15334 Biochemistry2001,40, 15334-15340

Calbindin Dy: A Protein Optimized for Calcium Binding at Neutral pH
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ABSTRACT: The binding of calcium ions by EF-hand proteins depends strongly on the electrostatic
interactions between €aions and negatively charged residues of these proteins. We have investigated
the pH dependence of the binding of&aons by calbindin k. This protein offers a unique possibility

for interpretation of such data since th&jpvalues of all ionizable groups are known. The binding is
independent of pH between 7 and 9, where maximum calcium affinity is observed. An abrupt decrease
in the binding affinity is observed at pH values below 7. This decrease is due to protonation of acidic
groups, leading to modification of protein charges. The pH dependence of the product of the two
macroscopic Ca-binding constants can be formally described by the involvement of two acidic groups
with pK, = 6.6. Monte Carlo calculations show that the reduction of'Ganding is strictly determined

by variable electrostatic interactions due to pH-dependent changes not only in the binding sites, but also
of the overall charge of the protein.

During the cell cycle in living organism, the hydrogen ion by C&" or by H", suggesting a combined effect between
concentration (acidity), characterized by pH, varies and C&" and H" (1). Also, the conformational changes of S100
thereby regulates a variety of metabolic pathways. Allow- proteins with increasing Hconcentration are similar to those
ances for pH changes, however, are rather limittek induced by Ca" binding @). Calcium binding at pH 7.4 or
intracellular pH is kept between 6.5 and 7.5, and crossing a pH change from 7.4 to 5.6 were both found to decrease
these limits is usually lethal. the Stokes radius of calmoduliB)(

The effects of hydrogen ions () and metal ions (M) Calmodulin-related proteins are adapted for high-affinity
are often interrelated in biochemical processes and theircalcium binding, containing pairs of €asites, so-called EF-
physiological appearances. The uptake of protons and metafands 6). With few exceptions, the calcium-binding loop
ions by chemical substances and biological macromoleculesSéquences are composed of 12 amino acids including up to
occurs via different mechanisms, and the relative contribu- 5 acidic residues. In most EF-hand sites, the boun#f Ca
tions of interactions involved can be different. However, i0n is coordinated by six backbone and side chain oxygen
these processes have a common feature: they both result itoms and by a water molecul€)(The binding of calcium
change of the charge state of the compound to which theyions to EF-hand sites is largely determined by electrostatic
bind. Thus, when the electrostatic interactions dominate, interactions. Neutralization of surface charges by mutations

proton and metal ion uptake may result in similar physi- (8), as well as screening of electrostatic interactions by added
ological effects. inorganic salts or increasing the protein concentration,

reduces the calcium affinityo(-11). If coordinating oxygen
atoms are removed by point mutation, a drastic reduction in
affinity is seen 12, 13. However, the replacement of a
negatively charged ligand by a neutral one (e.g.,A8sn)
sometimes decreases and sometimes increases fHe Ca
affinity (14) because the reduced electrostatic attraction of
the C&" ion may be compensated by reduced repulsion
among the coordinating groups. Thus, the calcium affinity
of an EF-hand protein depends on the protonation state of
acidic residues in a nontrivial way. For charged amino acid
residues not participating in the binding of calcium ions, the
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Among a number of hydrogen and metal ion-dependent
biochemical processes, regulatory functions of calmodulin,
troponin C, and several other calcium-binding proteins
depend on large conformational changes triggered By Ca
binding. The effects of G4 and H" uptake by calmodulin
(1) and calbindin Rg (2) as well as C& and H' fluxes in
a number of other cellular process&s dre interrelated and
may mimic each other. The interaction of calmodulin with
calcineurin, both EF-hand proteins, can be initiated either
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K, K,
P +2 Ca"=— PCa + Ca®¥ === PCa,
Ficure 2: Definition of microscopic (top scheme) and macroscopic
(bottom scheme) Ca-binding constants.

Ficure 1: Outline of the three-dimensional structure of calbindin . . .
Dg.. Acidic side chains with I, values of 5.0 or higher are shown homogeneity as previously described9); Agarose gel

in black. Of the shown residues, E27 and E65 coordinaté ®@ah electrophoresis, SDSolyacrylamide gel electrophoresis,
their side chain carboxylates, Qnd E11 and E60 with their backbone and*H NMR confirmed the purity of the protein preparation.
carbonyls. Figure prepared with the program MOLMCOX Quint 2 tetrapotassium salt was obtained from Fluka (Buchs,

as monitored by flow dialysislg). Calcium-free calmodulin ~ Switzerland), 5,5Br,.BAPTA tetrapotassium salt from Mo-
has been reported to bind protons with an estimatédop lecular Probes (Eugene, OR), and Chelex—;OO from BioRad.
5.5 (17). Ca*-binding properties of the whiting albumin are  Inorganic salts and buffers were of analytical grade.
independent of pH from 6 to 9 while the pH dependence of _Macroscopic C&"-Binding ConstantsCalcium binding
fluorometric characteristics of whiting parvalbumin shows !0 two individual sites (I and Il) in a protein is characterized
pronounced changes to occur around pH 5.1 and 3.7. ThePY fourmicroscopidinding constantsK, Ki, K, andKy,.
first change probably results from the protonation of the Ki andKiy refer to C&" binding to site | in the absence and
carboxylate groups, which lowers their affinity for the Presence, respectively, of Ean site II, while K, andKy,
calcium ions. The second transition is attributable to either Characterize site I1 at different calcium occupancy of site I.
acidic denaturation or dissociation of isoelectric aggregates I "€ macroscopidinding constants; andKy, describe the
(19). pmdmg o_f the first gnd ;ecgnd caIC|_um ion, correspondingly,
It is usually assumed that all acidic residues in EF-hand irrespective of which site is occupied (Figure 2).
proteins are negatively charged at neutral pH. Recé&nt p [PC
measurements confirm that aspartic and glutamic acid = _[PCal andK., = —82]
residues in apo-calbindinddare predominantly unprotonated [PI[Catt] ?  [Pcal[c&"]
at this pH (L9). However, several aspartic and glutamic acids
in the calcium-binding area have unusually high,palues.  [P]and [C&] are the concentrations of free protein and free
Residues Glul7 and Glu27 at the N-terminal?Caite  calcium, and [PCa] and [Plaare the concentrations of
manifest X, values of 6.5 and 6.4, and the side chain protein with one and two bound calcium ions, respectively.
carboxyl group of GIu60, which is located between the two The macroscopic and microscopic binding constants are
calcium sites (Figure 1), titrates with &Kpof 6.2 (19). related as follows:
Changes in calcium affinity in the near-neutral pH range can

(1)

1

bear regulatory implications. K=K + K (2a)
In the present work, we have studied the effect of pH on K,= KK, /(K + K,) (2b)

the calcium affinity for calbindin (M, 8500, 75 amino '

acids), a monomeric calcium-binding protein of the S100 K=KK,= K|K||,| = KIIKI,II (2c)

family of the calmodulin-related proteins. It is present in the

small intestine, placenta, and bone. It is assigned to the Ca EXperimentally, the total binding constakitcan be deter-
buffering and transport fraction of the superfamily of EF- Mmined at the higher confidence level thiin andK; since
hand proteinsZ1) and is involved in trans-cellular transport  the binding of two C#' ions to calbindin [ is characterized

of Ca&* ions 2, 23. The protein contains two EF-hand by strong positive cooperativityd).

calcium-binding sites: the C-terminal site is formed by a  The two macroscopic binding constants were determined
canonical 12-residue loop, and a variant 14-residue loop from titration of the protein with C& in the presence of a
comprises the N-terminal site. Calbindir.s outstandingly chromophoric chelator. The chelator was either Quin 2 or
stable at various solvent conditiong4], and the three-  5,5-Br.BAPTA, whose C&'-binding constants were deter-
dimensional structures have been determined for both themined in separate experiments. The free calcium concentra-
apo @5) and the holo 26, 27 form. The K, values of all tion in each buffer was kept belowdM by dialysis against
titratable groups in calbindin § have been measured, Chelex-100. Protein and chelator concentrations were in the
offering a unique possibility for a detailed molecular 12—25uM range. The total volume in the cell was 2.5 mL,

interpretation of C#& affinity variations in different pH ~ and Sul aliquots of CaCj stock solution (3.0 or 10.0 mM)
intervals. were added. The absorbance at 263 nm was recorded at each

EXPERIMENTAL PROCEDURES 1 Abbreviations: 5,5Br,BABTA, 5,5'-dibromo-1,2-bisg-aminophen-
. . S . oxy)ethaneN,N,N',N'-teraacetic acid; Quin, 2,2-[[bis[(carboxymethyl)-
Materials. Wild-type calbindin 3¢ was produced in  amino]-5-methylphenoxylmethyl]-6-methoxy-8-[bis(carboxymethyl)-
Escherichia coliusing a synthetic gen@®) and purified to amino]quinoline.
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titration point. The dissociation constant of the chelator LA L B A
. 0.24
Cat complex,Kpo, was calculated from the experimental i

data determined in the absence of protein by fitting the
absorbance), at different total calcium concentrationSd)

to the equation:

A= {Anax T (Anin = Anad YIY + Kp)} VIV (3)

whereV andV, are the total volumes at the particular titration
point and before adding the first Ca@liquot, respectively. 0 |o55
Anin and Anax are the absorbances that the?Cachelator

complex and free chelator, respectively, would have at no

0.16

Absorbance

dilution. The free C& concentrationy, was taken as the [Ca*], uM
positive root of the equation: FicUrRe 3: Normalized absorbanceAy— Acy) at 263 nm versus
total C&* concentration for titration of calbindindpat 25°C and
Cea= Y+ YGY/(Y + Kpp) (4) variable pH in buffers containing 5 mM KCl and the chromophoric

chelator 5,5Bro.BAPTA.

whereCy is the total chelator concentration.
The macroscopic binding constants; and K;, of the

protein were obtained by numerical fitting to the experimental T 1
points of titrations of proteirchelator mixtures as described - 4 5 -
earlier @), using eq 3. In this case, the free?Caoncentra- 2 6L i
tion, Y, was solved using the NewterRaphson method = .

according to the equation: = B 7

Y = Cea— YCY(Y + Kpg) — {CalK,Y + 2K K, Y}
(14 K.Y + KK,YD) (5)

) . ) 4 6 8 10 12
whereCp is the total protein concentration. -
The binding constants as a function of pH were fitted to P
the equation: Ficure 4: pH dependence of @abinding by the chelators 55
Br,BAPTA (®) and Quin 2 #) at 25°C in buffers containing 5
_ n mM KCI. The solid line for 5,5Br,BAPTA corresponds to the
Aim!A= 1+ (C/Ky)" + KJCy (6) fitted parameters in Table 2. The estimated upper limit of an error
for Kpg, KiKy, Ky, andK; is +0.2 unit in the logarithmic scale.
Equation 6 is commonly used to describe the activity of en-

zymes involved in acigtbase equilibria, where the protonated Table 1: Calcium-Binding Constants for Calbindir2nd the
or deprotonated forms are unable to bind substrate or performChromophoric Chelator 58r,BAPTA or Quin 2* at 25°C*

catalysis. We are testing if the present data can be fitted using KKy Ky Koo
the same approach although we would expect involvement pH buffer (x10712M?) (x1075M) (x1PM™Y
of all surface charges according to their proton uptake ca- 45 MES 0.41 — 0%
pacity.A stands for logK:K5), log Ky, 1og Kz, or —log Kpg, 50 MES 9.67 6.20 1.98*
Am is the corresponding limiting (pH-independent) value, 55  MES 198.7 17.25 0.535
AP : 6.0 MES 334 275 0.318
Kai andK,, are apparent ionization constari@g,is the proton 65 MES 4596 848 0.147
concentration, and is the number of protons involved. The 70  MOPS 8180 103 0.146
fitted quantities are in principle not interpretable in molecular 7.5~ MOPS 16100 135 0.137
terms, but can sometimes give a useful overall description 7.5  Tris 18300 158 0.132
o 8.0  Tris 17200 147 0.123
of the binding process. The parameteras taken equal to 80  tauri
. - . . . aurine 6542 101 0.168
unity for fitting the pH dependence #fo, since the fit was 85  taurine 12600 101 0.114
not improved whem was allowed to vary. 9.0 taurine 14200 169 0.110
9.5  taurine 6300 94.0 0.148
RESULTS AND DISCUSSION 100 Lys 11900 122 0.150
105  Lys 3060 40.6 0.225
The calcium-binding constants of calbindingdDwere 11.0 Lys 3930 104 0.361
determined by monitoring the distribution of €aions aThe KCI concentration is 5 mM.
between the protein and a chromophoric chelator, as il-
lustrated in Figure 3. The chelators Quin 2 and'‘B6&- ers describing the observed pH dependencies according to

BAPTA, suitably having calcium affinities similar to that eq 6 are summarized in Table 2. For the chelator, we find
of calbindin, both contain four carboxyl groups involved in that the apparent proton dissociation constat |5 equal
calcium binding, and their affinities are pH-dependent as to 6.05, which probably reflects the dissociation of the last

shown in Figure 4. carboxylic group in the chelator. The second constai; p
The measured macroscopic?Gdinding constants; and = 10.7, could reflect the formation of calcium carbonate,
KK of calbindin Dy, and the C& affinities for 5,5-Br,- since the sample was not protected against atmospheric

BAPTA and Quin 2 are given in Table 1. The fitted paramet- carbon dioxide.
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Table 2: Fitted Parameters According to Eq 6
A Alim pKa1 pKaz

log (KiK2) 16.07+ 0.10 6.594+ 0.15 2.02+ 0.18 10.48t 0.31 0.988
log Ky 8.07+ 0.07 6.36+0.29 0.94+ 0.23 11.20+ 0.47 0.939
log Kz 8.01+0.06 6.52+0.18 1.14+0.16 10.80+ 0.23 0.977
—logKpg 6.90+0.02 6.05+ 0.07 1 10.6A4 0.09 0.970

n r

15

log(K,K,)

13
Electrostatic interactions between?C#ns and negatively

charged side chains of acidic residues provide substantial
contributions to the free energy of calcium binding to
calbindin @) and calmodulin 30) as well as other related
proteins. Studies using charge-deletion mutations have
demonstrated that the electrostatic contribution depends
strictly on the distance of an ionic site of a protein from the
bound C&" ions and on the concentration of a screening
factor such as inorganic salt@ or protein (L1). In addition

to purely electrostatic factors, the dramatic loss offca
binding capacity of EF-hand proteins upon the substitutions
at key chelating positions, however, results from disturbances
of the metal coordination sphere. This disturbance of the
coordination sphere is difficult to model using dielectric
continuum approaches. The long-range electrostatic interac-
tions, on the other hand, are almost quantitatively described
by continuum electrostatics, provided a high dielectric
permittivity is assumed for the protein interiotQ). One
should note that there is a significant difference between the
calculation of binding constant shifts, e.g., for binding of
calcium ions to proteins, and the calculation &% hifts of
titrating amino acid .reS|dues. In th_e Iattgr case, one is . . pH dependence of ok, (®) and logK, (O) for C&*
comparing the behavior of a free amino acid with the same hjinging by calbindin By at 25°C. Solid lines correspond to the
residue in a protein. Thus, the change in the environment isfitted parameters in Table 2.

quite large. In the case of calcium binding, one compares

the different binding affinities of the same protein under determined from NMR experiments to be 6.4, 6.5, and 6.2,
different external conditions (salt, pH, etc.) or arising as a respectively 19), are possible candidates (Table 2).
consequence of mutations of selected amino acid residues. Macroscopic equilibrium constants for the binding of the

The pH-dependent calcium-binding measurements in thefirst (K;) and the second<t) calcium ions in Figure 6 show
present study were performed at low enough ionic strength similar pH dependencies. The fittedpvalues for bothK;
in order to minimize screening effects and maintain maxi- andK, (Table 2) are similar to those observed for the total
mum possible electrostatic interactions. Due to the high binding constant for two Ca ions, except that one proton
negative net charge of calbindin in the neutral pH range, is apparently involved in each protonation. Manifestation of
however, the chemical potential of free calcium ions is very similar pK,'s in the macroscopic Ca-binding constants is
sensitive to both salt and protein concentration at low salt an expected result because according to eq 2 they all depend
content (5). Therefore, in the absence of added salt, small on the microscopic binding constants for both sites. That is,
ionic strength variations upon mixing the Tatitration if each of the binding sites is affected by one titratable group,
medium in different buffer systems as well as changes in one should expect the results shown in Table 2. Note,
ionic strength due to added €aions lead to numerical  however, that the experimental data for the individual binding
difficulties in the interpretation of experimental data. We constantK; andK, are numerically less reliable than their
have found that 5 mM KCl is sufficient to minimize these product.
effects and to provide acceptable reproducibility of the  tp¢ upper apparentka of 10.5 is similar to that found
measured binding parameters over the studied pH range fromyo the chelator, which supports our conclusion that it is an
4.5 to 11. Parallel measurements in different buffers were yrtifact coming from dissolved GO Another possible
made in order to even out the observed minor buffer-specific gxplanation for the observed decay in binding constants

effects so as not to impair the conclusions. above pH 10 is caused by the titration of lysine residues.
The pH dependence of lodk{K>) in a buffer containing Several lysines, Lys1, -16, -25, and -71, are known to titrate

10

11

12
pH
Ficure 5: pH dependence of logk(K;) for Ca&* binding by

calbindin Dy at 25°C in buffers containing 5 mM KCI. The solid
line corresponds to the fitted parameters in Table 2.

logK,, logK,

O
L

8
pH

6

4 6 10 12

5 mM KCI has a wide optimum, ranging from pH 7 to 9
(Figure 5). Curve-fitting according to eq 6 yields two
apparent [, values, 6.6 and 10.5, for the data in Figure 5.
The former protonization, which according to the fit involves
two protons, probably reflects the dissociation of acidic
groups in the calcium-binding sites. Strongly upshiftéd'e

of Glu 17, Glu 27, and Glu 60, which have recently been

in this regime both in the apo form and in calcium-loaded
calbindin 31). Thus, the decrease in calcium affinity at high
pH may result from structural disturbances in the calcium
coordination spheres caused by deprotonation of lysine
residues. We believe, however, that the formation of calcium
carbonate is a more likely explanation, as it also explains
the pH dependence for the chelator.
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To gain further insight into the calcium-binding process, L
we performed theoretical modeling of the binding of two & | ]
Céat ions K = KiKy) to calbindin at variable pH. The free % ol i
energy change associated with the transfer of tw& @ms é&
from the solution to the binding sites of calbindin includes 2 L 4
several components: direct interaction with calcium- é
coordinating oxygen atoms, contributions due to hydration, & 20+ .
long-range electrostatic interactions with protein charges, etc. §
Since variation of pH alters the net charge of a protein, its £ I T
major effect concerns both the short- and the long-range =
electrostatic contributions to the free energy change associ- -0 0

ated with C&" binding, AGe. With short-range effects, we
mean the titration of charged ligands in the binding sites, ] ) o ]
and long-range electrostatic effects come from nonligands. FIGURE 7: Excess chemical potentials for two calcium ions (units
The difference in the electrostatic free energy of the bound of kT) as a function of pH. Solid line, bound; dashed line, free.
) ergy. Calculations are based on the crystallographic structure éff&a
and free calcium state&Ge, can be described in terms of  calbindin Dy (26).

relative changes in the macroscopic binding constants with

respect to the pH chosen as a reference state: changes are approximately the same in the two states that
. . are compared; i.e., the structural response t&" ®nding
K/IK™ = exp[-(AG, — AG, /K T] (7) is the same at two different pH valuesGe and AGe®f can

both contain significant contributions from structural changes,
wherekg is the Boltzmann constant aridis the absolute  which fortunately cancel when calculating the difference in
temperature. In other words, we are measuring the changeeq 7. Traditionally, the approach to electrostatic interactions
in activity coefficients between two states. The electrostatic in proteins has been via the Debyiickel theory or in a

contribution,AG,, can also be expressed as few cases the nonlinear PoisseBoltzmann equation. Monte
Carlo simulations offer an efficient alternative that avoids
AG, = u¥(2Ca* B) — 2u®(C&"F) (8) the approximations inherent in these other methods. That is,

both nonlinear effects and iefion correlations are properly

whereu®(2C&*,B) andu®(Ca*,F) are the excess chemical accounted for in the simulations.

potential for two bound and free calcium ions, respectively.  Variations in the protein net charge with changing pH were
The excess free energy of any species can be obtainectalculated according to the procedures previously used in
through a perturbation procedure, usually referred to as modeling the K, values of ionizable groups in calbindin
Widom’s test particle’s technique38). To calculateu®- (19, 39. Altogether 31 simulations at different pHs were
(C&at,F), an appropriate test particle is inserted randomly performed. At each pH, the average fractional occupancies
over the simulation cell. The excess chemical potential is of all titrating groups were calculated. The excess chemical

then calculated as potentials of bound and free calcium ions were obtained from
a modified Widom perturbation techniqué3| 34. The pH
Pu=—In @xp(—ﬁAU(rN,rT)Q dependencies of calculated excess chemical potentials are

illustrated in Figure 7.

where AU(rN,r) is the interaction energy between the test  The excess chemical potential of the two boundGans,
particle at positiorrt and all other particles in the system. u®(2C&",B), changes dramatically at acidic pH, where the
The subscriptll..[d indicates that the ensemble average is glutamates and aspartates successively ionize with increasing
calculated over the unperturbed system, which has also beempH. u®(2C&",B) passes a plateau around neutral pH,
corrected for the finite system siz&4). That is, all types of ~ whereupon it starts to decrease again due to titrating lysine
insertions can be made in a single simulation. The chemicalresidues. The decrease is not as rapid as on the acidic side,
potential of a bound calcium ion is calculated simply by mainly because the lysines are on average further away from
inserting a test particle into a binding site. We calculated the binding sites than the acidic residues. There is also a
the values ofi®(2C&*,B) andu®(Ca*,F) over the pHrange  stronger electrostatic screening from the counterions at high
using Monte Carlo simulations in a semigrand canonical pH due to nonlinear effects and also ioion correlations.
ensemble assuming a fixed protein structure determined for As compared to the bound state, the change in excess
the crystalline state2@). In principle, it would be more  chemical potential of free C& ions, u®(Ca&",F), is small
correct to use a solution structure from NMR studies. In but characteristically dependent on the net charge of the
practice, however, this is nontrivial since the NMR structure protein, as illustrated in Figure 8. In particular, one can note
is not one single well-defined protein conformation, but a the decay inu®(Ca&",F) at high pH. When the net charge
collection of configurations, whose statistical weights are on calbindin becomes strongly negative, then the chemical
unknown @7). Comparing the NMR structures to the potential of free calcium ions decreases significantly. This
structure obtained from X-rays shows only minor differences is in contrast to the acidic side between pH 2 and 5, where
(27), and the same is true for the apo and calcium-loaded 4®(C&",F) is approximately independent of the protein
forms according to NMR studie%). charge. This is a general phenomenon, which for sufficiently

It is important to note that the theoretical procedure for highly charged macromolecules can lead to counterintuitive
calculating binding constant shifts is relatively insensitive results; the negatively charged protein becomes a less
to structural changes. This is true as long as the structuralefficient complexing agent for cations at high pH despite
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energy of calcium binding decreases due to reduction of the
net negative charge at acidic pH. According to the Coulomb’s
law, ionic charges at the binding sites are the largest
contributors as they are generally located at the shortest
distances from the bound calcium ions. In agreement with
this, the proton uptake by residues Glul7 and Glu27 marks
the onset of the reduction in calcium affinity. However, the
further decrease of calcium-binding constants with increasing
H* concentration depends on the reduction of the overall
negative charge of the protein due to protonation of other
acidic residues as well.

The reduced Ca affinity due to protonation of acidic side
chains correlates well with mutational studies in which acidic
residues were replaced by neutral ones, leading to reduced
Ca* affinity and reduced Ca association rate8( 9, 3.

In the calmodulin-like proteins, the accumulation of negative

the increasing negative charge. Unfortunately, this feature charges in the binding area accelerates the association rate
is not captured in the present experiment, where the bindingfor C& to the diffusion-controlled regime to enable a rapid
constant is, due to its strength, only determined indirectly response during Casignaling events. However, accumula-

via a competition procedure with the chelat8s), This also

tion of many negatively charged groups leads to structural

prevents a direct Comparison between experiment anddestab”ization $7) Our data show that addition of a Single

simulations for the high-pH range, notably above 10.

proton is enough to reduce the affinity; hence, the proteins

The experimental net charge is calculated using data for S€eém to have accumulated just enough charge to reach the

the titration behavior of all ionizable groups, including Tyr13
and N-terminal NH (unpublished data), obtained by NMR
measurementsl, 31, 32. The theoretical net charge is

diffusion-controlled limit. Conditions of cellular Caover-
load are often accompanied by acidosis, and pH drops below
7. Due to the elevatediy values, this drop in pH leads to

calculated directly in the simulations as the sum of average Protonation, and the signaling proteins may lose there ability
fractional charges on titrating sites. The comparison in Figure t0 resp_onq appropriately to €asignals. One may speculgte
9 shows good agreement over the pH range, where thethat this imbalance accelerates the processes leading to

protein net charge varies from9 to —16. The assumption
of ideal behavior, i.e., assuming unperturbd¢spfor all
titrating groups, gives a significantly different net charge
behavior.

Shifts in log KiK) due to changing pH (protein net
charge) were calculated aslog (K;K;) = [u®(2C&",B) —
2u®{(Ca&",F)])/In (10). To compare the measured and calcu-
lated log K1K>) values, they were normalized relative to pH
8, the experimental optimum for calcium affinity. The

programmed cell death during conditions of?’Caverload
and acidosis.

It is seen in Figure 10 that the simulated calcium-binding
constant is close to its optimum at around pH 8. A further
increase of the protein charge only leads to a marginal
increase in the binding constant. Several factors contribute
to this behavior: (i) additional negative charges (or, more
correctly, removal of positive ones) are placed far away from
the binding sites; (ii) the chemical potential of free calcium

agreement between theory and experiment is excellent, adons decreases; and (iii) nonlinear electrostatic effects as well
illustrated in Figure 10. The calculations assume that shifts as ion-ion correlations cause additional screening, which
in calcium-binding constants are due to pH-dependent eventually will make addition of further negative charges

variation of the degree of overall proton uptake by ionization
sites in calbindin I It has to be concluded that pH-
dependent variation in the overall calcium affinity is not

counterproductive.

Unfortunately, at alkaline pH above 10, the results of our
measurements may suffer from the presence of. E®en

caused by proton uptake by a few specific acidic residues atif this practical complication can be removed, the comparison
the binding sites. The electrostatic contribution to the free with theoretical calculations at high pH is still hampered by



15340 Biochemistry, Vol. 40, No. 50, 2001

the fact that the experimentd;K, is only determined
indirectly via the chelator. The comparison could of course
be carried out, provided the simulations actually mimicked
the experimental situation more faithfully. This amounts to
replacing, in eq 8, the excess chemical potential for free
calcium ions measured in the protein solution by the
corresponding quantity measured in the appropriate chelator
solution.

Perspecties of pK Measurements for the €alLoaded
Calbindin. The present study shows an abrupt decrease in
the calcium affinity for calbindin at pH below 7. At pH 4.5,
this results in a decrease of more than 4 orders of magnitude
in the product of binding constants for two calcium ions.
To measure thely’'s of all acidic residues in the calcium-
loaded form of calbindin, a significant amount ofdas
to be added to ensure an excess of'Qaer the full titration
range down to at least pH 2. It is still questionable that'Ca
would remain bound when the chelating side chains are
protonated. The added &awill, however, increase the ionic
strength and result in significant screening of electrostatic
interactions which are the major determinant &%, shifts
from their standard values. Consequently, the measuréhle p
shifts for the calcium-loaded calbindin will be much smaller
than those obtained for the apo form at low ionic strength.
Also, because of the different ionic strength conditions, the
pKa values for the apo and holo forms would be difficult to
compare.

CONCLUSION

Calbindin Dy is optimized for high-affinity calcium
binding at neutral pH. The calcium affinity, however, is very
sensitive to pH changes in the allowed intracellular range
below pH 7 due to acidic groups with highly elevatdt,s
on the protein surface. Thus, the interrelated uptake &f Ca
and H" ions can be a significant regulatory factor for
intracellular calcium buffering and transport functions of
calbindin. The pH variation of calcium binding can be almost
quantitatively described using a dielectric continuum model
for electrostatic interactions.
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