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1. Introduction

The development of new therapies for patients diagnosed with malignant melanoma is in high
need. In this chapter, the design and testing of inhibitors are discussed for S100B, a calcium-
binding protein that down-regulates the tumor suppressor p53. Because p53 is wild type in
many malignant melanoma patients, the restoration of p53 with S100B inhibitors (SBiXs)
represents a new and potentially effective strategy for sensitizing melanoma cells to p53-
dependent apoptosis pathways and for targeting this deadly cancer. Such a strategy requires
blocking of the S100B-p53 protein-protein interaction (PPI) and involves methods including
computer aided drug design (CADD), screening technologies, nuclear magnetic resonance
(NMR), X-ray crystallography, and medicinal chemistry approaches. The ultimate goal is to
design a highly specific and potent inhibitor of S100B that has clinical value.

2. The S100 protein family

The S100 family of EF-hand calcium-binding proteins has more than 20 members, with the
genes encoding these proteins present only in vertebrates [7]. S100 proteins (S100s) are
expressed in both a cell type and tissue-specific manner to provide diverse functional roles
including calcium homeostasis, cell-cell communication, cell proliferation, differentiation,
cytoskeletal dynamics, and cell morphology [7-10]. On the other hand, dysregulation of S100
expression is observed in several types of cancers, including malignant melanoma [7-9]. They
are also problematic when elevated in several cognitive disorders including those arising from
traumatic brain injuries [12-16]. While S100 proteins themselves have no inherent enzymatic
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activity, they regulate important biological processes via specific Ca2+-dependent protein-
protein interactions [17,18].

The first members of the S100 family were discovered in 1965 in a subcellular fraction from
bovine brain tissue and were named based on their solubility in 100% saturated ammoni‐
um sulfate.  When this  protein fraction was examined in detail,  two similar,  but distinct
proteins were discovered and designated S100α and S100β that are now referred to as S100A1
and S100B,  respectively  [17,19].  As  with  S100A1 and S100B,  other  S100s  have  a  similar
molecular weight (9-12 kDa), have homologous amino acid sequences (>40%), and typically
exist as symmetric homodimers, or as heterodimers, held together by noncovalent interac‐
tions as pairs of four-helix bundles [20,21]. Two EF-hand helix-loop-helix calcium-binding
structural motifs, first defined using the “E” and “F” helices from the X-ray crystal struc‐
ture of parvalbumin, are present in each S100 subunit [22]. The N-terminal “S100” or “pseudo”
EF-hand (EF1) is comprised of 14 rather than the original 12 residues and this 14 amino acid
sequence readily distinguishes S100s from other EF-hand calcium signaling proteins. The
canonical EF-hand (EF2) is found at the C-terminus of each subunit and typically binds Ca2+

with a higher affinity than EF1. The two EF-hand domains are connected by a stretch of amino
acid residues (<25 residues) termed the “hinge region”. This “hinge” together with the C-
terminal  loop of the S100 protein contains the least  amount of  sequence homology and,
therefore, represents the two regions that give each family member their individual target-
binding specificity [7,8,23]. In addition to binding Ca2+, several S100s bind Zn2+ at a sepa‐
rate site from the EF-hand calcium-binding domains. The Zn2+ site can also bind other metals
(i.e. Mn2+, Cu2+, and others) and has two ligating residues contributed from each subunit at
the dimer interface to provide tetrahedral coordination that is typical for Zn2+ [24]. Howev‐
er, for S100B, Zn2+-binding is not sufficient to induce target binding on its own, but rather
functions by increasing the affinity S100B has for Ca2+ and its target proteins [25,26].

Figure 1. Structures of apo- versus holo-S100B. Ribbon diagrams comparing the NMR solution structures of calcium-
free (left) and calcium-bound S100B (right), illustrating the 90° reorientation of helices 3 and 3’ in each subunit of
S100B. Shown in yellow on one subunit is the S100B target binding site that is exposed after the Ca2+-dependent con‐
formational change.
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3. S100B structure & interactions with ions

As with most S100 proteins, each 91 amino acid subunit of S100B has four alpha helices
arranged into two helix-loop-helix (HLH) calcium-binding motifs connected by the flexible
“hinge” region. Helix 1 and 2 make up the S100 EF-hand, while helix 3 and 4 form the canonical
EF-hand (Figure 1). Each S100B subunit, therefore, binds two molecules of calcium, though
with significantly different affinities [27]. While the canonical EF-hand binds Ca2+ with
moderate affinity (KD = 20 – 50 µM), the weaker S100 EF-hand binds Ca2+ with a much lower
affinity (KD = 200 – 500 µM) [27-30]. Calcium binding induces a dramatic conformational change
in S100B where helix 3 rotates by 90º to become perpendicular to helix 4 (Figure 1). This change
in conformation exposes a unique binding pocket, which in turn, binds to targets specific for
each S100 protein generating a biological response [23]. However, it is clear that the dissocia‐
tion constants of calcium from most S100s in vitro, including S100B, are too weak to compete
on their own for free Ca2+ typically present in the cytosol (100 to 500 nM). Interestingly, it is
now understood that the affinity of S100s for Ca2+ is increased by as much as 300-fold when
bound to biologically relevant target proteins (i.e. at 100 nM free Ca2+) suggesting that S100s
typically only sequester free Ca2+ when their biologically relevant targets are present at optimal
levels within the cell [31-34]. While the mechanism for this allosteric tightening of Ca2+ is not
completely understood, it is known that when a target peptide derived from CapZ (termed
TRTK-12) is bound to S100B, a loss in µs-ms motions occurs throughout the protein including
in the side chain of a Ca2+-coordinating residues. These results were consistent with the
hypotheses that stabilizing motions, particularly for Ca2+-coordinating residue(s) in EF2, could
be responsible for the significant increase in Ca2+-ion binding affinity observed when a target
is bound to Ca2+-S100B [35]. Likewise, the binding of S100B to Zn2+ (KD = 90 ± 20 nM) stabilizes
residues in the C-terminus of the protein, resulting in an increase in both Ca2+- and target-
binding affinities [28,36].

Thus, as with many EF-hand proteins, S100 signaling proteins do not bind Ca2+ with high
affinity unless they are bound to their biologically relevant protein target(s) [32-34,37,38]. In
other words, in the absence of a bound target, the Ca2+-binding affinity for most S100 proteins
is relatively low (i.e. in the µM range [1,17,27,39], but when bound to peptides (i.e. TRTK-12)
or full-length targets, the Ca2+-binding affinity can be increased by 5- to 300-fold, respective‐
ly [32-34,37,38,40]. This property is physiologically necessary because while there are over
600 EF-hand Ca2+-binding domains within any given cell, Ca2+ homeostasis must be main‐
tained with sufficient free Ca2+ ion concentrations for proper signaling (i.e. 100 to 500 nM).
Thus, as a physiological control mechanism, S100s and many other EF-hand proteins do not
sequester significant amounts of free Ca2+ unless their functionally relevant molecular target
is available [29,34,38]. It is especially important for drug design that we continue to investi‐
gate and understand this phenomenon at the molecular level because S100 inhibitor bind‐
ing must mimic the EF-hand-target complex and allosterically tighten Ca2+ ion binding affinity
upon complex formation to be effective inside the cell [35,37]. For S100B, this includes targets
such as p53, hdm2, hdm4, Rsk1 and RAGE, among others, which subsequently contributes
to a Ca2+-mediated growth response in a cell-specific manner, including those in skin and
brain (Table 1).
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4. S100B pathology

The  protein  S100B  is  found  in  melanocytes,  glial  cells,  chondrocytes,  and  adipocytes,
exhibiting both intra- and extracellular functionality. The cellular responses elicited by S100B
can vary depending on several factors, including concentration (nM or µM), cell type, and
cellular location [8,9]. Of particular concern is the role of elevated S100B in melanoma (Figure
2),  the most deadly of all  skin cancers,  notorious for its resistence to chemotherapy and
radiation. Clinical studies have established S100B as an effective biomarker for melanoma;
however,  this  is  only the case when highly specific  S100B antibodies  are  used [12].  For
example, in one study, samples from 412 melanoma patients at varying stages were com‐
pared to those diagnosed with non-melanoma skin cancers and inflammatory cutaneous
diseases. Using a cutoff value of 0.2 µg/l serum S100B, a positive correlation was observed
for patients having S100B levels above the cutoff level and advancement of tumor stage,
indicative of a contribution by S100B to micro- and/or macro-metastases [41-43]. Though
elevated S100B cannot  be  used to  identify  tumor  thickness  or  lympth node status,  it  is
predictive of poor patient prognosis, increased tumor recurrence, and low overall survival
[9,41-44]. Subsequent studies reinforce these findings and consistently show elevated levels
of S100B to be a sensitive and specific marker of melanoma progression with the ability to
detect metastases or relapse at much earlier timepoints. S100B levels can also be used to
monitor  treatment  strategies  for  rapid  identification  of  whether  a  particular  therapy  is
promising  or  for  deciding  to  take  an  alternative  approach  [9].  While  S100B  is  a  useful
prognostic indicator for melanoma, its use as a biomarker for several other cancers with
elevated S100B is still under investigation; including colorectal cancer [45-47], several gliomas
[48,49], mengiomas [50], non-small cell lung cancer (NSCLC) [51], renal cell carcinoma (RCC)
[52], and thyroid carcinoma [53]. In addition, these clinical observations underscore the need
to fully understand the role of elevated S100B in cancer, which is ongoing [2-4,54].

Figure 2. Staining for elevated S100B in a human malignant melanoma biopsy. Elevated S100B is stained brown in
this human biopsy recorded for a patient before entering a S100B inhibitor clinical trial (SBi1). Patients are also tested
for their p53 status and S100B:p53 ratio as recommended by Lin et al [2-4].

Although not considered in detail here, S100B also plays an important role in the brain, and
as with cancer, several cognitive disorders show over-expression of S100B in brain tissue and
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are associated with pathological states including Alzheimer’s disease (AD), Down’s syndrome
(DS), and schizophrenia [55-59]. One mechanism for this pathology is that elevated intracel‐
lular levels of S100B present in glial cells are excreted and regulate neighboring neuronal cell
activity. At low levels, the presence of this extracellular S100B is sufficient to promote neurite
extension and growth, while elevated S100B levels are toxic and lead to neuronal cell apoptosis
[9,60]. As with skin cancer, the clinical utility of S100B as a marker to identify and characterize
neurological diseases and traumas is complicated by overlapping expression of S100B and
other S100s in several cell types, its multiple mechanisms of secretion, and its association with
more than one neurodegenerative disorder [14]. However, as found for melanoma, lowering
S100B levels upon drug delivery is one means used to evaluate drug efficacy for treating
schizophrenia [16,61]. Furthermore, the development of S100B inhibitors themselves may be
useful for the treatment of these neuropathies, making the identification of such compounds
important for advancing efforts towards understanding and treating cancers and cognitive
disorders in which S100B levels are at pathologically high levels [62].

Cellular Activity Protein References

Ca2+ Homeostasis AHNAK* [26]

Cell Cycle Regulation Hdm2, Hdm4

NDR

[63]

[64,65]

Cytoskeletal Regulation Caldesmon*

Calponin

CapZα

GFAP

IQGAP1

MARCKS*

Src kinase

τ-protein*

Tubulin

[66]

[67]

[68]

[69]

[70]

[71]

[26]

[72]

[73]

Energy Metabolism Fructose 1,6 bisphosphate aldolase

Phosphoglucomutase

[74]

[75]

Growth & Survival p53* [1,28,76,77]

*PKC-mediated phosphorylation target proteins

Table 1. Targets of S100B

5. S100B targets

The ability of S100B to bind a diverse array of protein and enzyme targets is attributable to its
broad consensus target-binding sequence [63]. S100B targets include proteins involved in
calcium homeostasis, cell-cycle regulation, cytoskeletal regulation, energy metabolism, and
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growth/survival (Table 1). One common theme among several S100B-target interactions is that
they regulate protein phosphorylation [78]. For example, S100B associates with nuclear Dbf2-
related (NDR) protein by binding a region distinct from the active site and inducing a confor‐
mational change, which stimulates autophosphorylation, and ultimately activates the protein
[64]. S100B also regulates phosphorylation by binding to kinase substrates such as those of
protein kinase C (PKC) and sterically blocking phosphorylation [76,77,79] (Table 1). This
includes the myristoylated alanine-rich C-kinase substrate (MARCKS), τ-protein, and caldes‐
mon to name a few [66,80,81]. One noteable S100B target is the PKC substrate, p53, which is
activated by phosphorylation in the C-terminal negative regulatory domain (NRD). In addition
to blocking PKC-dependent phosphorylation, the S100B-p53 complex formation shifts the p53
tetramer to dimer to monomer equilibrium towards oligomer dissociation [76,78]. Thus, for
p53, when S100B levels are too high, PKC-mediated activation of p53 is inhibited and p53
tetramers are dissociated. Consequently, p53 cannot bind DNA, which affects its transcrip‐
tional activity [2,28,76,77,82,83] and inhibits its ability to control cell cycle progression and
apoptosis [2-4]. Other S100B targets include the E3 that designates p53 for ubiquitination,
Hdm2, and the Hdm2 regulator, Hdm4 [63]. Thus, studies are underway to understand how
S100B complexes involving Hdm2/Hdm4 contribute to lowering p53 levels in melanoma.
Complicating this is the fact that both of these negative regulators of p53, Hdm2 and S100B,
are themselves transcriptionally regulated by p53 [4,63]. This feedback regulatory mechanism
results in time-dependent regulation of p53 that depends on having correct levels of all four
proteins for proper regulation of cell cycle growth arrest and apoptosis [63]. Since elevated
S100B disrupts the maintenance of p53 levels and promotes a cancerous phenotype, the
development of small molecule inhibitors designed to target Ca2+-bound S100B has become a
high priority. Specifically, investigations are focused on the identification of compounds
capable of blocking the Ca2+-dependent S100B-p53 interaction in malignant melanoma (Figure
3). Ideally, administration of such compounds would reactivate p53 in malignant melanoma,
as found for siRNAS100B, to induce normal apoptosis pathways and reduce proliferation/
survival of the cancer cells [2-4].

Figure 3. Illustration of the p53-binding site on S100B. Shown are ribbon diagrams Ca2+-bound S100B (NMR),
p53367-388-bound Ca2+-bound S100B (NMR, PDB entry 1DT7). The helices of S100B are colored in blue, while the
p53367-388 peptide is shown in red. Gray spheres represent the two calcium molecules per subunit. S100B inhibitors
(SBiXs) are being developed to inhibit the Ca2+-dependent formation of the S100B-p53 complex.
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6. Targeting the S100B-p53 interaction

Binding of S100B to p53 blocks PKC-dependent phosphorylation, p53 tetramerization, and
p53-dependent transcription activation [28,63,76,82,83]. Therefore, efforts to restore wild-type
p53 activities in malignant melanoma are underway as part of a drug design strategy [28]. A
combination of approaches is being used, including those involving target validation and
screening, computer aided drug design, structural biology, medicinal chemistry, and in vivo
biology and drug testing methods (Figure 4). In one case, a previously FDA approved drug
was discovered to block the S100B-p53 interaction. The wealth of available data associated
with this compound, including its use in animals and human clinical trials made repurposing
it for use in malignant melanoma a fairly quick transition.

Figure 4. Summary of strategies for advancing hits from screening studies to leads, modified leads, and then ad‐
vanced lead compounds. This schematic is a general guideline for the early stages of drug development. The data
from these approaches is compiled and used to choose "candidate" compounds that are studied more extensively in
humans for their toxicology and effectiveness in treating cancer. It is oftern advantageous to consider repurposing
compounds that are already known to be safe in humans as a means to advance this process more quickly.

Screening for S100B inhibitors was initiated using computer-aided drug design methods
(CADD) [28,84], and in all steps of identifying and prioritizing “hits” during these and other
screens, the pharmacological activity of compounds was evaluated semi-quantitatively,
providing an unbiased means of eliminating compounds that do not fulfill specific “drug-like”
criteria [84,85]. Compounds identified in screens are also evaluated regarding their potential
for absorption, distribution, and metabolism/excretion (ADME) properties [86]. Among many
CADD approaches, a recent structure-based technique termed Site Identification by Ligand
Competitive Saturation (SILCS) is now used extensively [87-89]. The simultaneous presence
of benzene, propane and water in MD simulations of the target protein (ie. S100B) in this
fragment-based computational approach identifies potential binding regions for aliphatic
moieties, aromatic moieties and hydrogen bond donors and acceptors, while simultaneously
allowing for increased flexibility and conformational changes to occur within the drug-binding
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site [87-89]. In addition, SILCS is very useful for strategically modifying “hits” or “lead
compounds” to span a larger area of the protein surface [87,88]. CADD methods such as these
are particularly important for blocking protein-protein interactions (PPIs) such as that for the
S100B-p53 complex since at least three distinct target binding pockets have been identified on
S100B (Figure 5) [27,29,30,37,63,68,90,91]. As a result, the drug pentamidine diisethionate (Pnt),
which is referred to as SBi1 (designated SBiX, where ‘X’ is an arbitrary compound number),
was identified at a very early stage of the screening process as an effective inhibitor of the
S100B-p53 complex [84]. Pnt was approved by the FDA as an antimicrobial agent for the
treatment of Pneumocystis carinii pneumonia (PCP), which allowed for repurposing of this
drug for in vivo testing for efficacy in treating malignant melanoma (Figure 4). To this end, a
clinical trial is ongoing at the University of Maryland Medical Center (UMMC) to determine
the efficacy of Pnt in melanoma patients (0794GCC: "Treatment of melanoma with wild-type p53
and detectable S100B using pentamidine (SBi1): a Phase II trial with correlative biomarker end‐
points"; CA135624; PI: Dr. Ed Sausville, M.D.; Co-PI: Dr. David J. Weber). Although, there are
promising results for the use of Pnt for the treatment of malignant melanoma, efforts have
continued with the goal of engineering a compound with higher efficacy and more specificity
for targeting S100B (versus other S100 proteins).

Figure 5. Three binding pockets are targeted on S100B. Surface representation of the structures of Ca2+-S100B bound
to (a) the C-terminal negative regulatory domain of p53 (PDB ID: 1DT7)(1), (b) TRTK-12 (PDB ID: 1MWN) [5], and (c)
pentamidine, also referred to as SBi1 (PDB ID: 3CR4) [6]. Sites 1, 2, and 3 are labeled. The protein is depicted as a blue
surface and the regions within 3 Å of the bound peptide or small molecule are colored yellow. TRTK-12, p53 peptide,
and pentamidine are shown in red.

In addition to CADD, biochemical and cellular screening methods are continuously ongoing
to identify “hits” that can be considered further as scaffolds for drug development (Figure 4).
One sensitive method done in vitro is a fluorescence polarization competition assay (FPCA),
which can identify PPI inhibitors in a high-throughput manner. This competition assay takes
advantage of a small molecule inhibitor causing the dissociation of a small peptide-bound
fluorophore from a larger protein-peptide complex. Specifically, SBiX inhibitors can readily
be identified since the smaller, faster rotating free fluorophore-bound peptide will exhibit
lower polarization when competed away by the SBiX and compared to the larger S100B-
peptide complex. Importantly, the labeled-peptide must differ in molecular weight from the
S100B-peptide complex to provide a reasonable dynamic range for the assay [92].
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While it is important to show that an S100B-compound complex forms in vitro, it is also
important to demonstrate that the SBiX has anti-cancer activity in cellular assays (i.e. growth
inhibition, reduction in survival, increase apoptosis activity etc). In addition to showing
compound efficacy in cells, these assays are important for providing information about other
properties of the compound(s) including its membrane permeability and overall toxicity. One
reliable method for identifying inhibitors of S100B-dependent pathways is via the creation of
matched cell lines that only differ in S100B expression level. For example, MALME-3M
melanoma cells were selected because they express elevated S100B protein levels and retain
wild-type p53. Small interfering RNA (siRNA) was then stably transfected into the
MALME-3M cells to give a scrambled siRNA control with high S100B levels and an isogenet‐
ically matched siRNAS100B construct resulting in low S100B (unpublished data). These matched
cell lines provided a means for a large-scale screen of compound libraries to identify SBiXs
with potency and specificity towards pathways involving S100B. The “hits” in this cellular
assay were then routinely tested for direct binding and secondary cellular assays were
completed by comparing the effect of these hits on primary malignant melanoma cells side-
by-side with normal melanocytes [84]. Compounds that result in indiscriminate cell death were
considered toxic rather than from specific inhibition of S100B or an S100B-dependent pathway
and highlighted the importance of including normal melanocytes in every screen. Preferential
growth inhibition of melanoma with high S100B as compared to little or no effect on the
melanocytes or cells containing siRNAS100B was considered to be an early indication that the
compound may have promising therapeutic value. This is exemplified with pentamidine, since
treatment of C8146A primary melanoma cells resulted in significant cell growth inhibition, but
little or no effect was noticed from this drug on normal melanocytes [84].

One of the most important requirements of any drug development program is to obtain
physiological data at an early stage in the process to help determine whether a lead compound
is effective and/or shows unanticipated toxicities in vivo [93]. This is particularly important for
S100 inhibitors since there are over 20 structurally similar proteins in the S100 protein family,
and they each regulate specific cellular pathway(s) [94,95]. To address these issues as quickly
as possible, an in vivo screening assay was developed to test potential lead compounds for
melanoma at an early stage in the drug development process. Once promising hits are
designated as lead compounds via in vitro and cellular testing and secondary validation
protocols, they need to be tested in vivo. Leads to be tested in vivo are chosen based on binding
affinities (KDs) and/or specificity both in biochemical assays and in cellular assays. For the
cellular assays, specificity and potential off-target effects are evaluated by comparing IC50

values of isogenic cell lines with or without S100B over-expression [96,97]. The vast majority
of lead SBiXs are new chemical entities that require extensive optimization prior to entering
in vivo testing, with the exception of those compounds that have been repurposed from other
studies and trials. Animal models play a fundamental role in such in vivo testing. For example,
a compound may need to be more lipophilic to pass through the cell membrane and reach its
target or side groups may need to be added to allow for oral delivery or brain penetration. In
the case of accessible tumors such as melanoma, drugs can be delivered directly to the tumor
(intratumoral) without optimization for systemic delivery [93]. In addition, intratumoral
delivery can achieve significantly higher drug concentrations at the site of action than can be
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obtained via systemic delivery. For this purpose a multi-allelic genetically engineered mouse
model was chosen to test SBiX compounds since this model mimics spontaneous tumoriogen‐
esis and heterogeneity as well as provide additional information necessary for additional target
validation [98]. One such melanoma model is the RAS-induced INK4a/ARF-/- mouse [99],
which was chosen for in vivo SBiX screening because it has: (i) an intact S100B-p53 signaling
pathway (elevated S100B and wild type p53), (ii) an intact immune system, (iii) tumors which
are amenable to intratumoral delivery, and (iv) a proven record in developing new melanoma
therapies [99,100]. This screen utilizes 2-3 month old experimental Tyr::RASG12V/INK4a/
ARF-/- male mice that develop spontaneous cutaneous melanomas in the pinna of the ears
(30%), torso (23%), and tail (20%) without distant metastasis [99] and uses tumor proliferation
rate as the primary outcome. Although the screen is not optimized for obtaining tolerability,
PK or PD information, the gross/histological pathology, SBiX levels and p53 pathway reacti‐
vation in the tumors are monitored as is necessary to select more advanced leads that have
potential for proceeding to pre-clinical testing (Table 2).

In the case of modified leads that have ADME properties favorable for systemic administra‐
tion, concurrent tolerability (MTD) and pharmacokinetic (PK) assays are also conducted. MTD
and PK trials are also performed to determine if a lead is suitable for pre-clinical testing or if it
requires additional medicinal chemistry optimization and/or further evaluation prior to pre-
clinical testing. If the compound is found to be toxic, then it is eliminated from further consider‐
ation. Should successful tumor shrinkage be observed in mice treated with the well-tolerated
S100B inhibitors, an effort is then put in place to consider phase 1 or 2b human clinical trials.

Parameter Leads Modified Leads Advanced Leads

KD <10 µM <50 nM <50 nM

IC50 in cells <10 µM <50 nM <50 nM

Off target effects KD≈IC50 KD≈IC50 KD≈IC50

Activity in target (-/-) cells <50% <20% <10%

CYP2D6 Metabolism Not determined No No

P450 CYP induction Not determined <50% at 30 mM <50% at 30 mM

Bioavailability Not determined Preferred oral Preferred oral

Metabolic stability Not determined >80% after 1 hour >80% after 1 hour

BSA Ligand KD Not determined KD> 10 mM KD> 10 mM

Specificity >5:1 >50:1 >500:1

Table 2. Some criteria for leads, modified leads, and advanced leads
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7. SBiX lead optimization

SBiX leads are typically optimized using structure-based drug design and by examining
structure/activity relationships (SAR) using traditional medicinal chemistry approaches.
Modified leads are also tested using cellular and in vivo assays described above to determine
whether the modification improved efficacy, specificity, and other criteria listed in Table 2.
Although several leads were identified for S100B and are undergoing optimization via a
structure-based drug design approach, diverse scaffolds remain essential at this stage of
development in case the existing lead compounds become intractable.

Figure 6. SAR by NMR [11]. NMR screens identify compounds that bind pockets "all over" the protein, which can be
linked synthetically to obtain high affinity and specific SBiX inhibitors.

The availability of 3D structures of S100B-SBiX complexes allow for CADD to be used to select
compounds from 3D chemical databases with an enhanced potential for binding to S100B
[101-105] and/or to engineer compounds de novo via in silico methods [106,107]. In an iterative
process, new S100B-drug complexes are solved, lead modifications to improve affinity
predicted via CADD, predicted compounds synthesized and the resulting compounds
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experimentally evaluated. Work is also underway to develop novel inhibitors of S100B via a
fragment-based approach that targets multiple binding sites on the protein identified by NMR,
X-ray crystallography, and CADD techniques, including the new SILCS technique [87]. The
SAR by NMR approach is now a standard method for quickly identifying 1H-15N and/or 1H-13C
chemical shift perturbations in HSQC and/or TROSY spectra as a result of an S100B-small
molecule interaction; this enables rapid, qualitative identification of binding site(s) on S100B
for fragment-based design of new compounds that take advantage of the well-established
"chelate effect" involved in linking fragments that bind neighboring sites [108,109] (Figure 6).
For fast exchanging inhibitors, saturation transfer differences are collected to identify protons
of the lead at the S100B-lead interface [84,110,111]. Thus, progress using a combination of
functional-group optimization and the fragment-based approaches offers the potential for
improvement in affinities/specificity, and for identifying novel leads. As new lead compounds
are identified and structurally characterized (NMR, X-ray crystallography), SBiX affinity is
considered as is scaffold diversity due to potential unforeseen problems with compounds that
can occur during later-stage preclinical development (e.g. pharmacokinetic limitations,
toxicity in humans). Therefore, as many as 3-6 chemical scaffolds are under consideration for
development, and this number will be reduced as the project proceeds based on ADME
properties, synthetic feasibility, and other pre-clinical/clinical information (Table 2). Such
criteria include physiochemical properties related to bioavailability (molecular weight, clogP,
TPSA, pKa, nitrogen atoms, carboxylates, H-bond donors, H-bond acceptors, rotatable bonds,
H-bonds), and dose-limiting toxicities that may be predictive of the therapeutic index.
Importantly, promising leads are routinely tested in vivo as early as possible to avoid wasted
effort on toxic/ineffective compounds.

8. Summary

Ongoing collaborative efforts involving biology, structure determination, CADD and synthetic
chemistry have lead to the development of a collection of inhibitors of S100B. These efforts
include identification of the FDA approved compound pentamidine, which is currently being
evaluated in human clinical trials. In addition, the work has identified several novel chemical
scaffolds that are undergoing optimization and have laid the foundation for the application of
fragment-based approaches to design additional novel scaffolds. Notably, while the goal of
this research is to develop a potent inhibitor of S100B for the treatment of malignant melanoma,
we anticipate that the knowledge gained to date will be of utility in designing specific inhibitors
of other members of the S100 protein family for the treatment of a range of S100 associated
disease states.
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