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ABSTRACT: S100B is a dimeric Ca2+-binding protein that undergoes a 90( 3° rotation of helix 3 in the
typical EF-hand domain (EF2) upon the addition of calcium. The large reorientation of this helix is a
prerequisite for the interaction between each subunit of S100B and target proteins such as the tumor
suppressor protein, p53. In this study, Tb3+ was used as a probe to examine how binding of a 22-residue
peptide derived from the C-terminal regulatory domain of p53 affects the rate of Ca2+ ion dissociation.
In competition studies with Tb3+, the dissociation rates of Ca2+ (koff) from the EF2 domains of S100B in
the absence and presence of the p53 peptide was determined to be 60 and 7 s-1, respectively. These data
are consistent with a previously reported result, which showed that that target peptide binding to S100B
enhances its calcium-binding affinity [Rustandi et al. (1998)Biochemistry 37, 1951-1960]. The
corresponding Ca2+ association rate constants for S100B,kon, for the EF2 domains in the absence and
presence of the p53 peptide are 1.1× 106 and 3.5× 105 M-1 s-1, respectively. These two association rate
constants are significantly below the diffusion control (∼109 M-1 s-1) and likely involve both Ca2+ ion
association and a Ca2+-dependent structural rearrangement, which is slightly different when the target
peptide is present. EF-hand calcium-binding mutants of S100B were engineered at the-Z position (EF-
hand 1, E31A; EF-hand 2, E72A; both EF-hands, E31A+ E72A) and examined to further understand
how specific residues contribute to calcium binding in S100B in the absence and presence of the p53
peptide.

S100B is a dimeric calcium-binding protein of the S100
protein family that is expressed in a large number of normal
tissues including astrocytes and melanocytes (1-6). In
general, S100 proteins respond to increasing Ca2+ levels
inside the cell and regulate numerous biological processes
including cell-cycle control, energy metabolism, and protein
phosphorylation by binding to and regulating numerous
protein targets in a calcium-dependent manner (7-10). One
target protein is the tumor suppressor protein (p53),1 which
is ultimately down-regulated by S100B binding (11, 12). In
particular, S100B interacts with C-terminal negative regula-
tory and oligomerization domains of p53 and inhibits the
cellular transcriptional activity of wild-type p53 by decreas-
ing its protein levels inside the cell and proportionally

diminishing its ultimate function as a tumor suppressor (11,
12). In cases when p53 levels are too high, the tumor
suppressor protein contributes to its own demise by up-
regulating the transcription of S100B (12). This feedback
loop for p53 is reminiscent of what is found for another
negative regulator of p53, namely, mdm2 (12). However,
the important distinction between mdm2 and S100B is that
the interaction between S100B and p53 is calcium-dependent
and provides an important link between calcium-mediated
signal transduction and cell-cycle-dependent tumor suppres-
sion pathways. Therefore, understanding the “calcium switch”
mechanism required for the p53-S100B interaction is
important and likely can provide insights about inhibiting
the S100B-p53 complex. In this regard, developing small
molecule inhibitors of S100B is part of a therapeutic strategy
to restore wild-type p53 function in cancers where S100B
levels are elevated and wild-type p53 levels are diminished
as is found in most malignant melanoma and astrocytomas
(11-13).

There are several high-resolution 3D structures of S100B
available that are useful for understanding the calcium-
dependent interaction between S100B and its protein targets,
such as p53 (14-21). In all of these structures, S100B is a
symmetric dimer whose interface is composed of a large
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number of hydrophobic interactions consistent with its very
high stability (KD < 1 nM) (22). Furthermore, each S100B
subunit has two EF-hand calcium-binding sites that are
brought into close proximity by a small two-stranded
antiparallelâ sheet. The second EF-hand (EF2; residue 61-
72) has the consensus sequence of “typical” EF-hand (23,
24), and binds calcium more than 5-fold more tightly than
the N-terminal EF-hand (EF1; residues 18-31). The pseudo-
hand, EF1, has 14 rather than 12 residues, and several of
the ligands to calcium are from backbone carbonyl oxygen
atoms rather than side-chain carboxylate oxygen atoms as
found in the more typical EF-hands (23-26). A central loop
(loop 2; residues 42-50) connects the two calcium-binding
domains and is often referred to as the “hinge region” of
S100 proteins. This hinge region and the hydrophobic
C-terminal loop are the least conserved regions of sequence
among the S100 protein family members and are important
for interactions with specific target proteins (10).

A comparison of 3D structures of apo- and Ca2+-bound
S100B illustrates a large rotation (∼90°) in the position of
helix 3 upon Ca2+-binding, exposing a hydrophobic cleft
responsible for binding protein targets (14, 15, 19-21). This
conformational change is required for the interaction with
target proteins such as p53 (27). Upon S100B binding,
protein kinase C (PKC)-dependent phosphorylation in the
C-terminal negative regulatory domain of p53 is inhibited
(28) and the p53 tetramer is dissociated (29, 30). Further-
more, when a peptide derived from the negative regulatory
domain of p53 binds to S100B, the affinity for Ca2+ in the
typical EF-hand (EF2) of S100B increases by 3-fold (27).
To further characterize Ca2+ binding and the resulting
conformational change in S100B, we have measured rates
of Ca2+ dissociation in the presence and absence of a peptide
derived from residues 367-388 from the C terminus of p53
(367-388p53 peptide). In these experiments, Ca2+ release is
monitored in competition studies with Tb3+ using stopped-
flow methods. The use of Tb3+ as a probe is ideal because
of its unique luminescence properties at room temperature
and because of its chemical similarity to the spectroscopically
silent Ca2+ ion (31-33). In summary, we have now
demonstrated that Ca2+ binding of the367-388p53 peptide to
S100B decreases the Ca2+ dissociation rate by about an order
of magnitude. Furthermore, comparisons of wild-type and
calcium-binding mutants of S100B (E31A, E72A, and E31A
+ E72A) provide additional information about how specific
residues are involved in the “calcium switch” in the wild-
type S100B protein.

MATERIALS AND METHODS

Materials. All chemical reagents were ACS-grade or
higher unless otherwise indicated. Buffers were passed
through Chelex-100 resin (Bio-Rad) to remove trace metals.
Perdeuterated Tris, d11-Tris (1 M solution in D2O), D2O, and
15NH4Cl were purchased from Cambridge Isotope Labora-
tories, Inc. TbCl3‚6H2O was purchased from Sigma-Aldrich
Chemical Co. (Sigma-Aldrich, St. Louis, MO). The Tb3+

and Ca2+ ion solutions were standardized by a titration
method previously described (34).

S100B Protein and p53 Peptide Preparation.Recombinant
S100B was prepared as previously described (27). Briefly,
rat S100B was overexpressed inEscherichia colistrain

HMS174(DE3) transformed with an expression plasmid
containing a cDNA encoding S100B gene. Cells were grown
in Luria broth (LB) containing 50µg/mL ampicillin and
induced with 0.2 mg/mL IPTG at OD600 ) 0.8. S100B
proteins were purified (>99%) under reducing condition
using procedures similar to those described previously (27).
For experiments with Tb3+, the S100B was dialyzed exten-
sively to remove any residual Tris buffer. The S100B subunit
concentration was determined using the Bradford protein
assay using S100B of a known concentration as the standard;
the concentration of the standard S100B sample was
determined via amino acid analysis (Analytical Biotechnol-
ogy Services, Boston, MA).

A peptide, acetyl-SHLKSKKGQSTSRHKKLMFKTE-am,
derived from human p53 (residues 367-388), was synthe-
sized using solid-phase peptide synthesis (Biosynthesis, Inc.,
Lewisville, TX; Biopolymer Laboratory, University of
Maryland School of Medicine, Baltimore, MD) with its N
and C termini acetylated (acetyl-) and amidated (-am),
respectively. The p53 peptide was stored as a lyophilized
powder and dissolved in 1 mM Tris-d11-HCl at pH 7.6 or 2
mM Hepes at pH 7.0 prior to use. The purity (>99%) of the
p53 peptide was determined using HPLC and mass spec-
troscopy, and its concentration and composition were con-
firmed by amino acid analysis (Biosynthesis, Inc, TX;
Analytical Biotechnology Services, Boston, MA).

Luminescence Spectroscopy. All luminescence spectra
were collected on a SLM-Aminco series 2 luminescence
spectrometer or a Varian Eclipse. The temperature of the
cell was maintained at 22°C using a circulating constant-
temperature bath. Two approaches were used to measure
calcium binding of wild-type and mutant forms of S100B.
In the first approach, the quenching of tyrosine fluorescence
(λex ) 275 nm;λem ) 295-350 nm) was monitored as a
function of adding terbium or calcium, as described previ-
ously (27). In the second approach, the emission of terbium
(λem ) 545 nm;λex ) 230) was monitored as a function of
adding S100B. After titrations with terbium, calcium was
added in competition experiments with terbium and the
intensity of free terbium ions was restored. In these competi-
tion assays, the dissociation of calcium from S100B,CaKD,
was calculated usingCaKD ) K′/(1 + [Tb3+]/TbKD), where
K′ is from the best-fit curve of the titration data andTbKD is
the dissociation constant for terbium from S100B. Titrations
of Tb3+ into S100B (10-12 µM) in the absence or presence
of p53 peptide (12-14 µM) were monitored by the increase
of Tb3+ emission at 545 nm (λex ) 230 nm) or by energy
transfer from tyrosine-17 of S100B (λex ) 275 nm) to Tb3+

(λem ) 545 nm) to determine occupancy of the tight and
weak sites as previously described (32). Once again,
competition studies were performed with calcium to compete
with the terbium. The p53 peptide was titrated into Tb3+-
S100B as measured by an increase in Tb3+ emission at 545
(λex ) 230 nm) to determine theKD for the p53-Ca2+-
S100B complex. Aλ < 500 nm cutoff filter in emission
recordings was used to remove any interference from
harmonic doubling. TheF385Wp53 mutant peptide (residues
367-388) in which Phe385 was mutated to a tryptophan was
also used in binding experiments to wild-type and mutants
of S100B (λex ) 295 nm;λem ) 330-400 nm), as previously
described for wild-type S100B (27). In these titrations, the
p53 solution contained 20-25 µM F385Wp53 peptide, 1 mM
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CaCl2, 50 mM Hepes at pH 7.0 and 22°C, and the conditions
were kept constant throughout the titration with wild-type
and mutant S100B.

Nuclear Magnetic Resonance (NMR) Spectroscopy. Bruker
Avance 600 MHz and Bruker Avance 800 MHz NMR
spectrometers equipped with four frequency channels and
triple resonance cryogenic probes were used to collect the
NMR data. Data processing was performed on computers
with the RedHat Linux operating system using the processing
program NMRPipe (35), and data were viewed using
NMRView (36). The backbone and side-chain chemical shifts
of apo-S100B and Ca2+-loaded S100B have been described
previously (15, 18, 23). The assignments of mutant forms
of 15N-labeled S100B (apo and calcium loaded) could be
made in most cases by inspection of a 2D1H-15N fast
heteronuclear single-quantum coherence (HSQC) (37), but
three-dimensional nuclear Overhauser effect spectroscopy
NOESY-HSQC data were collected nonetheless to confirm
the assignments of all mutant forms of S100B (E31A, E71A,
and E31A+ E72A). For the mutant forms of calcium-loaded
S100B (E31A and E72A S100B) bound to the p53 peptide,
3D 15N,15N-edited heteronuclear multiple-quantum coherence
HMQC-NOESY-HSQC (38) data were also collected to
confirm the resonance assignments. NMR sample conditions
typically consisted of 75-900µM S100B, 30 mM Tris-HCl,
0-25 mM CaCl2, 0.3 mM NaN3, 0.4 mM EDTA, 5 mM
dithiothreitol (DTT), and 5% D2O at pH 7.0 and 37°C.

Stopped-Flow Measurements. Stopped-flow kinetic experi-
ments were performed on a SF-2001 stopped-flow apparatus
(KinTek Instruments Corporation, College Station, PA).
Competition experiments with Tb3+ were used to measure
the Ca2+ dissociation from S100B and were done by mixing
the contents of syringe A containing S100B and various
concentrations of CaCl2 with the contents of syringe C
containing TbCl3. Both syringes contained 50 mM Hepes at
pD 7.0 buffer in D2O. Identical conditions were used for
measurements of Ca2+ dissociation from the S100B-Ca2+-
p53 peptide complex except that the p53 peptide was also
included in syringe A. The temperature in all experiments
was maintained at 22°C using a constant temperature water
bath circulator. The reactions were initiated by mixing equal
volume of both syringes and monitored by direct excitation
of Tb3+ at 230 nm. Emission atλ > 455 nm (λmax ) 545
nm) was monitored and aλ < 450 cutoff filter was used.

The apparent dissociation rate constant of Ca2+, kobs, were
obtained by recording 3-5 traces and taking an average of
the data. The average values were fit to a single-exponential
function, and thekoff of Ca2+ was obtained by fittingkobs

from the kinetic traces to the following equation:

where [Ca2+]t and [Tb3+]t are total concentrations. The
measuredkobs data were plotted as a function of [Ca2+]t/
[Tb3+]t and allow the determination ofCakoff as previously
described (39).

RESULTS

Characterization of Tb3+ and Ca2+ Dissociation from the
Wild-Type S100B-Metal and the S100B-Metal-p53 Com-
plexes.In this study, terbium was used as a probe to monitor
calcium binding of S100B in steady-state and kinetic
luminescence measurements. Tb3+ can replace Ca2+ in S100B
because of its similar effective ionic radii (0.98 versus 1.06
Å, respectively), and it maintains the biological activity of
many EF-hand-containing protein systems (31, 33, 40). Upon
binding Tb3+ to S100B, an increase of Tb3+ luminescence
at 545 nm was monitored as a function of S100B subunit
concentration, [S100â], using direct excitation (λex ) 230
nm; Figure 1) or tyrosine-sensitized Tb3+ emission (λex )
275 nm) (32). The sequence of Tb3+ binding to EF2 was
first confirmed using tyrosine-sensitized Tb3+ emission as
described previously (32). After sufficient concentrations of
Tb3+ are added to fully load the tight site, EF2 (EF2; EF1
< 10% occupied), further additions of Tb3+ induce tyrosine-
sensitized emission at 545 nm consistent with it occupying
the weak site (EF1). This occurs because Tb3+ is sensitized
by a single tyrosine residue (Tyr-17) in S100B that is
proximal to EF1 (residues 18-31) but distal to EF2 (32).
The weak EF-hand, EF1, binds Tb3+ (EF1; KD > 10 µM);
however, the dissociation constant for this site could not be
determined rigorously because the protein aggregates/
precipitates at elevated Tb3+ concentrations as observed
previously for S100B (32). For the other EF-hand (EF2),
titration of Tb3+ into S100B using direct excitation (λex )
230 nm) indicates that each S100B subunit binds a Tb3+ ion
(EF2; residues 61-72) with a dissociation constant of 630
( 95 nM (Figure 1). In competition studies with Ca2+, only
the high-affinity EF-hand, EF2, is fully loaded with Tb3+

and the fluorescence intensity of Tb3+ was restored as Ca2+

is titrated. Using this method, the dissociation constant for

FIGURE 1: Representative titration of Tb3+ binding to the tight site
of S100B (EF2) as monitored by changes in luminescence (∆L) at
545 nm. The Tb3+ solution was excited at 230 nm, and the
luminescence was measured at 545 nm with a 500 nm cutoff filter.
Each subunit of S100B binds a single Tb3+ ion in the tight site
(EF2KD ) 630 ( 95 nM); therefore, the concentrations listed for
S100B are for a single subunit (S100â) of the symmetric dimer.
The Tb3+ solution contains 1µM TbCl3 and 50 mM Hepes at pD
7.0 in D2O and 22°C.

kobs)

Cakoff + Tbkoff

Cakoff[Ca2+]t

Tbkoff[Tb3+]t

Cakoff[Ca2+]t

Tbkoff[Tb3+]t

+ 1

(1)
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calcium binding to EF2 was found to be within the error
limits of values reported previously (CaKD ) 56 ( 9 µM;
Table 1) using other methods (27). Only limiting values could
be determined using such competition studies when estimat-
ing the dissociation of calcium from the weak site (EF1;KD

> 350 µM). Overall, it was determined that Tb3+ can be
used as a probe to examine binding to EF2 and can be
competed away using Ca2+ without any problems arising
from precipitation.

Tb3+ ion binding to S100B was also measured when bound
to a peptide derived from residues 367-388 at the C terminus
of p53 (367-388p53 peptide) (18, 27, 41). As found in the
absence of the peptide, tyrosine-sensitized energy transfer
measured for Tb3+ titrations done in the presence of
367-388p53 showed once again that the typical EF-hand (EF2)
was loaded first followed by loading of the pseudo-EF-hand
(EF1). Furthermore, the displacement of Tb3+ from EF2 by
Ca2+ was performed to ensure that Tb3+ occupies the same
sites as Ca2+ when the target peptide is bound. The
dissociation constant of Ca2+ from the p53-Ca2+-S100B
complex measured from this competition experiment was
within error of that determined previously (KD ) 20 ( 3
µM) using other methods (42). Last, the use of terbium as a
probe in the Ca2+-S100B-p53 interaction is reasonable
because the p53 peptide binds to Tb3+-S100B at a relatively
high affinity as monitored in two separate titrations including
a luminescence titration monitoring p53 binding to Tb3+-
S100B (KD ) 3.1 ( 0.3 µM; data not shown) and by
stopped-flow measurements (Figure 2). In the latter experi-
ment, it was possible to estimate the dissociation of the p53
peptide from Tb3+-bound S100B (KD ) 2.9 ( 0.5 µM) by
monitoring a reduction in the rate of Ca2+ dissociation from
S100B as a function of the p53 peptide concentration (Figure
2). Therefore, Tb3+ is a good probe in competition studies

for monitoring the kinetics of calcium dissociation from the
tight EF-hand of S100B (EF2; Table 1).

The observed rate constant of Ca2+ release from S100B
is determined by mixing various concentration of Ca2+ with
Tb3+ and monitoring the increase of luminescence atλ >
450 nm (λmax ) 545 nm) with excitation at 230 nm as a
function of time using stopped-flow techniques. Figure 3
(inset) shows the kinetic trace of Ca2+ dissociation from
S100B at 300µM concentration of Ca2+. The data were fit
to a single exponential, and the signal is attributed to the
Ca2+ release from the tight site (typical EF-hand; EF2) of
S100B. The observed first-order rate constant of Ca2+ release
from the tight site of S100B is plotted against the ratio of
[Ca2+]t/[Tb3+]t and fit to a hyperbola to yieldkoff of 60 ( 22
s-1 (Figure 3; eq 1). For comparison, the release of Ca2+

from S100B in the presence of p53 peptide was also
measured and found to be 7.0( 3.2 s-1. Thus, the presence
of the p53 peptide was found to decrease the rate of
dissociation of calcium by 8.5-fold for EF2. This result is in
agreement with what was found previously, whereby the
dissociation constant of calcium from S100B-Ca2+ (KD )
56 ( 9 µM) was found to be tighter when the p53 peptide
is present (KD ) 20 ( 3 µM; Table 1) (27). This decrease
in the rate of Ca2+ dissociation is likely due to a conforma-
tional change that occurs in EF2 after the p53 peptide binds,
which makes this EF-hand better suited to ligand calcium.
The corresponding Ca2+ association rate constants for EF2
of S100B,kon, in the absence and presence of the p53 peptide
are 1.1× 106 and 3.5× 105 M-1 s-1, respectively, indicating
that Ca2+ association is 3-fold slower in the presence of the
p53 peptide. Furthermore, these two association rate con-
stants are significantly below diffusion control (∼109 M-1

s-1) and likely involve both Ca2+ ion association and a Ca2+-

Table 1: Dissociation of Ca2+ or p53 Peptide (F385Wp53) from
Wild-Type and Mutants of S100B

calcium binding EF1 EF2

wild-type S100B >350µMa 56 ( 9 µMb

E31A >500µM >500µM
E72A 480( 130µM >500µM
E31A + E72A >2 mM >2 mM

wild-type S100B (+ p53) 20( 3 µMc

E31A 21( 7 µMd

E72A 18( 4 µMd

E31A + E72A >300µM
p53 peptide binding (F385Wp53)

wild-type S100B 6.4( 1.1µMc

E31A 8.3( 3.1µM
E72A 7.3( 1.4µM
E31A + E72A >75 µM

a The value listed is from a previously published paper (27) and was
confirmed in this study.b The value listed is from a previously published
paper (27) and was confirmed in this study. The dissociation rate
constant for wild-type S100B was determined as described in the text
via stopped-flow methods and iskoff ) 60 ( 22 s-1. The off rate
together with theKD enables the calculation of a macroscopic on-rate
value of kon ) 1.1 × 106 M-1 s-1 that includes calcium association
plus a large conformational change.c The value listed is from a
previously published paper (27) and was confirmed in this study.d The
KD value was determined using competition studies of Ca2+ with the
respective Tb3+-bound S100B mutant in the presence of the p53 peptide.
These data together with the calcium off-rate values measured for the
E31A and E72A mutants of 7.1( 3.7 and 6.8( 2.0 s-1, respectively,
are sufficient to calculate on-rate values of 3.4( 2.0× 106 and 3.7(
1.3 × 106 M-1 s-1 for the mutants.

FIGURE 2: Decrease in the rate of calcium release (kobs) from S100B
as a function of the p53 peptide concentration (residues 367-388;
367-388p53). Thekobs values at each peptide concentration were
calculated from kinetic traces of stopped-flow experiments where
Tb3+ (syringe C) is mixed with calcium-loaded S100B at varying
p53 peptide concentrations (syringe A) and the luminescence of
Tb3+ is monitored (λex ) 230 nm;λem ) 545 nm using a 450 nm
cutoff filter) as a function of time. The trace shown in the inset
was collected at 10µM p53 peptide and fit to a single-exponential
function. In all of the experiments, the concentration of the final
mixed solution contained 10µM S100â, 30 µM TbCl3, 300 µM
CaCl2, 50 mM Hepes, and 0.05 mM DTT at pD 7.0 in D2O and 22
°C.
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dependent structural rearrangement in S100B that is impeded
somewhat by the presence of the p53 peptide.

Comparison of Wild-Type and EF-Hand Calcium-Binding
Mutants (E31A, E72A, and E31A+ E72A) of S100BVia
NMR Spectroscopy.Wild-type S100B binds calcium in the
typical EF-hand (residues 61-72; EF2KD ) 56( 9 µM) more
tightly than the pseudo-EF-hand (residues 18-31; EF1KD >
350µM), and a conformational change occurs upon binding
EF2, which is necessary to bind target proteins such as p53
(15, 16, 18). One notable chemical-shift perturbation that
occurs upon the addition of calcium to wild-type S100B is
a 2.12 ppm downfield shift from 8.09 to 10.21 ppm (1H;
1270 Hz at 600 MHz) for Gly66, which is in position 6 of
the 12 consensus residues in EF2 (43). This and several other
perturbations (>400 Hz; Figure 5B) are slow on the
chemical-shift time scale and provide a limiting value for
the rate of calcium ion dissociation (<400 s-1). Furthermore,
target peptide binding (367-388p53) is found to enhance
calcium binding by about 3-fold in the typical EF-hand (EF2KD

) 20 ( 3 µM) (44) despite the fact that no p53 peptide
binding occurs in the absence of calcium even at high protein
and peptide concentrations (>3 mM).

To examine the calcium-dependent S100B-target protein
interaction more closely, calcium binding for S100B and
various EF-hand mutants (E31A, E72A, and E31A+ E72A)
was examined by NMR. HSQC spectra were obtained for
the E31A, E72A, and E31A+ E72A mutants of S100B and
compared to wild-type protein in the absence and presence
of calcium and the367-388p53 peptide. In the apo states, the
chemical-shift values for the E31A, E72A, and E31A+
E72A mutations were minimally different from those re-
ported previously for wild-type S100B (23), and the pertur-
bations that were observed are for the most part localized to
the general area of the mutation (Figure 4), which is

indicative that no large structural rearrangement or problem
with folding occurs as a result of the mutation. However,
unlike what was observed previously in calcium ion titrations
with wild-type S100B (Figure 5B) (15), the addition of
calcium drastically broadens almost all of the1H-15N
correlations for both the E72A and E31A mutants of S100B
and the spectra does not improve even at very high levels
of calcium (>20 mM); this broadening effect is most likely
due to intermediate exchange dynamics on the chemical-
shift time scale as a result of weakened calcium binding for
the E31A and E72A single mutants of S100B. Whereas, for
wild-type S100B, several residues involved in binding
calcium disappear and then reappear later in the titration
consistent with slow exchange kinetics on the chemical-shift
time scale (Figure 5B) (15).

For the double mutant (E31A+ E72A), however, very
few residues are perturbed in Ca2+ titrations and the glycine
residue at position 6 of EF2 (G66) is not dramatically
downfield-shifted (0.031 ppm;∼20 Hz) even at 20 mM

FIGURE 3: Decrease inkobs as a function of [Ca2+]/[Tb3+] used to
determine the off rate of calcium from the typical EF-hand (EF2)
of S100B (Cakoff). Thekobs values at each [Ca2+]/[Tb3+] ratio were
calculated from kinetic traces of stopped-flow experiments where
Tb3+ (syringe C) is mixed with S100B at varying Ca2+ concentra-
tions (syringe A) and the luminescence of Tb3+ is monitored (λex
) 230 nm;λem ) 545 nm using a 450 nm cutoff filter) as a function
of time. The trace shown in the inset was collected at 300µM
CaCl2 concentration (i.e., 10:1 for [Ca2+]/[Tb3+]) and fit to a single-
exponential function. In all of the experiments, the concentration
of the final mixed solution contained 10µM S100â, 30µM TbCl3,
50 mM Hepes, and 0.05 mM DTT at pD 7.0 in D2O and 22°C.

FIGURE 4: Comparisons of1H (600 MHz) and15N (61 MHz)
chemical shifts of wild-type S100B to the (A) E31A, (B) E72A,
and (C) E31A+ E72A mutants of S100B in the absence of calcium
(i.e., apo-S100B). Conditions included 275-900µM wild-type or
mutant S100B, 30 mM Tris, 5 mM DTT, 0.33 mM NaN3, and 5%
D2O at pH 7.0 and 37°C. Scaling on they axis was achieved by
normalizing the chemical-shift perturbations to the largest chemical-
shift changes (1H, 15N) between apo- and Ca2+-bound S100B.
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calcium (Figure 5). These results are evidence that the E31A
+ E72A double mutant binds calcium very weakly if at all
(>20 mM) and cannot properly change conformation as is
necessary to bind target proteins such as p53 (Figure 5). The
only calcium-dependent chemical-shift perturbations that
were observed for the E31A+ E72A double mutant (>0.15
ppm;>100 Hz) were for residues K26 and L27 in EF1, but
these changes were very small and were observed only at
very high levels of calcium (>5 mM). Interestingly, when
the367-388p53 peptide was added to Ca2+-E31A-S100B, the
HSQC spectrum was once again assignable, the downfield-
shifted Gly66 residues appeared at 10.31 ppm (1H), and
relatively small chemical-shift differences were observed
when comparing the1H and 15N resonance assignments of
the Ca2+-E31A-p53 and the Ca2+-WT-S100B-p53 com-
plexes (Figure 6). Similar observations to those for E31A
were observed for the E72A single mutant (Figure 6),
indicating that the presence of the p53 peptide restores the
ability of the E31A and the E72A single mutants to bind
both calcium and target peptide.

Comparisons of Calcium and p53 Peptide Binding of Wild-
Type and EF-Hand Mutants (E31A, E72A, and E31A+
E72A) of S100B.To examine the calcium-dependent S100B-
target protein interaction more closely, calcium binding to
wild-type S100B and various EF-hand mutants (E31A, E72A,
E31A+ E72A) were examined via competition experiments
with Tb3+ and by monitoring tyrosine fluorescence as a
function of adding calcium (Table 1). For the E31A+ E72A
double mutant, no measurable calcium binding was observed

(KD > 2 mM) consistent with the HSQC NMR titrations
described above. Therefore, it was not surprising that target
p53 peptide could not properly induce the calcium-dependent
conformational change in the double mutant as determined
by NMR HSQC titrations (367-388p53, p53KD > 300 µM).
Similarly, binding of the peptide was not observed using
fluorescence binding measurements (F385Wp53 peptide,KD

> 75 µM; Figure 7). Likewise, very weak, if any, calcium
binding was observed to the E31A single mutant (EF1KD >
500 µM; EF2KD > 500 µM) despite the fact that the typical
EF-hand domain (EF2) was intact. For the E72A single
mutant, calcium binding could be measured, but it was
consistent with only a single calcium ion binding to the first
EF-hand of each S100B subunit (EF1KD ) 480 ( 130 µM).
The fact that this residual calcium binding (EF1KD ) 480(
130 µM) was indeed due to the pseudo-EF-hand was
confirmed by observations of tyrosine-sensitized Tb3+ lu-
minescence from Tyr17 to Tb3+, which occurs only when
Tb3+ is bound to EF1 as is described in detail previously
(32). Consistent with what was observed by NMR titrations,
it was also found that binding of the p53 peptide (F385Wp53)
to the E31A and E72A single-mutant S100B proteins is
nearly identical to that found for the wild-type protein,
despite their large decreases in calcium binding in the
absence of the peptide (Figure 7).

As found for thermodynamic titrations (NMR and fluo-
rescence; Table 1), restoration of p53 binding to E31A and
E72A was also observed in stopped-flow experiments. Under
conditions where p53 is bound (>85%), the rate constant of
Ca2+ release from the Ca2+-E31A-S100B-367-388p53 and
Ca2+-E72A-S100B-367-388p53 complexes was determined
via competition experiments with Tb3+ using stopped-flow
techniques. As for the wild-type protein (Figure 2), the data

FIGURE 5: Chemical-shift perturbations (1H, 600 MHz; 15N, 61
MHz) observed upon the addition of calcium to the E31A+ E72A
double mutant (A) and to wild-type S100B (B). (A) For the double
mutant, conditions included 900µM E31A + E72A S100B, 30
mM Tris, 5 mM DTT,1/3 mM NaN3, 5% D2O, and(20 mM CaCl2
at pH 7.0 and 37°C. (B) For comparison, the previously reported
chemical-shift perturbations upon the addition of calcium to wild-
type S100B are shown (15). Scaling on they axis was achieved by
normalizing the chemical-shift perturbations to the largest chemical-
shift changes (1H, 15N) between apo- and Ca2+-bound S100B.

FIGURE 6: Comparisons of1H (600 MHz) and15N (61 MHz)
chemical shifts of the wild-type p53-Ca2+-S100B complex to the
(A) p53-Ca2+-E31A S100B and (B) p53-Ca2+-E72A S100B
complexes. Scaling on they axis was achieved by normalizing the
chemical-shift perturbations to the largest chemical-shift changes
(1H, 15N) between apo- and Ca2+-bound S100B. Conditions included
275-400 µM mutant S100B, 500-800 µM p53, 30 mM Tris, 5
mM DTT, 1/3 mM NaN3, 5% D2O, and 10 mM CaCl2 at pH 7.0
and 37°C.
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for the mutants were fit to a single exponential to yield rates
of Ca2+ release from the tight site (typical EF-hand; EF2)
of 6.8 ( 2.0 s-1 for the E31A mutant and 7.1( 3.7 s-1 for
the E72A mutant, respectively (Table 1). These calcium off
rates for the E31A and E72A mutants are indistinguishable
from that observed for the analogous wild-type S100B-
367-388p53 complex (Cakoff ) 7.0 ( 3.2 s-1; Figure 2).
Likewise, the binding of Ca2+ to the E31A and E72A mutants
was completely restored when p53 peptide is present as
determined in steady-state competition studies with Tb3+

done in the presence of the p53 peptide (Table 1). These
results indicate that the presence of a target peptide, such as
p53 andF385Wp53, completely restores the ability of these
two single-mutant proteins to undergo the calcium-dependent
conformational change as necessary to bind target peptide
with high affinity (Table 1 and Figure 7). It is likely that a
similar perturbation to the S100B structure occurs when
367-388p53 is present with wild-type holo-S100B and that this

peptide-induced structural change is responsible for the
increased calcium-binding affinity observed for wild-type
S100B in the presence of p53 peptide.

DISCUSSION

S100B is a member of the S100 calcium-binding protein
family that has a typical 12-residue EF-hand domain and an
atypical 14-residue pseudo-EF-hand or “S100-hand” domain
(45, 46). Historically, the nomenclature for calcium coordi-
nation in calcium-binding proteins is that of an octahedral
geometry withX, Y, Z, -X, -Y, and-Z coordination sites
because it was originally thought the calcium ion had a
octahedral coordination geometry; however, it is now
recognized that calcium generally coordinates seven ligands
in a pentagonal bipyramidal geometry (24). In a typical EF-
hand such as EF2 of S100B (residues 61-72; EF2), the
backbone carbonyl oxygen of the residue in the-Yposition
and side-chain oxygen atoms at theYandZ positions together
with an invariant glutamate, which provides two coordinating
oxygen atoms at the-Z and -Z′, form an approximate
coplanar pentagon. The side-chain oxygen atoms at positions
X and-X are arranged at the two vertexes of the pentagonal
plane with the-X position usually having an intervening
H2O molecule. Specifically, the Ca2+ ion bound to EF2 of
S100B has six oxygen atoms coordinated from the protein
including the carboxylate oxygen atoms of Asp61 (position
1), Asp63 (position 3), and Asp65 (position 5) at theX, Y,
and Z sites, a backbone carbonyl oxygen from Glu67
(position 7) at the-Ysite, and bidentate liganding from both
carboxylate oxygen atoms of Glu72 (position 12) at the-Z
and -Z′ sites (15, 20, 32). The bidentate ligand from the
last position in the EF-hand domain is generally recognized
to be critically important for initiating the conformational
change observed in numerous EF-hand calcium-binding
proteins (24). The final ligand is provided by a water
molecule intervening between Asp69 (position 9) and the
-X site of coordination such that the overall geometry of
the calcium coordination sphere is pentagonal bipyramidal
as found for most other EF-hand-containing proteins (20,
24). Unlike the typical EF-hand (EF2), the pseudo-EF-hand
of S100B (EF1; residues 18-31) has four ligands coordinated
from backbone carbonyl oxygen atoms including Ser18,
Glu21, Asp23, and Lys26 at theX, Y, Z, and -Y sites,
respectively. Although, bidentate liganding from both car-
boxylate oxygen atoms of Glu31 at the-Z and -Z′ sites
and a water ligand at the-X site of coordination are observed
in the weak pseudo-EF-hand (EF1) as is the case for the
typical EF-hand (EF2) of S100B (20).

In this study, we used Tb3+ as a probe to examine the
calcium-binding properties of S100B in the presence and
absence of a bound target peptide derived from the tumor
suppressor protein, p53. Interestingly, it was discovered that
the dissociation of Ca2+ from the typical EF-hand of S100B
was nearly an order of magnitude slower in the S100B-
Ca2+-p53 peptide complex than from the S100B-Ca2+

complex, indicating that the calcium-coordination geometry
is optimized when a target protein such as p53 is bound.
Also revealing is the fact that the association rate constants
for calcium both in the presence (kon ) 3.5 × 105 M-1 s-1)
and absence (kon ) 1.1 × 106 M-1 s-1) of the peptide are
both very slow relative to the diffusion control limit,
consistent with the idea that the rates of Ca2+ association

FIGURE 7: Representative titrations of theF385Wp53 peptide binding
to (A) the E31A single mutant of S100B (- - -), the E72A single
mutant of S100B (s) and (B) wild-type S100B (s) and the E31A
+ E72A double mutant of S100B (b) as monitored by changes in
fluorescence at 350 nm. TheF385Wp53 solution was excited at 295
nm, and the fluorescence was measured at 350 nm. The p53 solution
contained 20-25 µM F385Wp53 peptide, 1 mM CaCl2, and 50 mM
Hepes at pH 7.0 and 22°C.
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include both stochastic interactions with the calcium-binding
site plus a rearrangement of the EF-hand conformation. In
S100B, positionsX, Y, Z, and-Z′ need to be rearranged in
the typical EF-hand to coordinate Ca2+, whereas for proteins
such as calmodulin, only theZ and-Z positions need to be
rearranged (32). Another difference between S100 proteins
and other EF-hand family members is that for S100 proteins
it is the entering helix that rotates upon binding calcium,
whereas other EF-hand-containing proteins have the exiting
helix rotate (47). Thus, it is important to examine S100B in
the apo- and calcium-loaded state to understand the kinetics
and conformational change(s) associated with calcium bind-
ing to this EF-hand subfamily. In S100B, as with many other
EF-hand-containing proteins, the residue at position 12 of
the EF-hand is critically important for this structural transition
(24, 48). Therefore, these residues were mutated in both the
pseudo- and typical EF-hand domains of S100B (E31A,
E72A, and E31A+ E72A) and characterized using NMR,
stopped-flow kinetics, and thermodynamic binding studies.

For the Glu72f Ala mutation, calcium binding was
abolished for the tight site (EF2), allowing for an accurate
determination of binding to the weak site (EF1KD ) 480 (
130 µM; Table 1). Furthermore, the amide proton and
nitrogen resonances of Asp69 at position 9 in the typical
EF-hand were significantly upfield-shifted in the mutant
protein consistent with the lack of a hydrogen bond to the
carboxylate oxygen atoms of Glu72. In addition, while some
additional changes in the chemical shift were observed for
residues in the pseudo-EF-hand with this mutation, the effects
on Glu31 were minimal and the fact that this EF-hand does
not change its conformation can likely explain why the
pseudo-EF-hand retains its ability to bind calcium weakly.
However, mutating position 12 (E31A) in the pseudo-EF-
hand (EF1) was found to reduce calcium binding to the
typical EF-hand by more than an order of magnitude. This
result indicates that the EF-hand-binding domains are
structurally linked in the apo- and/or calcium-bound state.
Because the relative positioning of residues that ligand
calcium in the typical EF-hand at positionsX, Y, Z, and-Z
are significantly different upon binding calcium, it is likely
that the mutation at position 31 in EF1 affects the positioning
of one or more of these ligands in EF2 in the apo- and/or
calcium-loaded state without affecting the global fold of the
protein.

Another observation made in these studies is that binding
of a peptide derived from the tumor suppressor protein, p53,
restored the ability of the E31A and E72A mutant proteins
to bind calcium. Restoration of calcium binding to each of
the single mutants by the p53 peptide is consistent with there
being an initial interaction between Ca2+-S100B and p53
that precedes the large reorientation of helix 3. Binding of
the p53 peptide to either of these singly loaded forms of
S100B is sufficient to compensate for a mutation at the-Z
position introduced, and therefore, in the presence of the p53
peptide, the mutant S100B protein is now able to undergo
the large conformational change, as judged by the large shift
in the amide-proton HSQC correlation for Gly66. Further-
more, the dissociation of p53 from both the E31A and the
E72A mutants are equivalent to that observed for the wild-
type S100B (Figure 7).

A comparison of S100B to calbindin D9K, another well-
characterized S100 protein, is a useful starting point for a

kinetic model for calcium binding to S100B because it also
contains typical and pseudo-EF-hand calcium-binding do-
mains. For calbindin, calcium binds to both the pseudo- and
typical EF-hand domains with relatively high affinity (pseudo-
EF-hand,EF1KD ) 6.2 ( 0.7 nM; typical EF-hand,EF2KD )
2.5 ( 0.7 nM) and is best characterized by a scheme
described by Forse´n and colleagues (49-51), in which
calcium binds to either EF-hand domain, with two macro-
scopic equilibrium constants (K1 and K2), whereby PS
P-CaS P-(Ca2+)2 and P is the protein, calbindin. However,
a major difference between these two proteins is that a large
degree reorientation of helix 3 occurs in the second EF-hand
of S100B upon the addition of calcium that is not observed
in calbindin (15, 51, 52). Therefore, the scheme for S100B
needs to include this conformational change (Af B) such
that A S A-Ca S B-Ca S B-(Ca2+)2, where A and B
represent S100B before and after the conformational change
(Figure 8). The complete thermodynamic description of the
calcium-dependent interaction of S100B with a target protein
and a description of the relevant assumptions are presented
fully in Appendix I in the Supporting Information. Because
the binding of calcium to the pseudo-EF-hand is much
weaker than that of the typical EF-hand, the pathway via
KII, LI, and KXI is predominant and is shown in bold (Figure
8; Appendix I in the Supporting Information). The impor-
tance of the 12 position for facilitating the conformational
change, LI, in the typical EF-hand (Of, Figure 8) is
established here by mutagenesis studies in the second EF-
hand (Glu72f Ala) because mutating this residue severely
inhibits the protein from fully loading calcium in this EF-
hand. The addition of peptide to the E72A mutant is sufficient
to restore the ability of S100B to undergo the conformational
change by binding to a state where calcium is associated

FIGURE 8: Schematic diagram illustrating the conformational
changes and modes of calcium binding and dissociation from
S100B. The predominant pathway for the calcium-dependent
conformational change (via LI) is shown in bold. The various
equilibrium constants and the two possible conformational changes
are defined in the text. See Appendix I in the Supporting
Information for a full treatment of all of the possible thermodynamic
equilibria.
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with S100B prior to the conformational change. Although
the populations of such sates are relatively low for wild-
type S100B protein, they do exist in a full treatment of the
thermodynamic equilibria (i.e., AMIS, AMIIS, AMI,IIS; see
Appendix I in the Supporting Information).

In summary, a large reorientation of helix 3 occurs in
S100B upon binding calcium that is required for binding
protein targets such as p53. In the presence of a protein target,
the dissociation rate constant for calcium is decreased and
the protein binds calcium with a higher affinity (in EF2).
This conclusion is further supported by binding and kinetic
data of S100B mutant proteins that have substitutions (Glu
f Ala) at position 12 in the typical EF-hand (EF2; E72A)
and pseudo-EF-hand (EF1; E31A), respectively. In the single-
and double-mutant proteins, calcium binding is lost, but for
both of the single-mutant proteins, calcium binding is
completely restored when a target peptide derived from p53
is present. These results are consistent with p53 binding to
a calcium-bound state of S100B that exists prior to the
conformational change; it is p53 binding to this state that in
turn facilitates the conformational change in the single-mutant
proteins. Such a state also exists in the full thermodynamic
treatment of the wild-type S100B; however, this state is not
highly populated.
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