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The binding of S100B to p53 down-regulates wild-type p53 tumor suppressor activity in cancer
cells such as malignant melanoma, so a search for small molecules that bind S100B and prevent
S100B-p53 complex formation was undertaken. Chemical databases were computationally
searched for potential inhibitors of S100B, and 60 compounds were selected for testing on the
basis of energy scoring, commercial availability, and chemical similarity clustering. Seven of
these compounds bound to S100B as determined by steady state fluorescence spectroscopy (1.0
µM e KD e 120 µM) and five inhibited the growth of primary malignant melanoma cells
(C8146A) at comparable concentrations (1.0 µM e IC50 e 50 µM). Additionally, saturation
transfer difference (STD) NMR experiments confirmed binding and qualitatively identified
protons from the small molecule at the small molecule-S100B interface. Heteronuclear single
quantum coherence (HSQC) NMR titrations indicate that these compounds interact with the
p53 binding site on S100B. An NMR-docked model of one such inhibitor, pentamidine, bound
to Ca2+-loaded S100B was calculated using intermolecular NOE data between S100B and the
drug, and indicates that pentamidine binds into the p53 binding site on S100B defined by
helices 3 and 4 and loop 2 (termed the hinge region).

Introduction
S100B, a member of the S100 protein family, is a

small acidic calcium-binding protein that is highly
conserved and expressed in a multitude of tissues and
cell lines, including astrocytes and melanocytes.1-3 (See
Appendix for abbreviations.) In general, low levels of
S100B have trophic effects, and higher levels are toxic,
resulting in uncontrolled cell growth.4-7 Increased levels
of S100B are found in astrocytic tumors,8 T cell leuke-
mia cells,9 renal cell tumors,10 malignant mature T
cells,11 and rat renal cell tumor lines.10 In addition,
elevated S100B levels have prognostic value for assess-
ing the progression of malignant melanoma including
recurrence of disease, disease progression to more
advanced stages, and metastatic potential of the mela-
noma in the later stages.12-22

Although S100 proteins such as S100B are often
referred to as markers for several cancers,3 it is now
becoming clear that S100B may contribute to cell
proliferation by binding the C-terminus of p53 and
inhibiting the tumor suppressor function.23-25 While
most proteins that bind or modify the C-terminus of p53
activate tumor suppression, the in vivo calcium-depend-
ent interaction of S100B with p53 inhibits p53 tumor
suppression function including reduction of p53-DNA
binding and transcription activation activities.25,26 Upon
binding p53, S100B also inhibits phosphorylation of the

tumor suppressor at the C-terminus27,28 and disrupts
p53 tetramers,29 two other functions important for p53
transcriptional activity.30 Thus, elevated levels of S100B
in cancer cells such as malignant melanoma likely
contribute to uncontrolled cell growth by down-regulat-
ing p53.

To better understand the S100B-p53 interaction, the
3D structures of calcium-free S100B (apo-S100B), cal-
cium-bound S100B (holo-S100B), and holo-S100B bound
to a peptide derived from the C-terminal negative
regulatory domain of p53 are very useful.24,31,32 A
comparison of these three structures illustrates the
details of the calcium-dependent interaction between
S100B and p53.23 Specifically, upon addition of calcium
to apo-S100B, several hydrophobic residues on helix 3,
helix 4, and loop 2 are exposed due to a large confor-
mational change in the second EF-hand domain of
S100B (Figure 1). It is these newly exposed residues
that form a mini-hydrophobic patch on holo-S100B and
participate in the S100B-p53 binding interface (Figure
1). In the absence of calcium, these same hydrophobic
residues are buried in the core of an S100B subunit,
and p53 cannot bind S100B, even at mM concentra-
tions27 (Figure 1). The availability of high-resolution
structural information provides the possibility of ap-
plying structure-based approaches to identify small
molecule compounds that bind to this hydrophobic patch
on holo-S100B and inhibit the calcium-dependent
S100B-p53 interaction.

Computer-aided drug design (CADD) offers great
potential in identifying chemical compounds with a high
probability of binding to a protein with a known 3D
structure.33 Database searching is a CADD approach
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that involves searching a virtual chemical database for
compounds with shape, electrostatic, or other physical
3D complementarity with a selected binding site on a
protein. Such an approach makes use of virtual data-
bases containing hundreds of thousands of compounds
or more from which tens to hundreds of compounds are
selected for biological assay. Application of this approach
has led to the identification of biologically active lead
compounds for a number of systems, including inhibitors
of the enzymes thymidylate synthase,34 various pro-
teases,35-38 kinases,39,40 and HIV integrase.41 Typically,
inhibitors discovered from such CADD methods have
dissociation constants in the low micromolar range, and
such compounds can be used as a starting point to
develop molecules that bind more tightly in later cycles
of drug design.

In this paper, we performed a CADD database search
to identify compounds that could bind to the hydropho-
bic patch on S100B that interacts with p53. From the
CADD search a total of 60 compounds were assayed,
from which 7 where shown to have binding affinities in
the µM range, and five of these compounds inhibit the
growth of malignant melanoma at comparable concen-
trations. Furthermore, NMR techniques were used to
show that these compounds bind to the p53 binding site
on S100B. One such compound, pentamidine, is an FDA
approved drug for protozoal diseases including treat-
ment and prophylaxis of pneumocystis pneumonia in
AIDS patients.42 Because the pharmacology of this drug
is well understood,42 this compound was characterized
further in a complex with S100B. Specifically, intermo-
lecular NOE data between pentamidine and holo-S100B
made it possible to construct a model of pentamidine

bound into the p53 binding site of holo-S100B. As a
future goal, the compounds identified in the present
study will serve as lead compounds for the design and
development of potential therapeutic agents for the
treatment of cancer.

Results and Discussion

Screening for SBiX Inhibitors. A search for small
molecules that bind S100B and prevent S100B-p53
complex formation was undertaken. The interaction
between the C-terminus of p53 (residues 367-388) and
S100B requires a large, calcium-dependent conforma-
tional change.23 This change in conformation exposes
several hydrophobic residues on S100B, which interact
directly with p53, comprising residues in helix 2 (L35,
I36), the hinge region (I47, K48), helix 3 (V52, V53,
V56, M57), helix 4 (M74, V77, M79, V80, T82, A83, F87),
and helix 1 from the other subunit (L3, M7).24 On the
basis of the NMR structure of p53-bound S100B, salt
bridges from the C-terminus of p53 and S100B are also
likely between glutamate residues (E45 and E86) of
S100B and positively charged side chains of p53 (R379,
K386).24 Likewise, an inhibitory peptide, TRTK-12,
binds the same hydrophobic pocket on holo-S100B using
several of the same residues (L44, V52, V56, M79, V80,
A83).47 It is this hydrophobic site on S100B that was
targeted in CADD screening using the program DOCK
(Figure 1).

Over 640000 molecules were screened using the
program DOCK, and 60 of the most promising com-
pounds were purchased and tested for binding to holo-
S100B. Of these, 21 were soluble and were suitable
for fluorescent binding assays. Six compounds, SBi1,
SBi2, SBi3, SBi4, SBi6, and SBi7, were found to bind
S100B (1.0 µM e KD e 120 µM; Table 1) in a calcium-
dependent manner as determined by fluoresecent spec-
troscopy (Figure 3). Furthermore, the S100B inhib-
itors SBi2, SBi3, and SBi7 compete directly with a
peptide derived from p53 (p53F385W), indicating that
these three compounds bind to a site that at least
partially overlaps with the hydrophobic patch on S100B
that interacts with p53. For SBi5, binding was also
observed in the absence of calcium (SBi5, apoKD >20 µM),
but binding to apo-S100B was significantly weaker than
when calcium was present (SBi5, KD ) 4.5 ( 0.5 µM;
Table 1).

One of these compounds, SBi1, is an FDA approved
drug, pentamidine isethionate, and was found to bind
to S100B with a relatively high affinity (KD)1.0 ( 0.6
µM; Figure 3). (The isethionate salt was chosen for this
study because it is FDA approved; the mesylate salt is
diabetogenic and is not approved for use in the United
States.) In addition, pentamidine isethionate (SBi1)
inhibits human primary malignant melanoma cell growth
(IC50 ) 1.2 ( 0.3 µM; Table 1) in a concentration range
comparable to its binding constant to S100B (KD ) 1.0
( 0.6 µM; Table 1). Lesser effects from SBi1 treatment
(>9-fold) were observed on the growth of normal mel-
anocytes. While these results are consistent with the
idea that p53 activity is restored by inhibiting the
S100B-p53 interaction, other mechanisms for inhibit-
ing cell growth cannot be completely ruled out in this
case or for the other inhibitors that inhibit cell growth
such as SBi3, Sbi4, SBi5, and SBi6 (Table 1). For SBi2

Figure 1. Amino acid residues of holo-S100B important for
binding p53. The p53 binding site on holo-S100B was defined
previously in a high-resolution NMR structure of holo-S100B
bound to a peptide derived from the C-terminal negative
regulatory domain of p53 (residues 367-388).24 Subunits are
colored blue and red, with those residues possessing NOEs to
p53 colored in yellow.
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and SBi7, the inability to enter cells is suggested to
be the reason for their inability to inhibit cell growth
(Table 1).

Screening Compounds Using Saturation Trans-
fer Difference NMR. Saturation transfer difference
(STD) NMR experiments were used to identify pro-
tons of the small molecule inhibitors that are at the
SBiX-S100B binding interface as previously described
for other protein-ligand complexes64,65 (Table 1). Specif-
ically, qualitative conclusions pertaining to the relative
proximity of protons on the inhibitor to those on the
protein and epitope mapping of the inhibitor can be
achieved when STD data for protons or groups of

protons of comparable longitudinal relaxation times (T1)
are compared.65 Furthermore, STD data such as this
can be considered when evaluating models of inhibitor-
protein complexes that are calculated with more rigor-
ous methods for structure determination.

For calcium-loaded S100B, STD NMR was readily
applicable to the lower affinity S100B-SBiX complexes
(KD > 5 µM), such as for SBi3, SBi6, and SBi7, because
of their fast exchange kinetics.64 Despite the relatively
high affinity of SBi1, SBi2, and SBi4 -SBi7 for S100B
(KD < 5 µM; Table 1), it was possible to detect saturation
transfer differences for these compounds by increasing
the concentration of excess inhibitor as previously de-
scribed64 (Figure 4). For SBi5, no STDs could be mea-
sured because the SBi5-S100B complex has very
limited solubility.

The tight binding inhibitors (KD < 10 µM; SBi1, SBi2,
SBi4, SBi7) give STDs to both aliphatic and aromatic
protons throughout the molecule, indicating that mul-
tiple protons on the inhibitor are proximal to protons
on S100B. In the case of the weaker binders (KD > 10
µM; SBi3, SBi6), STDs to some regions of the molecule
were not observed or very weak, suggesting that these
regions are less important for binding to S100B. In the
case of SBi6 (KD ) 18.3 ( 4.4 µM; Table 1), STDs are
observed on both substituted aromatic rings (φ1, H2,
H5, H6; φ2, H2, H3, H5) and on the furan ring (H3, H4).
However, the absence of STD to the carbon-bound
hyrdazone proton (i.e. proton attached to the carbon
adjacent to the furan group) is evidence that this region
of SBi6 is further away from protons of holo-S100B. The
weakest binding inhibitor, SBi3 (KD ) 120 ( 17 µM;
Table 1), is probably anchored into holo-S100B with an
aromatic group, only in this case it is the mesityl moiety
that provides the largest STDs with smaller STDs
observed for protons on the isophthalic and isoindol
groups.

Mapping the Inhibitor-Binding Site on Holo-
S100B. Titrations of S100B with the inhibitors
(SBi1-SBi7) were monitored using HSQC NMR spec-
tra to map their binding sites on S100B. While chem-
ical shift perturbations of amide-proton correlations
(15N-HN) can sometimes result from more global struc-
tural changes upon complex formation, such informa-
tion, as a whole, is often very useful for identifying the
general location of where small molecules bind to pro-
teins.78,79 In this study, the chemical shift assignments
of S100B could be adequately made by keeping track of
the perturbations during titrations with SBi2, SBi3,
SBi4, and SBi6. However, for SBi1 and SBi7, it was
necessary to confirm such assignments made during the
titration using sequential NOE data from 3-dimensional
NOE data (RN, âN, NN, etc.) as previously described.80

In one case (for SBi5), however, the inhibitor complex
with S100B was relatively insoluble at NMR concentra-
tions (>100 µM), and the chemical shift perturbations
could not be unambiguously assigned. Overall, titrations
with six of the seven inhibitors of S100B (SBi1, SBi2,
SBi3, SBi4, SBi6, SBi7) caused significant perturbations
in both proton and nitrogen chemical shift values of
holo-S100B in the hinge region (residues L40-E46), in
helix 3 (residues E51-V53, M57, T59-L60), in helix 4
(residues E72, M74-A75, V77-M79, T82-C84), and in
the C-terminal loop (F87-H90), which significantly

Table 1. Binding to Holo-S100B, Saturation Transfer
Differences, and Inhibition of Primary Malignant Melanoma
Cell Growth for Seven SBiX Inhibitors

X in
SBiX KD (µM) STDse IC50 (µM)

1 1.0 ( 0.6a,b H2/H5 ≈ H3/H6, R, â ≈ γ 1.2 ( 0.2f

2 4.5( 2.3c φ1(H2/H6; H3/H5, H4),
φ2(H2/H6; H3/H5)
(N1CH3, CH3); R, â, NH

>100g

3 120 ( 17c,d mesityl(H3/H5, (4-CH3 >
2/6-CH3)), isophthalic
acid(H2/H6 < H4),
isoindol ((H4), H5 < H6)

44 ( 11h

4 2.0 ( 0.2b H4 ≈ H5 ≈ H6 8.0 ( 3.0i,f

5 4.5 ( 0.5a limited solubility 12.0 ( 4.0i

6 18.3 ( 4.4a φ1(H6 > H2,H5), φ2(H3 ≈
H4, H6), furyl(H3 ≈ H4)

49 ( 16i

7 8.1 ( 1.0c,d φ1(H6), (H5 > H4,H2),
dioxosionindoline (H3 >
H4, H6); tert-butyl ≈
φ1(H5), NH

>100g

a Intrinsic fluorescence of compound was monitored during
titrations with holo-s100B. b The emission of the tryptophan
residue in F43W S100B bound to the small molecule inhibitor was
monitored in competition studies with wild-type S100B. The
dissociation constants of SBi1 (KD ) 0.9 ( 0.2 µM) and SBi4 (KD
) 0.6 ( 0.1 µM) from F43W S100B were used together with the
apparent dissociation constant (Kapp) from the competition titration
to calculate the dissociation constant from wild-type S100B using
KD ) Kapp/(1 + [F43W S100B]/F43WKD). c The emission of the
tryptophan residue in the p53F385W peptide bound to wild-type
S100B was monitored in competition studies with the small mole-
cule inhibitor. The dissociation constant of the p53F385W peptide
from wild-type S100B (p53F385WKD ) 5.6 ( 1.0 µM27) was used
together with the apparent dissociation constant (Kapp) from the
competition titration to calculate the dissociation constant of the
inhibitor from wild-type S100B using KD ) Kapp/(1 + [p53F385W]/
p53F385WKD). d Tyrosine fluorescence of wild-type S100B was moni-
tored during the titrations. e Naming of protons and functional
groups for each compound are illustrated in Figure 1 and in the
Experimental Section. Comparisons are valid only in cases in
which the longitudinal relaxation rates (T1) are similar (i.e. within
10%) as previously described.65 f The two highest affinity com-
pounds were also tested for their ability to inhibit the growth of
normal melanocytes. A lesser effect on the growth of normal
melanocytes was observed for both SBi1 (>9-fold) and SBi4 (>4-
fold), compared to their effect on growth of primary malignant
melanoma cells. g SBi2 and SBi7 are soluble in aqueous solution
when bound to holo-S100B, but they did not affect cell growth.
These results are most readily explained by the fact that these
two compounds do not enter efficiently into cells. h SBi3 was found
to have a more toxic effect on cell growth than can be explained
by its affinity for S100B; thus, this molecule must also bind some
other protein(s) and/or DNA that affects the growth rate of malig-
nant melanoma cells. i The inhibitors SBi4, SBi5, and SBi6 all
inhibit cell-growth; however the IC50 values for these compounds
are at concentrations 2-3-fold higher than their dissociation con-
stants for S100B. Decreased potency may be caused by sequestra-
tion of the inhibitor into cellular compartments, metabolism of the
compound itself, and/or by some other unknown mechanism(s).
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overlaps the region of S100B responsible for binding p53
and TRTK-12 (Table 2; Figure 5A). Control experiments,
in the absence of calcium, showed none of these six com-
pounds to exhibit HN or 15N chemical shift perturbations
consistent with the calcium dependence of these S100B-
inhibitor interactions. For SBi5, small chemical shift
changes were also observed in the hinge region of S100B
in the absence of calcium, which is consistent with
fluorescent data that showed binding of this compound
to both apo-S100B (weak binding) and holo-S100B.

NMR-Docked Model of Pentamidine (SBi1)
Bound to Holo-S100B. While chemical shift perturba-
tions and saturation transfer difference NMR can be
used in a qualitative manner to map binding epitopes
on holo-S100B and SBi1, respectively, it is important
to obtain direct evidence for intermolecular proximities
to accurately characterize binding at the S100B-SBi1
interface. In this regard, intermolecular NOEs were
assigned between protons of SBi1 and aromatic residues
of calcium-loaded S100B (F73, F76, and F88; Figure 5B).
These intermolecular NOE correlations were then used
to dock SBi1 into the NMR structure of Ca2+-S100B32

using methods described previously72,73 (Figure 5B). The
resulting model (Figure 6) was found to be consistent
with nearly all of the HSQC perturbation and STD data.
For example, HSQC perturbations are observed for helix
1, the hinge region, helix three, helix four, and the
C-terminal loop consistent with the NMR-docked model

that places SBi1 into the p53 binding site on S100B
defined by helices 3 and 4 and loop 2 (termed the hinge
region). Smaller HSQC pertubations were observed in
helix three upon the addition of SBi1, which could not
be easily explained by the location of the inhibitor in
the NMR-docked model; however, such smaller chemical
shift perturbations could also result from a slight
reorientation of this helix upon the addition of SBi1.
Nonetheless, it is clear from this NMR-docked model
(Figure 6) that SBi1 binds a region of holo-S100B that
overlaps significantly with the p53 binding site il-
lustrated in Figure 1.

Conclusions. Novel inhibitors of the S100B-p53
peptide complex were obtained using a combination of
computational chemistry, structural biology, and mo-
lecular biological approaches. These seven compounds
represent the first round of a rational drug design
project targeting the identification of inhibitors of the
protein S100B. In one case, we have found an FDA
approved drug, pentamidine isethionate, which binds
to the p53 binding site on S100B. Future efforts will
involve developing such lead compounds into higher
affinity inhibitors of S100B, which could potentially
have useful cancer therapeutic properties.

Experimental Section
Materials. All chemical reagents were ACS grade or higher

unless otherwise indicated. Buffers were passed through

Figure 2. Inhibitors of the holo-S100B-p53 peptide complex. The IUPAC names of the inhibitors SBi1-SBi7 are given in the
Experimental Section. Numbering and names to chemical moieties are illustrated in this figure to facilitate the discussion of the
compounds.
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Chelex-100 resin (Bio-Rad) to remove trace metals. Perdeu-
terated Tris, d11-Tris (1 M solution in D2O), D2O, and
15NH4Cl were purchased from Cambridge Isotope Laboratories,
Inc. Small molecules screened for binding to S100B were pur-
chased from Sigma, Ryan Scientific Inc. (Maybridge Database),
and Hit2lead (Chembridge Database; www.hit2lead.com).

Computational Methods. The program DOCK 4.0.143,44

was used to screen a virtual small molecular weight library
of approximately 640000 compounds, that was prepared as
previously described.45,46 Database screening targeted a hy-
drophobic pocket on p53 peptide-bound S100B from which the
peptide was removed.24,32 Residues in this same hydrophobic
site also provided numerous interactions to the TRTK pep-
tide.47 Screening via DOCK used flexible ligands based on the
anchored search method.48 The solvent accessible surface on
S100B was calculated using the program DMS,49 and sphere
sets were chosen with the DOCK associated program SPH-
GEN,50,51 which places target spheres in concave regions of
the solvent accessible surface. Of these spheres, those in
proximity (<14 Å) of all amino acid residues important for
S100B-p53 interactions (residues L44, K48, E51, V52, K55,
V56, V77, V80, T82, A83) were selected to define the target
site.24 The program SYBYL (Tripos Inc.) was used to assign
partial charges to the protein, including those on calcium. For
calculation of interaction energies, the grid method was
applied,52,53 using a GRID with box dimensions 30 × 31 × 36

Å3 based on the edges being 10 Å beyond the position of the
selected spheres. Scoring of compounds was based on the van
der Waals attractive term,46 even though the ligand buildup
procedure in DOCK is based on the full interaction energy.
Use of the vdW attractive term for scoring ensures that
compounds that have steric complementarity with the binding
regions are selected, avoiding the selection of compounds
dominated by electrostatic interactions that may potentially
be nonspecific.46

Four groups of compounds were screened using DOCK:
group I includes ≈180000 compounds from the National
Cancer Institute (NCI) database (Milne 1994); group II
includes ≈350000 compounds from the Maybridge, Chem-
bridge, Asinex, Indexnet, Idxchmcs, and Menai databases;
group III includes ≈70000 compounds from the Sigma data-
base; and group IV includes ≈40000 compounds from the
Derwent World Drug Index. In the screen of the NCI database
(group I), the top scoring 600 compounds were tabulated and
evaluated further. Of these 600 compounds, five were chosen
for binding studies based upon current knowledge of the p53
binding site on S100B,24 likeness to known drug scaffolds, and
commercial availability.

For group II, the top scoring 20000 compounds were
subjected to a second, more rigorous DOCK search involving
several rounds of energy minimization and additional struc-
tural optimization.46 From this second DOCK search, the top
500 compounds were tabulated and evaluated on the basis of
solubility, potential toxicity, and likeness to known drug
scaffolds. To increase the likelihood of obtaining active com-
pounds, these top 500 compounds were also subjected to
ChemFinder chemical similarity clustering to maximize the
structural diversity of compounds for assay.54 Thirty-nine
compounds from various clusters were assayed using steady
state fluorescence and NMR spectroscopy techniques. In
addition, if any of the compounds demonstrated similarities
with pentamidine (from original DOCK search; group I), then
it too was chosen for binding studies. The screening of the
Sigma (group III) and Derwent (group IV) databases was
treated in an analogous manner to that of the NCI database
(group I) except that an additional screen was performed for

Figure 3. Binding studies of pentamidine isethionate to holo-
S100B. (A) Titration of pentamidine isethionate (SBi1) into a
solution containing 4 µM F43W S100B, 100 mM KCl, 10 mM
CaCl2, 40 mM tris, 25 °C, pH 7.5. (B) Titration of wild-type
S100B into a solution containing SBi1 bound to F43W S100B.
In these titrations, the concentrations of F43W and pentami-
dine isethionate were kept constant throughout the titration.

Figure 4. Saturation transfer difference data for pentamidine
bound to holo-S100B. (A) Chemical structure of pentamidine
shown together with labels for the aliphatic and aromatic
protons of the compound. (B) STD spectra for pentamidine
isethionate bound to holo-S100B illustrating that all of the
protons of pentamidine are in proximity to protons in holo-
S100B. Conditions included 0.15 mM S100B, 1.5 mM penta-
midine, 30 mM Tris, 1 mM DTT, 0.4 mM EDTA, 10 mM CaCl2,
100 mM KCl, 0.3 mM NaN3, 5% D2O, pH 7.5, 25 °C. Peaks
labeled with an asterisk (*) are subtraction artifacts arising
from the isethionate salt and Tris-HCl buffer in the sample.
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chemical similarity against the inhibitors discovered previ-
ously in the group I and II searches.

In total, 60 compounds identified using DOCK were pur-
chased from Sigma, Ryan Scientific Inc. (Maybridge) or Chem-
bridge Corporation. Of these 60 compounds, 7 were found to
be soluble and bind S100B in the p53 site. These compounds
were named S100B inhibitors 1-7, SBiX (X ) 1-7), and are
presented in Figure 2. SBi1: pentamidine isethionate (Sigma-
Aldrich, St. Louis, MO). SBi2: 4-[(4-{[(1,5-dimethyl-3-oxo-2-
phenyl-2,3-dihydro-1H-pyrazol-4-yl)amino]sulfonyl}phenyl)-
amino]-4-oxobutanoic acid (Ryan Scientific Inc., Isle of Palms,
SC). SBi3: 5-{[(2-mesityl-1,3-dioxo-2,3-dihydro-1H-isoindol-5-
yl)carbonyl]amino}isophthalic acid (Hit2lead.com, San Diego,
CA). SBi4: N-(2,3,dichlorophenyl)imidodicarbonimidic diamide
(Ryan Scientific Inc., Isle of Palms, SC). SBi5: N-(2-benzoyl-
4-chlorophenyl)imidodicarbonimidic diamide hydrochloride
(Ryan Scientific Inc., Isle of Palms, SC). SBi6: 5-((2E)-2-{[5-
(3-carboxy-4-chlorophenyl)-2-furyl]methylene}hydrazino)-2-
chlorobenzoic acid (Hit2lead.com, San Diego, CA). SBi7: 2-{3-
[(tert-butylamino)carbonyl]phenyl}-1,3-dioxoisonindoline-5-
carboxylic acid (Hit2lead.com, San Diego, CA) (Figure 2). The
IUPAC names for the inhibitors were obtained using a
program from the Advanced Chemistry Development I-Lab
service (v. 7.06; ACD, www.acdlabs.com).

Solubility Trials. Each of the 60 compounds purchased for
the experimental screening was first dissolved in deuterated
DMSO (99.96%; Cambridge Isotopes) and then tested for
solubility in aqueous buffers. For those compounds with
significant solubility, their relative solubility was tested
further in the presence of holo-S100B using the hanging drop
technique and various conditions as previously described.55 The
chemical literature of related small molecules bound to either
protein or DNA was also searched to obtain possible conditions
to solubilize the S100B-inhibitor complexes; such was the case
with inhibitor SBi1 where the dilution in water first and the
inclusion of 100 mM KCl were found to be critical for its
solubility as found previously in other systems.56

Inhibition of Cell Growth. Primary malignant melanoma
cells (C8146A) were obtained from Dr. Frank L. Meyskens
(University of California, Irvine) and were plated at a density
of 10000 cells per well in 24-well plates containing F10 media
(10% FBS). The following day, the original growth media was
removed and replaced with fresh F10 media (10% FBS)
containing the various compounds, in quadruplicate trials, at
six concentrations. As a control, cell growth was also monitored
in media without compound but containing DMSO. Five days
after addition of the compounds, cell viability was analyzed
using a standard MTT assay as previously described.57 In this
assay, the compound-containing media was removed and the
cells were treated with methyldiazoletetrazolium (MTT, 0.25
mg/mL in PBS) for 3 h at 37 °C. The unreacted solution was
then removed, and 1 mL of 100% DMSO was added to
solubilize the MTT-formazan product. Quantification of violet

crystals reflecting cellular growth and viability was determined
by absorbance at 540 nm relative to the controls done in the
absence of compound.

Normal melanocytes were purchased from Cell Applications,
Inc. (San Diego, CA), and were plated at a density of 10000
cells per well in 24-well plates containing MEM growth
medium purchased from Cell Applications, Inc. The following
day, the original growth media was removed and replaced with
fresh MEM growth media containing SBi1, SBi4, or no
compound in quadruplicate trials at several concentrations
(1-25 µM). Cells were removed from the surface of the wells
5 days after the addition of the compounds. The excess media
was removed via washing with 0.4 mL of HBSS per well.
Following the washing step, addition of 0.2 mL of trypsin (until
cells visibly detach from surface) was followed by addition of
0.5 mL of trypsin neutralizing solution and 0.5 mL of HBSS.
Cells were counted using a hemocytometer.

Fluorescence Spectroscopy. Compounds were tested
for binding to holo-S100B using fluorescence spectroscopy
(SBi1-SBi7; Figure 2). Unless otherwise stated, conditions for
fluorescence binding assays included 40 mM Tris, 10 mM
CaCl2, 100 mM KCl, 25 °C, pH 7.5. KCl was not included in
titrations with SBi2 and SBi7. For the three fluorescent
compounds discovered to bind S100B (SBi1, SBi5, SBi6), the
change in the compound’s fluorescence intensity was measured
during titrations with S100B. Three other approaches to
characterize binding were used for those compounds that are
not fluorescent (SBi2, SBi3, SBi4, SBi7) or weakly fluorescent
(SBi1). First, the changes in tyrosine fluorescence of S100B
upon the addition of the small molecule were monitored in
titrations with compounds SBi3 and SBi7. Second, the emis-
sion of an S100B tryptophan mutant (F43W) was monitored
during titrations with the compounds SBi1 and SBi4. After
this titration, wild-type S100B (contains no tryptophan) was
used to compete with a tryptophan-containing mutant (F43W),
and the fluorescence intensity of F43W S100B was restored
in each case. Typical conditions in these titrations included 4
µM F43W S100B, 10 mM CaCl2, 40 mM Tris-HCl, 100 mM
KCl, 25 °C, pH 7.5. A third method made use of a fluorescent
peptide derived from p53 (F385W) that binds holo-S100B (KD

) 5.6 ( 1.0 µM).27 In these competition assays, the addition
of compounds SBi2, SBi3, and SBi7 to the S100B-p53 complex
restored the fluorescent intensity of p53F385W peptide; KD values
were then calculated using KD ) K′/(1 + [p53F385W]/p53F385WKD)
where K′ is from the best-fit curve of the titration data and a
p53F385WKD value of 5.6 ( 1.0 µM.

Steady-state experiments to determine binding constants
were performed on an Aminco Bowman series 2 luminescence
spectrophotofluorometer with the temperature of the cell
(quartz cuvette) maintained at 25 °C. In all cases, the binding
constant was obtained from titrations performed with at least
two different concentrations of the fluorophore (compound,
wild-type S100B, F43W S100B, and/or p53F385W peptide).

Table 2. Chemical Shift Perturbations for Residues in Holo-S100B upon the Addition of Inhibitors (SBiX)a

X in
SBiX helix 1 loop 2 (hinge) helix 3 helix 4

C-terminal
loop

1 A9 I11 F14 H15 S41 L44 E45 E46 V52 T59 M74 A75 V77 A83 E89 H90
2b H42 F43 L44 V51 V56 L60 C68 E72 V77 S78 M79 T81

T82 A83 C84 H85
E86 E91

3c L3 Ill D12 V13 F14 S18 S41 E46 K48 E49 E51 T59 E72 M79 A83 E89 H90
4 L3 A9 H15 Y17 S18 L44 E45 M57 T59 V77 A83 F88 H90
5d

6 F43 F44 E72 A83 E89 H90
7e F14 L40 F43 E45 V52 V53 T82 F88
TRTKf L40 H42 L44 E45 I47 V52 K55 V56 T59 M79 V80 A83 C84 F87
p53f L44 V52 V56 M79 V80 F87
a Mapping of the binding site on holo-S100B using chemical shift perturbations (∆δ1H + ∆δ15N) for residues on S100B upon addition

of SBiX. b SBi2 also shows changes in chemical shift for residues in the second â sheet (C68). c SBi3 also shows changes in chemical shift
for residues in the first loop (H25) second â sheet (D69). d SBi5 complexed with holo-S100B was minimally soluble at concentrations
necessary for NMR (>100 µM), so no chemical shift assignment could be unambiguously made for this compound when bound to holo-
S100B. e SBi7 also shows changes in chemical shift for residues in helix 2 (N38). f Residues for which intermolecular NOEs are observed
for the TRTK-holo-S100B complex and the p53-holo-S100B complex. For the TRTK-12 peptide, intermolecular NOE correlations to I36
in helix 2 are also observed.
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NMR Spectroscopy. NMR spectra were acquired at 25 °C
and/or at 37 °C with a Bruker Avance 600 MHz and a Bruker
Avance 800 MHz NMR spectrometer each equipped with four
frequency channels and a triple resonance 3-axis gradient
probe. Data were processed on Linux workstations using the
processing program nmrPipe 58 or nmrView.59 The backbone
and side chain chemical shifts of Ca2+-loaded S100B and
S100B bound to p53 peptide have been described previ-
ously.24,32 The assignments of 15N-labeled S100B bound to the
compounds could be made in most cases from titration of the
compounds into Ca2+-S100B as monitored by a 2D 1H-15N fast
HSQC.60 Three-dimensional NOESY-HSQC data were neces-
sary to confirm the assignments of S100B bound to SBi1 and

SBi7. NMR sample conditions typically consisted of 0.1-1.0
mM S100B, 0-2.5 mM compound, 30 mM Tris-HCl, 100 mM
KCl, 10 mM CaCl2, 0.3 mM NaN3, 0.4 mM EDTA, 5 mM DTT,
5% D2O, and pH 6.5-7.5. For SBi1 bound to unlabeled holo-
S100B, a 2D presat NOESY (150, 200, and 300 ms mixing
time), and a 2D presat TOCSY (71 ms spin-lock time) were
collected in D2O. For these experiments, conditions included
0.5 mM S100B, 1.0 mM pentamidine, 30 mM Tris-HCl, 1 mM
DTT, 0.4 mM EDTA, 10 mM CaCl2, 100 mM KCl, 0.3 mM
NaN3, D2O, pD 7.5, 37 °C.

To verify the calcium dependence of the small molecule
interaction between each of the compounds (SBi1-SBi7) and
S100B, HSQC spectra were collected both in the presence and
in the absence of calcium. In cases where sample conditions
were changed, a control Ca2+-S100B HSQC spectrum was
collected under the new conditions, which was sufficient to
verify the assignments in all cases since very minor changes
in chemical shift were observed. All proton chemical shifts are
reported with respect to the H2O or HDO signal taken as 4.658
ppm relative to external TSP (0.0 ppm) at 37 °C; 4.773 ppm
relative to external TSP (0.0 ppm) at 25 °C. The 15N chemical
shifts were indirectly referenced using the following ratio of
the zero-point frequencies at 37 °C and 25 °C: 0.10132905 for
15N to 1H.61-63

Candidate inhibitors (including SBi1-SBi7 and others) were
subjected to group epitope mapping via saturation transfer
difference (STD) NMR.64 The duration of the presaturation
period (1 s to 8 s) for STD experiments was optimized as
previously described.64 As a control, the STD experiments were
collected in the absence of a T1F filter and as expected the 1D
spectrum of holo-S100B was fully restored. STDs were col-
lected at 25 °C, due to more efficient saturation of the protein
at the lower temperature (i.e. versus 37 °C) as previously
described.65 Typical sample conditions included 75-150 µM
S100B, 30 mM Tris, 1 mM DTT, 0.4 mM EDTA, 10 mM CaCl2,
100 mM KCl, 0.3 mM NaN3, 5% D2O, pH 7.5, 25 °C; 1.5-3.0
mM SBiX. All samples for the STD experiments were prepared
with the compounds in 10-30-fold molar excess of Ca2+-S100B,
and the proton assignments of the compound were made using
NMR experiments including standard 1D Watergate,66 1D
selective NOESY (GOESY),67 1D selective decoupling experi-
ments, 1D inversion recovery experiments (T1), and 2D TOCSY
(spin-lock times of 5 ms to 72 ms),68 2D NOESY,69 and 2D
HMBC70,71 experiments.

Modeling of the Holo-S100B-SBi1 Complex. Intermo-
lecular NOE correlations between SBi1 and holo-S100B were
used to orient SBi1 into the previously determined NMR
structure of Ca2+-S100B 32 to give an NMR-docked model of
the S100B-SBi1 complex using previously described meth-
ods.72,73 SBi1’s chemical shifts were confirmed via titration of
S100B into a 100 µM SBi1 sample using a standard 1D
Watergate.66 Specifically, coordinates for SBi1 were formatted
for use in XPLOR with the program XPLO2D74 and 20 steps
of Powel minimization were applied to SBi1 in XPLOR prior

Figure 5. Chemical Shift perturbations and intermolecular
NOE correlations arising from pentamidine bound to holo-
S100B. (A) HSQC difference map illustrating 1H and 15N
perturbations upon addition of pentamidine to holo-S100B.
Conditions included 0.75 mM S100B, 1.0 mM pentamidine,
30 mM Tris, 5 mM DTT, 0.4 mM EDTA, 10 mM CaCl2, 100
mM KCl, 0.3 mM NaN3, 5% D2O, pH 7.5, 37 °C. (B) 1D slice
(t2) from a 2D NOESY experiment illustrating intermolecular
NOE correlations between F88δ protons of Ca2+-loaded S100B
(diagonal) and protons of pentamidine. Also labeled are
intraresidue NOE correlations to F88ε and F88ú protons.
While the intermolecular NOE to the H2/H6 protons of
pentamidine is unambiguous and without overlap, the inter-
molecular NOE labeled for the H3/H5 protons overlaps with
other intramolecular NOEs to F88δ. The peak labeled with
an asterisk (*) is not maximized in this slice of the 2D spectra.
Conditions included 0.5 mM S100B, 1.0 mM pentamidine, 30
mM Tris, 5 mM DTT, 0.4 mM EDTA, 10 mM CaCl2, 100 mM
KCl 0.3 mM NaN3, D2O, pD 7.5, 37 °C.

Figure 6. Ribbon diagram of the NMR-docked model of
pentamidine (SBi1) bound to holo-S100B. Subunits of the
S100B dimer are shown in blue and gray with residues that
have HSQC perturbations colored in red, and residues that
have intermolecular NOEs to their aromatic side chains
colored in yellow (F73, F76, F88).
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to docking it into S100B. Next, simulated annealing refine-
ments were run, which made use of all the NOE and dihedral
angle constraints including intermolecular NOE correlations
between SBi1 and S100B, using the program XPLOR-NIH.75

The resulting models were visualized using the program VMD-
XPLOR,76 and figures were produced with MIDAS49 and
MOLSCRIPT.77
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Appendix
Abbreviations. S100â, subunit of dimeric S100B;

NOE, nuclear Overhauser effect; NMR, nuclear mag-
netic resonance; HSQC, heteronuclear single quantum
coherence; NOESY, nuclear Overhauser effect spectros-
copy; TOCSY, total correlation spectroscopy; STD, satu-
rated transfer difference; GOESY, gradient Overhauser
exchange spectroscopy; COSY, correlation spectroscopy;
HMBC, heteronuclear multi bond correlation; SBiX,
S100B inhibitor number X.
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