwith Nat in 1
mM imidazole-EDTA, pH 7.4, produces large exothermic
heat effects, whereas titration with"Kunder comparable

conditions produces heat effects identical to those resulting
from titration of buffer alone Z6). Least-squares analysis
of the Na titration data, assuming a stoichiometry of 1.0,
yielded an apparent binding constant of 1201MAs with

B, Na" binding was abolished in the presence of?Ca
implying that the monovalent ion occupies one of the EF-
hand motifs.

The observation that rat divalent ion affinity is much
higher in K" solution than in N& solution is additional
evidence for the competitive nature of the monovalent ion
binding. In fact, the C& 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 2& 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'Kat the same temperature.
The reason became evident upon close inspection of indi-
vidual titrations. Whereas titrations with €an the presence
of Mg?" were amenable to treatment with an independent
two-site model, the binding constants obtained from analysis
of single titrations with C& or Mg?* indicated substantial
positive cooperativity.
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Upon reflection, it was concluded that this behavior ' ' ' ' ' ' ' '
derived from the marginal stability of ratin K* solution. .
In 0.12 M KCI, 0.010 M KR, 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, C& 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 Naolution at 25°C : : : . . . - .
because the binding of Naignificantly stabilizes the folded 10" 10" 10° 10° 107 10
form of the apoprotein. For example, tiig increases from M7T(M)
35.3°Cin 0.20 mM KCI, 0.01 M KR and 0.005 M KEDTA, Ficure 12: Monte Carlo simulation of rat divalent ion-binding
pH 7.4, to 45.8C in 0.20 M NaCl, 0.01 M NaPand 0.005 behavior, with explicit consideration of monovalent cation bind-

- - ing: Ca"-binding data, in Na (O) or K™ (®); Mg?"-binding data,
][\r"omagg;ﬁcgf’?ﬁ ;E‘?(%%J?(ﬁf(ﬁ;‘gg&'g”lﬂsfcg:cr%afes in Na- () or K* (m). Solid lines indicate the best fit to the data.

K™ in Na" solution. The latter finding suggests thatth€Ga i, i+ reflect enthalpic gains. The overall enthalpy change
free form of rato is more completely folded in Naexposing for C&* binding shifts from—5.5 kcal/mol in N4 to —7.9

substantially less apolar surface area. The conformationaly.a;/molin K+ aAAH of —2.4 keal/mol. Because theAG
stability of C&*-freea, estimated at 1.1 kcal/mol in 0.15 M value is —2.6 kcal/mol, the entropic contribution to the

KCl at 25 °C, increases to 3.0 kcal/mol in O_.15 M NacCl. binding free energy changeTAAS) is just—0.2 kcal/mol.
Under the latter conditions;1% of the protein is unfolded. g, Mg?*, the overallAH shifts from an estimated 9.4 kcal/
The analysis of rat divalent ion-binding behavior was  o1in Na'-containing buffer to 6.7 kcal/mol in K a AAH®
ultimately conducted at 5C. At this temperature, the ot _2 7 kcal/mol. Given theAAGy value of —2.6 kcal/
estimated stability of the protein is increased to 2.9 kcal/ mol, —TAASmust equal 0.1 kcal/mol, slightly unfavorable.
QOI’ eliminatin?tﬂro?_ll%ms aslsociated \(IjVitht péqﬁigé%stabélity. The more favorable divalent ion-binding enthalpy in the
omparison of the analyses conducted i an ) . X .
25 °C indicates that the shift in temperature has a fairly Igi)ersee;;; OI];Ksssgogr?;tir:svr:]tgi(?;?::hi?rﬁ&olr; ézetiprrw?ltem.
modest effect on the free energy changes associated wit olded in % 626) Whergas the\C.. for denaturation ?s 1y4
divalent ion binding. The apparent €&binding constants kcal molL K-1in Nat. it is {ust 0 5p3 kcal molt K-1in K-+
are essentially unchanged, and the’Mgonstants decrease Moreover. the appeéran cje of ;che NMR spectrum (F.igure

factor of only 2. : . : .
bylr?c??\t(r)as(; tg rgﬁ the CD and EF sites in rat behave 7B,C) likewise suggests that ratis less structured in K
, solution. Binding of divalent ions to this relatively unstruc-

indistinguishably in titrations with C& and Mg". In Na'- ; . .
containing solution at 3C, the macroscopic C&binding tured state of the.protefm would _provoke substanyal f°|d'.ng’
and the concomitant increase in non-covalent interactions

constants are 2.5% 10° and 6.36x 10" M™%, respectively. Id b ifested | thermic bindi
The corresponding Mg values are 1.76 10* and 4.30x would be manitested ih more exothermic binding.

bound

2+

equivalents of M

10° M-, Both pairs of constants differ by a factor of 4, ~ Because the binding models used to fit the aatiow
indicating that the two sites have apparently identical divalent dialysis and ITC data in Nasolution did not explicitly
ion affinities. consider competition by Nathe measured binding constants

Becausen binds a single equivalent of Naone might ~ are apparent values. In contrast, thé'€and Mg -binding
predict that the switch to Ksolution would primarily affect ~ constants measured for in K™ represent “true” binding
divalent ion affinity at just one of the two sites. Instead, the constants, that is, unperturbed by monovalent ion competi-
affinities of both sites increase by comparable factors. The tion. We eventually recognized that divalent ion-binding data
macroscopic Cd-binding constants are 2.9410°and 6.59 ~ Obtained for rata in Na™ and K" could be analyzed
x 108 ML The ratio ofK; to K is 4.5, implying that the simultaneously to extract an estimate for the" Nifinity.
apparent equivalence of the binding sites is largely main- Monte Carlo simulations were conducted as described
tained in the presence oftKThe corresponding Mg values under Materials and Methods. Binding curves were extracted
are 2.17x 10° and 3.71x 10* M™%, for a ratio of 5.8, from four relevant ITC experiments: titrations with€an
suggesting perhaps that the sites may not be exactlyeither Na or K™ and titrations with Mg" in either Na or
equivalent with respect to Mg binding. There is NMR and ~ K* (Figure 12). These data were then simulated with the
X-ray crystallographic evidence that €aand Mg+ do not model described by eqs 6 and 7, to obtain estimateK§or
provoke precisely the same conformational alterations uponandK,;, the constants for binding of Nao the apo- and
binding @3, 44). singly C&*"-bound species. The values thus determined were

Thus, rata divalent ion affinity is substantially higher in 640 and 50 M. The former is substantially larger than the
K* solution. In Na-containing buffers at 8C, the apparent  value determined by direct titration of the protein with'Na
AG values for Ca" and Mg* binding are—20.6 and—10.0 Conceivably, the conformational change provoked by Na
kcal/mol, respectively (Table 4). In'solution, these values  binding is more favorable at physiological ionic strength than
shift to —23.2 and—12.6 kcal/mol, respectively. The ITC in the 1 mM imidazole-EDTA solution employed for the
data suggest that the more favorable free energies of bindingdirect titration.
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Divalent lon Binding bya Is Cooperatie. Whether the
assays are conducted irf ér Na* solution, C&" ion binding
by rat ot is macroscopically noncooperative, that kg, ~
4K,, implying that the CD and EF sites are functionally
equivalent. However, only one of the two, tentatively

Henzl et al.

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

It is interesting that the Nabinding event-and the
concomitant neutralization of a single charges such a

identified as the CD site by NMR data (see below), binds major effect on the conformational equilibrium of the protein.

Na'. Moreover, although Nais 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

Although we previously speculated that the'Nabound 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

detecting and characterizing cooperative binding phenomenapositioned proximal to the C terminus, the CD site is

(45). For a cooperative system,kf andk; are the intrinsic
C&"-binding constants for the two parvalbumin sites, the
two macroscopic constant&; andK,, are equal to

Ki =k + Ky K, = ¢k /K, (10)
where ¢, is a cooperativity coefficient. Equation 10 is a
restatement of eq 3, allowing for a positively cooperative
interaction between the sites. dfis equal tokz/k;, macro-
scopic positive cooperativity requires that

4Cp = (1+p)*> 0 (12)

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 Dialent lon Binding by Rad. and
J. Because of their distinct monovalent ion-binding proper-
ties, the perceived difference between catand § with
respect to divalent ion-binding behavior depends on solvent
cation identity. The overall apparent standard free energies
for C&" and Mg+ binding by rato. andg are listed in Table
4. When the assays are conducted irf{dantaining solution,
the apparent standard free energies foP"Cand Mg™"
binding are 3.6 and 3.2 kcal/mol, respectively, more favorable

In essence, the two sites must have comparable intrinsicfor a. However, inspection of the binding data collected

ligand affinities in order to reveal macroscopic positive
cooperativity. Ifk; is substantially larger thaky, binding

at 5 °C reveals that the free energies of?’Cand Mg*"
binding for o are both 2.6 kcal/mol more favorable intK

can appear to be noncooperative, or negatively cooperativethan in N&. Thus, in K" solution, the free energies of €a

even thougtc,, > 1.

The C&t-binding data for ratx 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 bestHitdistinguishable
from that shown in Figure 12Ais obtained withk; = 2.68
x 10° k, = 2.32 x 108, ¢ = 3.12, andky, = 630 ML,
This result suggests that the two sites in thisoform have
decidedly different intrinsic Cd affinities but are rendered
functionally equivalent by a positively cooperative interaction
between them.

Alternatively, the presence of Naat the CD site could
antagonize CA binding at the EF site. Because this

and Mg* binding are predicted to be 6.2 and 5.8 kcal/mol,
respectively, more favorable for than forg.

The disparate behaviors of theand g EF sites in K
solution deserve comment. The affinity of thesite, obtained
from Monte Carlo simulation with site-specific binding
constants, is 2.3« 1¢® ML The corresponding value for
the site is 3.1x 10" M™%, calculated from the macroscopic
values in Table 1, using eq 4. Thus, the affinity of th&F
site for C&" is nearly an order of magnitude higher than
that of thef site. C&" binding at the EF site i could
conceivably be antagonized by the presence 6faf the
CD site; that is, the conformation of the'Kound CD site
may not be optimal for binding of Ga at the EF site.
Alternatively, the affinity of thes EF site may be inherently

explanation would require the competing monovalent ion to lower in 3. In this context!>N NMR relaxation studies from
have a similar impact on the local and remote sites, it seemsthis laboratory indicated that the order parameters for the
less likely. However, some combination of the two phenom- residues in the AB and D/E regions of the fatnolecule
ena could also produce the observed attenuation of the EFare higher in the C4-free state than in the €abound state

site affinity in the presence of Nalt is worth emphasizing

(46). This finding was interpreted as evidence that a portion

that both explanations require a substantial conformationally of the rat 8 Ca*-binding energy is used to pay for a

mediated interaction between the two EF-hand motifs.
Putative Identity of the N&Binding Site in Rat.. The
IH,5N-HSQC spectrum of Ca-free rato. was acquired in
Na' solution and in K solution. The spectrum collected in
the presence of Niabears surprising similarity to that of the

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 orgrat
under solution conditions in which the CD site is not
occupied by monovalent cations. The fact that the CD site

C&*-bound protein (Figure 7B,C). Many of the resonances divalent ion affinity is higher in K solution suggests that
are superimposable in the two spectra, or nearly so. TheK* is bound somewhat less tightly than Ndf so, then

behavior of the G56 resonance is particularly noteworthy.

monovalent ion binding might be abolished in the presence

The G56 amide proton yields the most strongly deshielded of a still larger alkali metal ion, for example, Rlor Cs'.

1H signal in the spectrum of the €aloaded protein (10.58
ppm). In the spectrum of the &afree protein collected in
Na' solution, it is likewise the most downfield resonance,
with a chemical shift of 10.88. In K by contrast, G56

Alternatively, replacement of the alkali metal by either
tetramethylammonium or imidazolium cation may eliminate
monovalent cation binding by the CD site.

Comparison with Preious Work.Published values of rat

produces an extremely weak signal near 10.34 ppm (Figurea. divalent ion affinity in K" solution show considerable
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variation. Pauls et al.1() reported an average intrinsic by 218% £6). In another study on rat hippocampal slices,
association constant of 2,4 10’ M~1, measured in 0.15 M  hypoxia produced &[Na']; of 24 & 8 mM (57). Given a
KCl and 50 mM Tris-HCI, pH 7.5. In contrast, Rinaldi et al. Na'-binding constant of 650 M, changes of this magnitude
(19) reported intrinsic C# association constants of 8:3 would significantly attenuate rat Ce?t and Mg affinities
10 and 5.3x 10° M~%, determined in 0.15 M KCland 0.025 and, presumably, affect the ability of parvalbumin to buffer
M Hepes, pH 7.5. Flow dialysis was employed in both cases, cytosolic C&" levels.

and residual Ca was removed in both cases by precipitation ~ The physiological significance, if any, of monovalent ion

with trichloroacetic acid 47). Using the fluorescent Ca binding by is less obvious. Expression of the protein in
indicator, fluo-3, Eberhard and Erne8) measured an  postnatal mammals is apparently restricted to the outer hair
average association constant of X5.0° M~ at 25°C, in cells (OHCs) of the mammalian auditory orgatb(16),

0.15 M KCI and 0.020 M HepesKOH, pH 7.2. More where its concentration is estimated at 0.5 mB8)( The
recently, THeault et al. 48) reported an average &a composition of the extracellular fluid (endolymph) bathing
association constant of 2 10° M1, although the data and  the apical surface of the OHC is unigubigh in K* (157
experimental conditions were not described. mM) and low in N& (1 mM) and C&" (20 uM) (59). As a
Although the impact of monovalent ions on parvalbumin consequence, the OHCs experience a large, continudus K
divalent ion affinity has received relatively little attention, flux through relatively nonselective transduction channels.
Eberhard and ErnelB) have measured the divalent ion Modulation of this standing current by mechanoacoustic
affinity of rat o in Na™- and K"-containing buffers. They vibration of the auditory organ causes these cells to undergo
likewise observed higher divalent ion affinity in the presence audio frequency cycles of contraction and elongatié, (
of K*. However, their binding constant estimates are nearly 61). This phenomenon, termed electromotility, results from
an order of magnitude smaller than those reported here. Involtage-dependent conformational changes in prestin, a
addition, the values that they measured indiffered from highly abundant protein in the OHC lateral membraf (
those measured in Nay just a factor of 4, rather than the The mechanical disturbances produced by electromotility are
order of magnitude that we observe. Moreover, whereas believed to amplify the original acoustic signal. Conceivably,
calorimetric measurements unequivocally show the binding the recruitment of thg isoform to the OHC is related to its
of Mg?* to be endothermic, their binding dataollected as  ability to bind K*. It should be noted that the nearby inner
a function of temperaturesuggest that the binding of Mg hair cell (IHC), likewise bathed by endolymph, expresses
is slightly exothermic. the o isoform exclusively 14). However, the K flux through
Conceivably, the method used by Eberhard and Erne tothe inner hair cell is much lower than that in the outer hair
remove residual Ga—a 30 min exposureot4 M urea at cell.
room temperature, in the presence of EDTA-derivatized
polyacrylamide-may have resulted in modification of the CONCLUSIONS
protein. As the data presented in Figure 2 clearly illustrate, The potential impact of solvent cations on parvalbumin
rat o is susceptible to modification in the &afree state, divalent ion-binding behavior has been largely neglected. It
and the oxidized protein exhibits attenuated affinity fofCa is evident, however, that monovalent cations can modulate
Denaturing levels of urea may heighten this susceptibility parvalbumin divalent ion affinity and that they do so in an
and/or facilitate other undesirable reactions (e.g., reactionisoform-dependent manner. Raexhibits substantial affinity

of lysyl side chains with cyanate impurities). for Na*, but not K", and competition by Nasignificantly
Physiological Significance of Momalent lon Binding. attenuates divalent ion affinity. NMR data suggest that the

Parvalbumin monovalent ion-binding behavior may have lone Na ion is bound in the CD ion-binding loop.

physiological relevance. AlthoughKis the major intra- Simultaneous analysis of divalent ion-binding data inatd

cellular solvent cation, the intracellular sodium concentration Na' yields an estimate of 1.5 mM for the Nalissociation

([INa*])) is not negligible. As a rule of thumb, intracellular constant. The analysis also suggests that divalent ion binding
Na' levels vary from 10 to 50 mM, depending on cell type. is positively cooperative, even though the macroscopic
For example, [N4&]; is 29 + 5 mM in mouse hepatocytes binding data can be modeled with the assumption of two

(49), 7.8+ 3.3 mM in kidney proximal tubule cells5(Q), equivalent sites. The attenuation of®Cand Mg+ affinity
8.9+ 3.8 mM in rat brain neuron$(), and 7.2+ 0.5 mM by Na" may have physiological relevance.
in rat skeletal muscle5@). Ratf can bind either Naor K*. Previous work indicated

Importantly, intracellular Na levels can fluctuate in  that the binding capacity for Naapproaches 2 equiv,
response to physiological and pathological events. In excit- consistent with binding at both the CD and EF sites. By
able cells, action potentials can produce significant increasescontrast, the protein binds a single equivalent of Whereas
in [Na'];. For example, a chain of 20 action potentials the apparent Ca-binding enthalpy for the EF site is
produced transient 4 mM increases in [[jJaCAl pyramidal substantially larger in K solution, the CD site enthalpy is
neurons in hippocampal slice§3). Spontaneous, transient unchanged, suggesting that the loneikn is bound at the
increases in [Ng); of 5 mM were also observed in cultured CD site. Although the affinity of the vacaftEF site is much
hippocampal neuronss(). Artificial hyperpolarization of lower in K™ solution than the corresponding sitednit is
dopamine-sensitive neurons, meant to mimic the effect of not presently known whether this disparity reflects an
dopamine exposure, produced significant increases ifi][Na intrinsic difference between the two proteins or whether the
(54). Ischemia can produce much larger changes. In oneEF site affinity is antagonized by the presence dfd€ the
study on isolated rat CA1 neurons, a4 min period of p CD site.
anoxia caused a 27 mM increase in [J&55). In a study The physical basis for the disparate monovalent cation-
on rat hippocampal slices, 10 min of hypoxia increased[Na  binding behavior of ratt andp is presently conjectural. The
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two proteins differ substantially in net charge. Whereas

has a predicted net charge 6b,  has a predicted charge

of —15. Thus, the greater charge gnmight provide the
driving force for binding of a second equivalent of Nt

the apoprotein. Alternatively, the disparate monovalent ion-
binding properties may reflect the difference in conforma-
tional stability. C&*-free 3 is substantially more stable than

a, due to the presence of Pro-21 and ProZ%).(As a result,

the EF site in C& -free  may be more structured than that

in C&*-free a, so that Nd binding to thes EF site would
carry a smaller entropic penalty.

Although the exclusive binding of Kby /3 is presumably
related to the preference of tj§eCD site for larger cations,

the basis for that preference is uncertain. Significantly, the

virtually invariant PV sequence triad, F5/58—E59, is
replaced by Y57#L58—D59 in the mammaliafp 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 role-the side chain serving to anchor the CD site

to the protein core and the amide and carbonyl groups

contributing to the segment of antiparalestructure 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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