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ABSTRACT: Structural studies are part of a rational drug design program aimed at inhibiting the SI00B—p53
interaction and restoring wild-type p53 function in malignant melanoma. To this end, structures of three
compounds (SBi132, SBi1279, and SBi523) bound to Ca®" -S100B were determined by X-ray crystallography
at 2.10 A (Rfree = 0.257), 1.98 A (Rfree = 0.281), and 1.90 A (Riree = 0.228) resolution, respectively. Upon
comparison, SBi132, SBi279, and SBi523 were found to bind in distinct locations and orientations within the
hydrophobic target bmdlng pocket of Ca®"-S100B with minimal structural changes observed for the protein
upon complex formation with each compound. Specifically, SBil32 binds nearby residues in loop 2 (His-42,
Phe-43, and Leu-44) and helix 4 (Phe-76, Met-79, Ile-80, Ala-83, Cys-84, Phe-87, and Phe-88), whereas SBi523
interacts with a separate site defined by residues within loop 2 (Ser-41, His-42, Phe-43, Leu-44, Glu-45, and
Glu-46) and one residue on helix 4 (Phe-87). The SBi279 binding site on Ca® " -S100B overlaps the SBi132 and
SBi523 sites and contacts residues in both loop 2 (Ser-41, His-42, Phe-43, Leu-44, and Glu-45) and helix 4
(Ile 80, Ala-83, Cys- 84 Phe-87, and Phe-88). NMR data, including saturation transfer difference (STD) and

BN backbone and "°C side cham chemical shift perturbatlons were consistent with the X-ray crystal
structures and demonstrated the relevance of all three small molecule— SIOOB complexes in solution. The
discovery that SBi132, SBi279, and SBi523 bind to proximal sites on Ca®"-S100B could be useful for the
development of a new class of molecule(s) that interacts with one or more of these binding sites
simultaneously, thereby yielding novel tight binding inhibitors specific for blocking protein—protein

interactions involving S100B.

There are more than 20 S100 proteins originally named because
of their solubility in 100% saturated ammonium sulfate (/). Like
calmodulin (CaM) and most other EF-hand-containing proteins,
S100 proteins typically function as a calcium-activated switch that
binds and regulates the biological function of numerous protein
targets (Figure 1) (2—8). Members of the S100 protein family are
distributed in a cell-specific manner (9—11), including in a large
number of human cancers (/2—14). SI00B protein levels are
elevated in malignant melanoma (/4), anaplastic astrocyto-
mas (15, 16), and glioblastomas (/7). In the case of malignant
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melanoma, high concentrations of S100B correlate directly with
poor prognosis in patients (/8—20), and therefore, SI00B levels
are used as a clinical marker for melanoma as well as for other
cancers.

In mechanistic studies, SI00B was found to bind directly to the
pS3 tumor suppressor protein in primary human malignant
melanoma cells, reduce p53 protein levels, and inhibit wild-type
p53 functions (2/—26). Therefore, elevated levels of SI00B may
contribute to cancer progression by downregulating wild-type p53
protein (26). Correspondingly, p53 protein levels and its associated
activities were restored in malignant melanoma when S100B
expression was inhibited by siRNA (25). With these siRNAS!?B
results in mind, a rational drug design approach was initiated to
develop small molecule inhibitors that bind Ca®*-S100B, prevent
formation of the SI00B—p53 complex, and restore p53-dependent
tumor suppressor activity in cancer (27—29). Previously, a model
for drug binding based on NMR and X-ray crystallography of
one such molecule, pentamidine (Pnt), bound to Ca*>* - and Ca*",
Zn* " -bound S100B was reported (30). As observed in these X-ray
crystal structures, Pnt was found to bind to the target protein
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FiGure 1: “Calcium switch” in S100B. Shown are ribbon and sur-
face diagrams of apo-S100B (NMR, PDB entry 1B4C), Ca** -bound
S100B (X-ray, PDB entry IMHO), and p353*¢"*¥_bound Ca’"-
S100B (NMR, PDB entry 1DT?7) illustrating the calcium-dependent
reorientation in each S100B subunit. The helices in each S100B
subunit are colored red and blue with the loop regions colored gray.
The two calcium ions per subunit are represented as orange spheres.
This calcium-dependent conformational change is required
for S100B to interact with the C-terminal regulatory region of
p533¢7738 S100B inhibitors (SBiX) bind to the p53 binding site
and inhibit formation of the SI00B—p53 complex.

binding pocket as well as to another well-defined site near the
dimer interface. Here we report three additional small molecule—
S100B complexes and demonstrate that additional small molecule
binding sites exist that are in the proximity of the Pnt binding sites.
These data could be used for the rational design of a new high-
affinity inhibitor of S100B, which could have clinical benefits for
treating cancers with elevated levels of S100B such as malignant
melanoma and astrocytomas.

EXPERIMENTAL PROCEDURES

Materials. All chemicals and reagents were ACS-grade or
higher and typically purchased from Sigma-Aldrich unless other-
wise indicated. SBiX molecules were purchased from Maybridge
(Maybridge numbers, SBi132,' KM09613; SBi279, SEW05759;
SBi523, HTS12452). ""NH,Cl and "“C-labeled glucose were pur-
chased from Cambridge Isotope Laboratories (Andover, MA). All

'Abbreviations: SBil32, SI00B Inhibitor 132 {2-[(5-hex-1-ynyl-2-
furyl)carbonyl]-N-methylhydrazine-1-carbothioamide}; SBi279, S100B
Inhibitor 279 (2-{[2-(4-methylpiperazino)phenyl]methylene}hydrazine-
1-carbothioamide); SBi523, S100B Inhibitor 523 (ethyl-5-{[1-(ethoxy-
carbonyl)-2-oxopropylJsulfanyl}[1,2,3]triazolo[1,5-a]quinazoline-3-car-
boxylate); PNT, pentamidine; DTT, dithiothreitol; TPPI, time-
proportional phase incrimination; TSP, 3-(trimethylsilyl)propionic
acid-dy, sodium salt; PEG, polyethylene glycol; MME, monomethyl
ether; HSQC, heteronuclear single-quantum coherence; STD, satura-
tion transfer difference; EDTA, ethylenediaminetetraacetic acid; Tes, 2-
{2-hydroxyl-1,1-[bis(hydroxymethyl)ethyl]amino}ethanesulfonic acid,;
Bis-Tris, 2.,2-bis(hydroxymethyl)-2,2,2"-nitrilotriethanol; Tris-HCI,
tris(hydroxymethyl)aminomethane hydrochloride; DMSO, dimethyl
sulfoxide; ddH,O, deionized and doubly distilled H,O; PDB, Protein
Data Bank.
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buffers were passed through Chelex-100 resin to remove trace
metals prior to use.

Bacterial Expression and Purification of Wild-Type
S100B. Recombinant S100B protein (rat and bovine) was
expressed in Escherichia coli[HMS174(DE3) strain] and purified
as previously described (37). Yields of S100B protein were
typically 20—30 mg of purified protein per liter of bacterial
culture. For NMR experiments, SI00B protein was prepared
using defined medium that included "*N-labeled NH,Cl as the
only nitrogen source and "*C-labeled glucose as the sole carbon
source (31).

NMR Spectroscopy. Purified ""N-labeled S100B and *C-
and "*N-labeled S100B were dialyzed against 0.1 mM Tes (pH 7.2)
and 0.05 mM DTT, lyophilized, hydrated in a small aliquot of
ddH,0, and stored at —80 or —20 °C. The Ca’>*-loaded S100B-
SBiX NMR sample was prepared in a manner similar to that
previously described (27) and contained 0.1-0.5 mM S100B
subunit, 0—1.6 mM SBi132, 0—1.6 mM SBi523, or 0—5.0 mM
SBi279, 0.34 mM NaN3, 15 mM NaCl, 0—5% DMSO-ds, 10 mM
CaCl,, 10% D50, and 10 mM Tes or Tris Dy; buffer, adjusted to
pH 7.2 with HCI. These chemical shift assignments were then used
as a starting point during titrations with SBi.X molecules to assign
the two-dimensional (2D) '"H—""N and "H—"*C HSQC spectra of
S100B (32, 33). Heteronuclear single-quantum coherence (HSQC)
NMR data were collected at 37 °C with a Bruker Avance 111 600
(600.13 MHz for protons) or an Avance 800 US2 (800.27 MHz for
protons) instrument. Both NMR spectrometers were equipped
with pulsed-field gradients, four frequency channels, and triple-
resonance, z-axis gradient cryogenic probes (32). Data were
processed with NMRPipe (34), and proton chemical shifts
were reported with respect to the H,O or HDO signal taken as
4.658 ppm relative to external TSP (0.0 ppm). The "°N chemical
shifts were indirectly referenced as previously described using the
following ratio of the zero-point frequency: 0.10132905 for '°N to
'H (35-37).

Group epitope mapping via saturation transfer difference
(STD) NMR was completed for SBiX—S100B complexes in
a manner similar to that described previously (38). Specifi-
cally, during the 2 s presaturation pulse, the on-resonance
irradiation of the protein was performed at a chemical shift of
—0.4 ppm and the off-resonance irradiation was applied at
30 ppm, where no protein signals were present. As a control,
the STD experiments were conducted in the absence of a T,
filter, and as expected, the one-dimensional (1D) spectrum
of holo-S100B was fully restored. The final sample contained
50 uM S100B, 0.5 mM SBi132, 2.0 mM SBi279, or 1.0 mM
SBi523, 10 mM CaCl,, 5% DMSO-dg, 99.98% D,0, 15 mM
NaCl, 0.34 mM NaN3, and 10 mM Tris Dy (pH 7.2). The STD
data were collected at 25 °C to achieve more efficient satura-
tion of the protein. Proton assignments of SBi132, SBi279, and
SBi523 were confirmed under the conditions described above
in the absence and presence of S100B using 2D TOCSY
experiments (39).

Protein Crystallization. Bovine S100B protein was dialyzed
into buffer [0.1 mM TES (pH 7.2) and 0.05 mM DTT], lyophilized,
dissolved in ddH,O to a concentration of 80—100 mg/mL (~8—
10 mM subunit concentration), and stored frozen. We obtained
diffraction quality crystals for the SBi523—Ca**-S100B complex
by sitting drop vapor diffusion at 22 °C by mixing 2 uL of S100B
protein and SBi523 small molecule [40 mg/mL S100B, 4.0 mM
SBi523, 7.5 mM CaCl,, and 20 mM Bis-Tris buffer (pH 6.0)] with
2 uL of reservoir solution [12.5 mM CaCl,, 0.1 M Bis-Tris
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Table 1: SBiX Crystal and Refinement Statistics

SBil132—Ca®*-S100B*

SBi279—Ca>"-S100B* SBi523—Ca®"-S100B¢

Diffraction Statistics

space group C222, C222, C222,
cell dimensions a, b, ¢ (A) 34.7,90.8, 59.0 34.2,91.2,58.7 34.5,89.5,59.2
cell angles a, f3, v (deg) 90, 90, 90 90, 90, 90 90, 90, 90
resolution (A) 45.41-2.10 (2.16—2.10) 45.60—1.98 (2.04—1.98) 44.77—1.90 (1.90—1.95)
no. of unique reflections 5321 (358) 5993 (285) 6719 (317)
completeness (%) 97.69 (88.81) 94.21 (59.88) 93.57 (60.85)
Rsym” 0.042 (0.277) 0.049 (0.233) 0.037 (0.273)
average I/o 37.48 (4.1) 27.8 (4.1) 44.18 (3.1)
multiplicity 6.4 (3.8) 6.3(3.8) 6.3 (3.6)
Refinement Statistics
Rerys” (%) 20.8 (27.7) 22.9(32.1) 21.0 (22.6)
Rppee” (%) 25.7(29.1) 28.1 (48.6) 22.8 (34.3)
no. of protein atoms 710 710 727
no. of water molecules 37 33 42
no. of non-hydrogen atoms 773 769 797
mean B values (Az)
overall 46.16 50.58 47.21
protein atoms 45.34 50.41 46.28
water molecules 49.88 S1.13 52.47
Ca’>" typical EF -and 51.68 47.49 42.65
Ca*"-S100B EF-hand 50.76 47.80 42.27
SBi molecule 64.137 52.45° 64.05
cacodylate molecule 65.12 64.48
root-mean-square deviation
bond lengths (A) 0.014 0.006 0.015
bond angles (deg) 1.828 1.525 1.620
Ramachandran plot (%)*
most favored 95.1 95.1 94.0
additionally allowed 49 4.9 6.0
PDB entry 3GK1 3GK2 3GK4

“Numbers in parentheses represent data for the last outer shell. b Ryym = Don2 AT = I} /> n>id(h), where I(h) is the observed intensity and {/(h)} is
the mean intensity obtained from multiple measurements. © Rerysand Reee = Y |[F,| — |Fe||/Y | F,l, where F, is the observed structure factor amplitude and Fy is
the calculated structure factor amplitude for the working and test sets. “Mean B values (angstroms) for SBil32 are slightly higher than the mean B values
(48.46) for side chain atoms of S100B involved in SBil32 binding (H42, F43, L44, F76, M79, 180, A83, C84, F87, and F88). “Mean B values (angstroms) for
SBi279 are slightly higher than the mean B values (50.72) for side chain atoms of S100B involved in SBi279 binding (S41, H42, F43, L44, E45, 180, A83, C84,
F87, and F88). Mean B values (angstroms) for SBi523 are slightly higher than the mean B values (46.77) for side chain atoms of S100B involved in SBi523
binding (S41, H42, F43, L44, E45, E46, and F87). ¢ For SBi279—Ca’"-S100B and SBi132—Ca’>*-S100B complexes, the calculations had 78 residues in the
most favored region and four residues in additionally allowed regions. For the SBi523—Ca®*-S100B complex, the calculations had 79 residues in the most

favored region and five residues in additionally allowed regions.

(pH 6.0), 35% PEGMMES550, and 2.5% glycerol] and equilibrat-
ing for 2—3 days. After crystals formed, they were cryoprotected in
a harvest solution [5.0 mM SBi1523, 15 mM CaCl,, 0.1 M Bis-Tris
buffer (pH 6.0), 35% PEGMME350, and 7.5% glycerol] for 30—
60 s and then flash-cooled in liquid nitrogen. The SBi132—Ca?*-
S100B and SBi279—Ca’ " -S100B complexes were crystallized in a
similar manner using complex-specific protein buffers [SBil32—
Ca”*-S100B, 40 mg/mL S100B, 7.5 mM CaCl,, 4.0 mM SBil32,
and 20 mM cacodylate buffer (pH 7.2); SBi279—Ca**-S100B,
40 mg/mL S100B, 7.5 mM CaCl,, 4.0 mM SBi279, and 20 mM
cacodylate buffer (pH 7.2)], reservoir solutions [SBil32—Ca’" -
S100B, 7.5 mM CaCl,, 0.1 M cacodylate buffer (pH 6.5), and 28%
PEG3350; SBi279—Ca>"-S100B, 7.5 mM CaCl,, 0.1 M cacody-
late buffer (pH 6.8), and 28% PEG3350], and harvest solutions
[SBi132—Ca®"-S100B, 15 mM CaCl,, 5.0 mM SBil32, 0.1 M
cacodylate buffer (pH 6.5), 30% PEG3350, and 5% glycerol;
SBi279—Ca’"-S100B, 15 mM CaCl,, 10 mM SBi279, 0.1 M
cacodylate buffer (pH 6.8), 30% PEG3350, and 5% glycerol].
Space groups and unit cell parameters are given in Table 1. Each
of the above crystal forms had one S100B subunit in the asy-
mmetric unit.

X-ray Data Collection, Model Building, and Refinement.
X-ray data for the SBiX—Ca>*-S100B crystals were colle-
cted remotely at Stanford Synchrotron Radiation Laboratory
(Menlo Park, CA) (beamlines 9-1 and 7-1) using an ADSC
Quantum-315R CCD detector (Area Detector Systems Corp.).
The reflection intensities were integrated and scaled with
the HKL2000 suite of computer programs (40). The crystals
of SBil32—Ca’"-S100B, SBi279—Ca”"-S100B, and SBi523—
Ca’>"-S100B complexes diffracted to 2.10, 1.98, and 1.90 A re-
solution, respectively. Preliminary phases were obtained via mo-
lecular replacement techniques using the structure of Ca*"-bound
S100B [PDB entry IMHO (4/)] as a search model and the
computer program Phaser and molrep from the CCP4 program
suite (42). Model building and refinement of S100B were
completed using COOT and REFMACS (43, 44). The locations
of the SBiX molecules and several water molecules were deter-
mined by visual inspection of electron density maps calculated
with 2mF,—DF, and mF,—DF, coefficients with COOT (44). The
occupancy was set to 1.0 for SBil32 except for the hexyne atoms
that were set to 0.5 occupancy because these atoms reside on
a crystallographic 2-fold axis. For both SBi279 and SBi523,
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the occupancies were set to 0.5 because these molecules reside on
a crystallographic 2-fold axis. The stereochemistry was checked
with WHATCHECK and PROCHEK (45, 46). The quaternary
structure and accessible surface areas were analyzed using the
PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/
piserver). The coordinates for the SBi132—Ca2+-SIOOB,
SBi279—Ca**-S100B, and SBi523—Ca®"-S100B X-ray struc-
tures were deposited in the Protein Data Bank (47, 48) and
assigned the following accession numbers: 3GK1 for SBil32—
Ca’"-S100B, 3GK2 for SBi279—Ca*"-S100B, and 3GK4 for
SBi523—Ca®>*-S100B. Figures were generated with PyMol
(http://www.pymol.org).

RESULTS

The binding of S100B to p53 downregulates tumor suppressor
activity in cancer cells such as malignant melanoma (25, 49), so a
search for small molecules that bind S100B and prevent forma-
tion of the SI00B—p53 complex was undertaken (27, 29). Atomic
structures of S100B in the Ca®*- and p53 peptide-bound states
together with computer-aided drug design, NMR, and high-
throughput screening approaches were used to identify small
molecules that bind S100B and inhibit the SI00B—p53 interac-
tion (27—29). Several additional S100B inhibitors were more
recently discovered (S. Zhong, P. T. Wilder, D. J. Weber, and A.
D. MacKerell, Jr., manuscript in preparation), including SBi132,
SBi279, and SBi523, and these three molecules were examined
here bound to Ca®*-S100B using structural biology techniques
(i.e., NMR and X-ray crytallography).

NMR Studies of SI00B Inhibitors (SBiXs) and p53%07~3%
Binding to Ca’*-S100B. Perturbations of backbone 'H—"°N
heteronuclear single-quantum coherence (HSQC) correlations
determined previously (50) and perturbations of methyl "H—"C
HSQC correlations measured here (M7, V13,136, V56, T59, L60,
M79, and V80) confirmed that the p53°*"**® peptide binds into a
hydrophobic pocket on S100B that is only present in the Ca®" -
bound state (Figures 1 and 2A). This hydrophobic peptide
binding site is well-defined in the solution NMR structure of
the S1I00B—p53 peptide complex and includes residues from helix
1 (residues E2—R20), loop 2 (termed the hinge region, residues
E39—Q50), and helix 4 (residues F70—E86) of S100B (Figures 1
and 2A) (22). It was this target protein binding site that was
originally targeted with the goal of inhibiting the S100B—p53
interaction (27, 28, 30). Subsequently, we have identified several
additional small molecules that interact with Ca®"-S100B at or
nearby the p53°7 "3 peptide binding site (S. Zhong, P. T.
Wilder, D. J. Weber, and A. D. MacKerell, Jr., manuscript in
preparation).

As with the p53°*"** peptide (Figure 2A), the binding of three
small molecules (SBi132, SBi279, and SBi523) to Ca*>*-S100B was
assessed here by monitoring perturbations of backbone 'H—""N
and side chain methyl "H—""C correlations in 2D 'H—""N and
'H-"3C HSQC NMR experiments, respectively (Figure 2B—D). In
HSQC titrations with SBil32 (*¥"%2 K, =80 4 20 uM), the 'H—"°N
HSQC correlations of Ca®"-S100B shifted [> 10 Hz (Figure 2B)]
for several residues in helix 1 (A9 and F14), loop 2 (S41, F43, L44,
and E51), and helix 4 (A75, V77, S78, T81, T82, C84, H85, and
E86). In addition, the 'H—"3C methyl HSQC correlations of Ca** -
S100B shifted (> 15 Hz) for residues on helix 1 (M7, L10, and I11),
helix 3 (V52 and V56), and helix 4 (M74, V77, T82) (Figure 2B, red
asterisks). The binding of SBi132 to S100B was shown to be
calcium-dependent since no perturbations were observed when
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FIGURE 2: Binding of SBiX and p53*¢778 to Ca®*-S100B as mon-
itored by HSQC NMR titrations. Perturbations in 'H and "N
chemical shift values for residues above the dashed line (2 times the
median of all perturbations) in S100B upon binding (A) p53°¢"~%¢,
(B) SBi132 (Kp = 0.080 £ 0.020 mM; specific for S100B), (C) SBi279
(Kp = 2.0 £ 1.0mM), and (D) SBi523 (Kp = 0.120 £ 0.03 mM) are
highlighted in yellow on the surface representation of Ca>"-S100B.
Residues that are chemical exchange broadened are highlighted with
a cyan star in the perturbation graph and highlighted in cyan on the
surface representation of Ca”*-S100B. Perturbations seen in 'H and
13C chemical shifts are highlighted with a red star in the perturbation
graph, and these specific residues found on the surface in the
hydrophobic pocket are labeled in red.

SBil32 was added to apo-S100B (with EGTA). In addition, the
binding of SBil32 was found to be specific for SI00B since no
perturbations in the "H—'"N HSQC spectrum were observed in
titrations of SBil32 into ""N-labeled Ca’*-SI100Al, the S100
protein that is most similar in sequence to that of S100B. Likewise,
several of the SBil32-induced chemical shift perturbations in Ca** -
S100B (Figure 2B) were similar to those observed for the binding of
the p353°%"% peptide (Figure 2A) and provided some indication
that the binding sites of SBi132 and the p53*’* peptide could be
similarly located (Figure 2A,B).
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SBi279 bound Ca®"-S100B significantly more weakly than
SBil132 (3®?"°K, =2.0 + 1.0 mM), yet perturbations in 'H-"°N
HSQC correlations of Ca® " -S100B could still be readily observed
[ > 35 Hz (Figure 2C)] for residues in helix 1 (A9, I11, D12, F14,
and S18), loop 2 (S41, L44, E45, and K48), and helix 4 (A75, V77,
S78, M79, T81, A83, C84, H8S, F87, F88, E89, and H90). As for
SBi132, several of the same methyl "H—'>C HSQC correlations
of Ca>*-S100B (i.e., M7, 111, V56, M74, and T82) also shifted
(>12 Hz) upon addition of SBi279, consistent with binding into
the target protein binding site of Ca*>*-S100B. However, the
binding sites for SBi132 and SBi279 were found to be somewhat
different since several residues in the hinge region, including the
correlation for the methyl of L44, were largely perturbed in
titrations with SBi279 with little or no effect on these same
residues (<10 Hz) in titrations with SBil32 (Figure 2B,C).
Another difference between SBi279 and SBil32 is that more
than one-third of the residues throughout the sequence of apo-
S100B shifted (>10 Hz) upon addition of SBi279 (5.0 mM),
indicative of nonspecific binding interactions occurring in the
absence of calcium for this compound. Lastly, SBi279 was also
found to perturb the chemical shift (>25 Hz) of several residues
in Ca’"-S100A1, including residues in helix 1 (L4, A7, M8, E9,
and F15), loop 2 (D46, V47, K49, D50, and AS1), helix 3 (157),
loop 3 (D66), and helix 4 (V76, A79, V83, and A84). On the basis
of this titration, it is possible that SBi279 has a similar binding site
on Ca’*-S100A1 and Ca’"-S100B since several residues that
were perturbed in Ca®"-SI00A1 align exactly in sequence with
residues that shift upon binding of SBi279 to Ca**-S100B.

Aswith SBi132 and SBi279, the binding of SBi523 (*B™* K, =
120 4 30 «M) also resulted in the perturbation of "H—'"N HSQC
correlations (> 50 Hz; helix 1, L3, M7, L10, 111, and S18; loop 2,
L40; helix 3, E58; and helix 4, A75, M79, A83, and E91) and
methyl "TH—"*C HSQC correlations ( >45 Hz; helix 1, L10; helix
2, L35 and 136; helix 3, V56; and helix 4, M74, V80, and A83) in
the hydrophobic pocket of Ca**-S100B (Figure 2D). Further-
more, the HSQC correlations for several other residues in the
target protein binding site of Ca>*-S100B broadened and/or
disappeared upon addition of SBi523 (helix 1, S1, K5, and D12;
loop 2, E39, S41, H42, F43, L44, and K48; and helix 4, T81, T82,
H835, E86, F87, F88, E89, and H90) (Figure 2D). As with SBi132,
no perturbations were observed in titrations with apo-S100B
(with EDTA), indicating that the binding of SBi523 to S100B was
dependent on calcium. However, SBi523 also interacted with
S100A1 in a calcium-dependent manner on the basis of chemical
shift perturbations (> 10 Hz) measured by NMR (helix 1, A7,
M8, E9, T10,112, and V14; loop 1, Y26; helix 2, K34; loop 2, K49
and AS1; and helix 4, F71 and A79).

As described previously for other protein—ligand com-
plexes (38, 51), saturation transfer difference (STD) NMR
experiments were conducted to identify protons of SBil32,
SBi279, and SBi523 that are at the SBiX—S100B binding inter-
face (Figure 3). STD NMR data such as these are useful for
making qualitative conclusions pertaining to the relative proxi-
mity of protons on the inhibitor to those on the protein and for
epitope mapping, especially for protons or groups of protons
with comparable longitudinal relaxation times (77) (57). In these
studies, collection of the STD NMR data was straightforward
because of the relatively low affinity of the SI00B—SBiX com-
plexes studied (Kp > 50 uM) and their fast exchange kinetics (38).
Specifically, protons from the methylhydrazine-carbothioamide
group (3-proton), the aliphatic protons (4-, 5-, 6-, and 7-protons),
and protons of the tetrahydrofuran ring of SBil32 were all found
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FIGURE 3: Binding of SBiX molecules to Ca®"-S100B as monitored
by STD NMR. Saturation transfer difference (STD) spectra are
shown for (A) SBi132, (B) SBi279, and (C) SBi523 upon binding to
Ca’"-S100B.

to be proximal to Ca> *-S100B as judged by their relatively strong
STD signals (Figure 3A). Likewise, the benzene ring protons of
SBi279 (2-, 3-, and 4-protons) were found to interact with Ca>*-
S100B via STD NMR, but larger STD signals were observed for
methyl protons at the 5-position of the methylpiperazino group
and at the alkene proton at the l-position, indicating that the
interaction with S100B is more substantial for these regions of
SBi279[1- and 5-protons (Figure 3B)]. STD NMR data were also
collected for the SI00B—SBi523 complex with all the protons of
the compound giving rise to STD NMR data. However, the most
definitive STD NMR signals were from the methyl groups (1-, 7-,
and 10-protons) lining one face of the molecule and likely
constitute the most buried region(s) of SBi523 in the SI00B—
SBi523 complex (Figure 3C). Nonetheless, the exact conforma-
tion and orientation of each SBiX were further characterized by
X-ray crystallography to adequately define, at atomic resolution,
the exact location and/or orientation of each of these small
molecules in their respective SI00B—SBiX complexes.

X-ray Structures of SBil32—, SBi279—, and SBi523—
Ca’*-S100B Complexes. The X-ray structures of SBil32,
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FIGURE 4: X-ray structures of the SBil132—Ca®*"-S100B complex. (A) Electron density maps calculated with the 2mF, — DF, coefficients (1.00)
for SBil32. Symmetrical and overlapping orientations are shown for SBi132 molecules (orange and cyan) because of their locations at the
crystallographic 2-fold axis with only a partial occupancy of 0.5 for the hexyne. (B) Surface diagram illustrating the location of the SBil132
molecule (SBil32 carbons colored gold, nitrogens blue, oxygens red, and sulfurs orange) and the polarity of the S100B surface (acidic polar, red;
basic polar, blue; nonpolar, gray; neutral polar, white; cysteine, salmon). (C) Residues of SI00B that are within 5 A of SBi132 are illustrated.

SBi279, and SBi523 bound to Ca’"-S100B were determined
at 2.10, 1.98, and 1.90 A resolution, respectively (Figures 4—6
and Table 1). In all three SBiX—Ca”>"-S100B structures, the
asymmetric unit included a single subunit of dimeric S100B
(SBil32— and SBi279—Ca®"-S100B, Ser-1—Phe-88; SBi523—
Ca’>"-S100B, Met-0—Glu-89), two calcium ions, one SBiX
molecule, one cacolydate molecule for SBil132— and SBi279—
Ca”*-S100B complexes, and between 33 and 42 water molecules
(Figures 4—6 and Table 1). The electron density identified for
the cacodylate molecule was at the lattice interface involving
residues in the pseudo-EF-hand and is likely the result of
crystallization since no NMR chemical shift perturbations
were observed in titrations of cacolydate (<5 mM) to a
solution of Ca®*-S100B as monitored by 'H—'"N HSQC
experiments.

In the final refined models, residues of S100B in the SBiX—
Ca®"-S100B complexes were nearly all in the most favorable
region of their respective Ramachandran plots (94—95%) with
the remaining residues falling into the allowed region [5—6%
(Table 1)]. The binding of the three SBiX compounds caused only
minor structural perturbations as evidenced by low root-mean-
square deviation (rmsd) values between the SBiX-bound struc-
tures and Ca®"-S100B (PDB entry IMHO) upon superposition
(SBi132—Ca®"-S100B, ™*"**rmsd = 0.24 A; SBi279—Ca’"-
S100B, ™Minmsd = (.27 A; SBiS23—Ca” " -S100B, ™" rmsd
=0.30 A) (31, 41). Furthermore, the global fold for S100B in all
three SBiX—S100B complexes was similar to that reported for
Ca’"-bound S100B, Zn*>*,Ca’>"-S100B (4, 30), and several
other Ca”*-loaded S100 proteins (2, 3). Specifically, each

subunit of S100B in the SBiX—Ca®"-S100B complexes con-
tained four helices (helix 1, E2—G19; helix 2, K28—L40; helix 3,
E49—-D61; helix 4, D69—F88) and one small antiparallel -sheet
(strand 1, K26—K28; strand 2, D69—E67). As expected, the two
EF-hand calcium binding domains in each subunit were found to
coordinate two calcium ions as found previously (52—54) with the
typical EF-hand of S100B in the Ca®>*-bound “open” confor-
mation and the dimer interface aligned as a symmetric X-type
four-helix bundle comprising helices 1 and 1" and helices 4 and
4’ respectively (31, 55, 56) (Figure 1). Lastly, it was necessary to
model the SBiX molecules into the electron density in two
symmetrical and overlapping orientations at the lattice with
each orientation having a partial occupancy (Figures 4—6). The
occupancy and temperature factor for the SBiX molecules were
constrained in each case to be identical because of their location
on the crystallographic 2-fold axis.

Modeling SBi132 into the electron density maps calculated
with 2mF, — DF, and mF,— DF, coefficients showed that the
SBi132 molecule was oriented in the hydrophobic pocket of
Ca®"-S100B with the methylhydrazine-carbothioamide moiety
nearby several hydrophobic residues on the hinge (L.44) and helix
4 (F76, M79, 180, A83, and C84). The hexyne moiety of SBil32
was found to be stabilized by phenylalanine residues on the hinge
(F43) and further down on helix 4 (F87 and F88) as SBi132 exited
the Ca>*-S100B binding pocket toward solvent. Several side
chains in Ca®"-S100B, including those in helix 1 (K5, V13,
and Q16), loop 1 (E21 and K24), loop 2 (E45), helix 3 (K55 and
ES8), and helix 4 (Q71 and E86), significantly changed position
(rmsd > 0.8 A) upon addition of SBi132. Several of the changes
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FIGURE 5: X-ray structures of the SBi279—Ca’"-S100B complex. (A) Electron density maps calculated with the 2mF, — DF, coefficients (1.00)
for SBi279. Symmetrical and overlapping orientations are shown for SBi279 molecules (orange and cyan) because of their locations at the
crystallographic 2-fold axis with a partial occupancy of 0.5. (B) Surface diagram illustrating the location of the SBi279 molecule (SBi279 carbons
colored orange, nitrogens blue, oxygens red, and sulfurs yellow) and the polarity of the S100B surface (acidic polar, red; basic polar, blue;
nonpolar, gray; neutral polar, white; cysteine, salmon). (C) Residues of S100B that are within 5 A of SBi279 are illustrated.

Phe87 he87

FIGURE 6: X-ray structures of the SBi523—Ca®"-S100B complex. (A) Electron density maps calculated with the 2mF, — DF, coefficients (1.00)
for SBi523. Symmetrical and overlapping orientations are shown for SBi523 molecules (orange and cyan) because of their locations at the
crystallographic 2-fold axis with a partial occupancy of 0.5. (B) Surface diagram illustrating the location of the SBi523 molecule (SBi523 carbons
colored orange, nitrogens blue, oxygens red, and sulfurs yellow) and the polarity of the S100B surface (acidic polar, red; basic polar, blue;
nonpolar, gray; neutral polar, white; cysteine, salmon). (C) Residues of S100B that are within 5 A of SBi523 are illustrated.

seen in helix 4 and loop 2 correspond with the interaction of the
SBil32 molecule with S100B observed in the electron density
maps. Overall, the SI00B—SBi132 interaction was stabilized via
hydrophobic interactions with residues in loop 2 (H42, F43, and
L44) and helix 4 (F76, M79, 180, A83, C84, F87, and F8§)
contributing most to binding (Figure 4), and the structure of this
S100B—SBil32 complex is fully consistent with the chemical shift

perturbation and saturation transfer difference data collected in
solution by NMR (Figures 2B and 3A).

The S100B—SBi279 interaction is dominated by ring—ring
interactions primarily with Phe-87 and to a lesser degree with
Phe-88 (Figure 5). This is unlike SBi132, which extends into a
pocket defined by residues Leu-44, Phe-76, Met-79, and Ile-80.
When the SBi279 and SBil32 binding sites were compared, it was



FiGUure 7: X-ray and NMR structures of peptides and small mole-
cules bound to Ca®"-S100B. (A) A surface and ribbon diagram of
Ca®*-S100B (X-ray, PDB entry 1IMHO) is illustrated with each
S100B subunit colored red and blue, respectively. Residues of
Ca”>"-S100B that are involved in formation of a complex with either
SBil, SBil32,SBi279, SBi523, p53°¢" 3%, TRTK 12, or NDR®*™% as
calculated via the PISA server, are highlighted in yellow and include
residues from helix 1 (V8, 111, D12, H15, and Q16), hinge/loop 2
(S41,H42, F43, 144, E45, E46, 147, K48, and E49), helix 3 (ES1, V52,
K55, V56, and T59), and helix 4 (F76, M79, 180/V80, T82, A83, C84,
H83, E86, F87, F88, E89, and H90) (22, 30, 41, 59, 60). An ethylene
glycol molecule was also found to bind human Ca®*-S100B (nearby
residues V8, 111, D12, H15, H42, F43, 144, E45, V80, A83, C84, F87,
and F88), so this structure was also included when defining the S100B
interaction surface [X-ray, PDB entry 2H61 (58)]. In panels B—H, the
surface diagrams of the various SBiX and peptide complexes of
Ca®"-S100B are illustrated with residues that are involved in a
specific complex shown (cyan) together with the other residues of
Ca®"-S100B that are involved in formation of complexes with other
molecules or peptides (yellow). (B) Surface diagram of the SBi132—
Ca>"-S100B complex (X-ray, PDB entry 3GK 1) illustrating residues
of Ca?"-S100B that interact with SBil32 in cyan (H42, F43, L44,
F76, M79, 180, A83, C84, F87, and F88). (C) Surface diagram of the
SBi279—Ca®"-S100B complex (X-ray, PDB entry 3GK2) illustrating
residues of Ca> " -S100B that interact with SBi279 in cyan (S41, H42,
F43, 144, E45,180, A83, C84, F87, and F88). (D) Surface diagram of
the SBi523—Ca®*-S100B complex (X-ray, PDB entry 3GK4)
illustrating residues of Ca?"-S100B that interact with SBi523 in
cyan (S41, H42, F43, L44, E45, E46, and F87). (E) Surface diagram
of the pentamidine—Ca®*-S100B complex (X-ray, PDB entry
3CR4) illustrating residues of Ca®'-S100B that interact with
pentamidine in cyan (V8, 111, D12, H15, Q16, H42, F43, L44, E45,
C84, HS85, F87, F88, and ES89). (F) Surface diagram of the
p5377738_Ca?".S100B complex (NMR, PDB entry 1DT7)
illustrating residues of Ca?"-S100B that interact with the p53
peptide in cyan (L44, E45, E46, 147, K48, E49, E51, V52, K55,
V56, T59, F76, M79, V80, T82, A83, and E86). (G) Surface
diagram of the TRTK 12—Ca®"-S100B complex (NMR, PDB entry
IMWN) illustrating the residues of Ca>"-S100B that interact with
TRTKI12incyan (136, H42, F43, 144, E45, E46, 147, K48, V52, K55,
V56, T59, F76, M79, V80, A83, C84, E86, and F87). (H) Surface
diagram of the NDR®*~#"—Ca* " -S100B complex (NMR, PDB entry
IPSB) illustrating the residues of Ca®"-S100B that interact with the
NDR peptide in cyan (S41, H42, F43, L44, E45, E46, 147, K48, E49,
ESI, V52, K55, V36, F76, M79, 180, A83, C84, E86, F87, E89, and
H90).
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found that SBi279 interacted with fewer residues in helix 4 (180,
AR83, and C84), which could explain its lower affinity. Other
residues near SBi279 include additional residues in loop 2 (S41,
H42, F43, L4, and E45). As expected, several side chains change
position when SBi279 binds to Ca’"-S100B (rmsd > 1.0 A),
including residues in helix 1 (E2, K5, and Q16), loop 1 (E21), loop
2 (E45), helix 3 (K55), and helix 4 (Q71, E86, and F88).

In the S100B—SBi523 complex, SBi523 interacts directly with
residues in loop 2 and is farther from helix 4 than found for
SBi132 or SBi279 (Figures 4—6). Residues on loop 2 that
contribute to SBi523 binding were found to include Ser-41,
His-42, Phe-43, Leu-44, Glu-45, and Glu-46 with the only
contribution observed from helix 4 being Phe-87 (Figure 6C).
SBi523 is not extended like SBil132 but is arranged in a more
compact conformation with hydrophobic interactions found
from the three rings of the compound to hydrophobic residues
on the protein. Similar to the other SBiX molecules, several side
chains change position, including residues in helix 1 (E2, K35, V8,
D12, V13, and Q16), loop 2 (E45, K48, E49, and K55), and helix
4 (Q71) in the SBi523—Ca*-S100B complex (rmsd > 0.95 A)
when compared to those of Ca>*-S100B. Furthermore, a hydro-
gen bond was observed between the backbone carbonyl of Ser-41
and a water molecule that coordinates an oxygen atom on the
ester near the sulfur group on SBi523. In addition, the backbone
amide of Glu-46 coordinates with a different water molecule that,
in turn, coordinates with an oxygen atom of another ester
attached to the triazole ring on the symmetry mate SBi523. Thus,
the combination of hydrophobic interactions and a small hydro-
gen bonding network in this binding site is consistent with the
chemical shift perturbation data as well as binding in the
micromolar range determined by NMR spectroscopy in solution.

DISCUSSION

S100B functions as a calcium-activated switch (Figure 1) that
undergoes a conformational change as necessary to bind and
inhibit the p53 tumor suppressor protein (3, 26). Therefore,
finding an inhibitor(s) that interacts specifically with S100B in
the Ca>"-bound state (termed SBiX), disrupts the SI00B—p533
protein—protein interaction, and restores p53 function could be
beneficial for treating cancers with elevated levels of S100B such
as malignant melanoma (25). However, inhibiting any protein—
protein interaction, including the S100B—p53 complex, repre-
sents a challenging endeavor (57). As a first step in achieving this
goal, computer-aided drug design (CADD), high-throughput
screening, and SAR by NMR approaches were completed (28,
29), and several small molecule inhibitors of S100B (SBiXs) were
identified (27). Applying this approach, we have identified
additional inhibitors (S. Zhong et al., manuscript in preparation)
and, in the work presented here, collected structural information
to characterize three small molecules bound to Ca**-S100B. This
information could then be used to develop higher-affinity
inhibitors that bind one or more of these SBiX sites simulta-
neously and specifically inhibit the SI00B—p53 protein—protein
interaction.

The structures of Ca®"-S100B, three S100B—peptide com-
plexes (S100B—p53, SI00B—TRTK 12, and SI00B—NDR kinase
peptides), and two S100B—Pnt complexes (Ca*"-S100B—Pnt
and Zn*>*,Ca>"-S100B) were determined previously and are
useful for helping to define the target protein or small mole-
cule binding surface available on Ca*>*-S100B (22, 30, 58—60)
(Figure 7). In comparisons of structures of apo- and Ca’"-
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S100B, a conformational change is observed (Figure 1), which
exposes sites necessary for binding target proteins and small
molecules. In fact, in one such Ca**-S100B structure (58), it was
observed that a molecule of polyethylene glycol (PEG), which
was used to promote crystallization, bound to this newly exposed
hydrophobic site (Figure 7). In the three SI00B—peptide struc-
tures, it was found that 25 residues define the target peptide
binding sites, including one residue in helix 2 (residue 36), nine
residues in the hinge region (residues 41—49), five residues in helix
3 (residues 51, 52, 55, 56, and 59), and 10 residues in helix 4 or the
C-terminal loop (residues 76, 79, 80, 82—84, 86, 87, 89, and 90). In
two additional structures of the inhibitor Pnt bound to Ca®*-
and Ca’",Zn>"-S100B (27, 30), it was found that two Pnt
molecules bind each subunit of S100B in both complexes. One
Pnt molecule is located near the peptide binding site (site 1) and
involves residues in the hinge (residues 42—45) and helix 4
(residues 83, 84, and 87—89). The second Pnt molecule bound
outside the peptide binding site in both Ca*>*- and Ca®>",Zn*"-
S100B and was adjacent to a well-characterized Zn® " binding site
(termed site 2) (4, 30). This second Pnt binding site represented an
additional binding surface on S100B that was not identified in the
peptide—S100B structures and was defined by residues located on
helix 4 (residues 84, 85, and 87—89) as well as six additional
residues in helix 1 [residues 8, 9, 11, 12, 15, and 16 (Figure 7)].
Together, these S100B structures defined a surface on S100B
comprising at least 34 residues that can be targeted in rational
drug design approaches (Figure 7). While Pnt (SBil) inhibited
binding of p53 to S100B (26), it did not fully encompass the
hydrophobic binding pocket identified in three SI00B—peptide
complexes determined at high resolution by NMR (S100B—
p53°77388 S100B—Ndr kinase, and SI00B—TRTK12) (50, 59,
60), including residues in helix 2 (36), the hinge (residues 41 and
46—49), helix 3 (residues 51, 52, 55, 56, and 59), and helix 4
(residues 76, 79, 80, 82, and 86). Thus, identifying additional lead
compounds that interact with these and other regions of S100B
was pursued.

The structural studies here present three newly discovered lead
molecules bound to Ca’*-S100B (S100B—SBil32, SI00B—
SBi279, and S100B—SBi523). Using NMR and X-ray crystal-
lography, the three compounds (SBil132, SBi279, and SBi523)
were all found to bind the hydrophobic target binding pocket of
Ca’"-S100B at or near the p353°°" % S100B—TRTKI2,
S100B—Ndr kinase, and/or SI00B—Pnt binding sites (Figures 2—
6); however, differences in the S100B binding sites for these three
small molecules were discovered using both structural methods
(Figures 2—6). For example, SBi279 and SBi523 both interacted
with more residues in the hinge region than found in either of the
Pnt—S100B complexes, but both of these compounds had fewer
contacts with residues in helix 4 (Figure 7). SBi132 was the only
compound that interacted with residues at the N-terminus of
helix 4 (residues 76 and 79). On the other hand, several residues in
the hinge (residues 42—45), helix 3 (residues 52, 55, and 56), and
helix 4/C-terminal loop (residues 79, 83, 86, and 87) were involved
in stabilizing several of the seven S100B—peptide or —SBiX
complexes, so it is tempting to speculate that these particular
residues are important for most S100B complexes, including that
with full-length p53. Such “hot spots” in the Ca>*-S100B binding
site should be considered in future structure—activity relationship
(SAR) and rational- and/or structure-based drug design strate-
gies for effectively engineering S100B inhibitor (SBiX).

Of particular interest was the finding that SBi132 was found to
bind Ca®"-S100B specifically since no interaction was detected
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between SBi132 and Ca”"-S100A 1. Considering the high degree
of sequence homology (56%, identical matches) between S100B
and S100A1, there are differences in the binding region of SBil32
found on helix 4 (S100B, F76 and M79; S100A1, L77 and A80;
alignment shifted by one residue) to allow for specificity. This
result was in agreement with previous studies conducted by
Arendt et al. (67), who discovered that several compounds they
tested bound either S100B or SI00A13, but in only a very few
cases was a small molecule found to bind both S100 proteins.
Even though S100B and S100A13 have a lower degree of
sequence homology (22%, identical matches), these studies
provide promise that the hydrophobic binding pockets in various
S100 proteins (i.e., including S100B, S100A 1, and S100A13) have
unique features as to allow discovery of small molecules that can
selectively bind one S100 protein or another. Lastly, the binding
sites of SBi132, SBi279, and SBi523 represent new and previously
undetected binding pockets and/or crevices in Ca®"-S100B, sites
that could be useful in the design of higher-affinity inhibitors that
specifically block S100B.

SUMMARY

Three new S100B inhibitors (SBil32—, SBi279—, and SBi523—
S100B) were found to bind Ca?*-S100B using NMR approaches;
however, the solution NMR data were not sufficient to precisely
define the exact location and conformation of these SBiX molecules
bound to Ca®>"-SI100B. Therefore, high-quality crystals were
obtained for each complex (SBil32—, SBi279—, and SBi523—
S100B) and compared to those determined previously for Pnt—
S100B and peptide—S100B complexes. Upon comparison, multiple
small molecule binding sites on S100B were identified throughout
the Ca**-S100B-exposed target protein binding pocket, including
several hot spots that were involved in all of the complexes reported
so far (Figure 7). Furthermore, identifying multiple small molecule
binding sites using the available S100B—peptide and —SBiX
structures will likely be important for future structure—activity
relationship (SAR) studies and for medicinal chemistry strategies
that target a single molecule that will bind one or more of these
small molecule binding sites simultancously. Such a molecule,
which would potentially inhibit the S100B—p53 interaction at
low concentrations (picomolar to nanomolar) in a specific fashion,
could have therapeutic potential for treating malignant melanoma
and other cancers with elevated levels of S100B.
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