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Abstract: S100B, a biomarker of malignant melanoma, interacts with the p53 protein and diminishes
its tumor suppressor function, which makes this S100 family member a promising therapeutic target
for treating malignant melanoma. However, it is a challenge to design inhibitors that are specific for
S100B in melanoma versus other S100-family members that are important for normal cellular activi-
ties. For example, S100A1 is most similar in sequence and structure to S100B, and this S100 protein is
important for normal skeletal and cardiac muscle function. Therefore, a combination of NMR and
computer aided drug design (CADD) was used to initiate the design of specific S100B inhibitors.
Fragment-based screening by NMR, also termed “SAR by NMR,” is a well-established method,
and was used to examine spectral perturbations in 2D [1H, 15N]-HSQC spectra of Ca2+-bound
S100B and Ca2+-bound S100A1, side-by-side, and under identical conditions for comparison. Of the
1000 compounds screened, two were found to be specific for binding Ca2+-bound S100A1 and four
were found to be specific for Ca2+-bound S100B, respectively. The NMR spectral perturbations
observed in these six data sets were then used to model how each of these small molecule fragments
showed specificity for one S100 versus the other using a CADD approach termed Site Identification
by Ligand Competitive Saturation (SILCS). In summary, the combination of NMR and computa-
tional approaches provided insight into how S100A1 versus S100B bind small molecules specifically,
which will enable improved drug design efforts to inhibit elevated S100B in melanoma. Such a
fragment-based approach can be used generally to initiate the design of specific inhibitors for other
highly homologous drug targets.
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1. Introduction

S100 proteins are dimeric EF-hand proteins that exhibit diverse protein-protein interac-
tions upon Ca2+-binding [1]. S100B, one of over twenty S100 family-members, contributes
to tumorigenesis and cancer progression [1]. In cancer cells, Ca2+-bound S100B binds the
p53 tumor suppressor protein, inhibiting p53 phosphorylation, tetramerization and subse-
quent tumor suppressive function by stimulating cell proliferation and migration while
downregulating apoptosis and differentiation [1,2]. Elevated S100B expression is a clinical
biomarker of malignant melanoma (MM) indicating advanced disease stage, poor therapeu-
tic response, and low patient survival [3,4]. Therefore, inhibiting the S100B-p53 interaction
is of great interest in MM and other cancers.
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S100A1 is an S100 family member expressed in heart muscle, skeletal muscle and in
the brain [5]. Some of its protein targets overlap with those of S100B. For example, both pro-
teins bind to a 12-residue peptide (TRTK12) derived from the actin-capping protein CapZ,
but S100A1 also binds to an exclusive set of biologically important protein targets [6,7].
For example, in cardiac and skeletal muscle, S100A1 interacts with the ryanodine receptor to
promote sarcoplasmic reticulum (SR) calcium release and S100A1, but not S100B, regulates
protein kinase A signaling in muscle and the nervous system, to name a few [5,8,9]. Like-
wise, S100A1 is up-regulated in a disease-specific manner, so developing S100A1-specific
inhibitors may aid in treating diabetes, neurological diseases, heart failure, and other can-
cers [5,10–14]. While S100A1 and S100B have different biological functions, they share 60%
sequence identity and are structurally homologous, potentially making inhibitor design
specific for binding a single S100 protein challenging.

As with other dimeric S100 proteins, each S100B subunit consists of a pseudo-EF hand
and canonical EF hand that are linked by a loop termed the “hinge region” consisting of
10–12 residues [15]. Ca2+ binding by S100B leads to a conformational change in helix 3,
resulting in exposure of a hydrophobic surface and facilitating target-binding [15]. S100B in
the Ca2+-bound state has three binding pockets that have been exploited for drug-design
purposes, termed Sites 1–3 (Figure 1A) [16]. Site 1 interactions were identified first using
the structure of Ca2+-S100B complexed to the C-terminal regulatory domain of p53 [17].
This site is mostly comprised of residues from the hinge region and helices 3 and 4. Sites 2
and 3 were discovered originally via structural studies of S100B inhibitors (SBiXs) includ-
ing the FDA approved drug pentamidine (SBi1) bound to Ca2+-S100B (Figure 1B) [18,19].
Interactions of Ca2+-S100B with pentamidine and other Site 2 inhibitors involve hydropho-
bic interactions with residues in loop 2 (F43, L44) and helix 4 (I80, A83, C84, F87, F88),
which induced conformational changes to the Zn2+ binding site (H15, H25, H85, and E89)
of S100B [19]. SBiXs that involve Site 3 typically involve hydrogen bonding between
the small molecule and side chain moieties of D12 and E89 as well as with backbone
atoms involving C84 and H85 [20]. For inhibitors interacting at this site, including SBi1,
hydrophobic interactions with F88 and Ill are also known to be important [20].

A major goal in developing small molecule inhibitors of S100B is the identification of
compounds that bind S100B with high affinity and a high degree of specificity, so multiple
approaches were used. These include computer-aided drug design (CADD), NMR spec-
troscopy, X-ray crystallography, fluorescence spectroscopy-based high-throughput screen-
ing, and cell-based assays [21]. For example, pentamidine was discovered as an S100B
inhibitor (SBi1) originally via computer aided drug design (CADD), in which hundreds
of thousands of FDA approved drugs were screened computationally and then tested
in vitro [22]. This drug has since been used for testing S100B inhibition in numerous disease
states, including in a human clinical trial for malignant melanoma (0794GCC: “Treatment
of Melanoma with Wild-type p53 and Detectable S100B Using Pentamidine: a Phase II
Trial with Correlative Biomarker Endpoints”; NCT00729807) [23–25]. However, pentami-
dine is not an optimal cancer drug candidate since it is associated with toxicities on its
own and when given in combination with numerous other medications. Pentamidine also
binds to targets other than S100B including, S100 proteins such as S100A1, Calmodulin,
PRL phosphatases, and DNA, which may cause off-target effects in vivo [5,26–28].

For these reasons, CADD and structure/activity relationship (SAR) studies were
employed to engineer modifications of these SBiXs that improved S100B inhibitor binding
affinity and specificity [29,30]. Despite the promising development of first generation
S100B inhibitors, efficacy, specificity, and toxicity issues still warrant further drug screening,
design, and investigation.

Towards improving S100 protein specificity of the SBiXs, an NMR fragment-based
screening approach was used to identify small molecule fragments that bind with ei-
ther S100B or S100A1. NMR spectral perturbations of the two S100 proteins were ana-
lyzed upon small molecule binding including chemical shift perturbations (CSPs) and/or
line-broadening effects (LBEs) for the fragments in the Maybridge library that did not
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cause aggregation (>99.9%). Subsequently, these NMR data together with a computa-
tional approach termed Site Identification by Ligand Competitive Saturation (SILCS),
confirmed fragment specificity, and predicted binding modes for the compounds identified
by NMR. While several compounds bound both S100 proteins in the presence of Ca2+,
two bound Ca2+-S100A1 specifically and four bound to only Ca2+-S100B. These small
molecule fragments now provide a basis for designing next stage S100 inhibitors, includ-
ing for targeting S100B in melanoma in cancer. Likewise, the information derived here for
Ca2+-S100A1 and Ca2+-S100B is relevant to targeting a variety of S100-protein associated
diseases in a specific manner.
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Figure 1. Three binding sites identified on S100B. (A) Site 1 (green dashed line) is comprised of Helix 3 (red), Helix 4 (blue)
and the Hinge region (cyan). Inhibitors that lie in Site 2 (yellow dashed line) have interactions with residues within Helix 4
(blue) and the Hinge region (cyan). Site 3 (copper dashed line) interactions occur with residues of Helix 1′ (chain B, green),
and Helix 4 (blue). (Figure adapted from literature) [16]. (B) Structure of the S100B inhibitor (SBi1), pentamidine.

2. Results

2.1. Fragment Compounds Specific for the Ca2+-Binding Proteins S100B or S100A1 were Identified
Using NMR

In an identical Ca2+-containing buffer, the 1000 compound Maybridge Ro3 fragment
library was used to screen 15N-labeled S100B or 15N-labeled S100A1 by NMR with the goal
of finding low molecular weight fragment compounds that are specific for each S100 pro-
tein. This compound library consists of 1000 structurally diverse highly soluble molecular
fragments that have drug-like properties and reduced chemical complexity. The “rule of 3”
used for fragment screening is typically followed in this library including the molecular
fragments have (i) three or fewer hydrogen bond donors and acceptors; (ii) a ClogP value of
3 or less; (iii) a molecular weight of 300 Daltons or lower; (iv) fewer than 3 rotatable bonds,
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and (v) a polar surface area less 60 Å2 [31]. Spectral changes upon compound addi-
tion included chemical shift perturbations (CSPs) and/or line-broadening effects (LBEs)
from fast- and/or intermediate exchange binding on the NMR chemical shift timescale.
None of the small molecule fragments displayed binding in the slow-exchange regime [32].
Most of the compounds in the fragment library (>99%) did not perturb any HN corre-
lations in the 2D [1H, 15N]-HSQC NMR experiments for either Ca2+-bound S100A1 or
Ca2+-bound S100B. Three fragments were found to cause extensive line-broadening in one
or both S100 protein spectra due to aggregation, so data for these fragments were not used.
Eight fragment compounds were nonspecific and found to perturb resonances within
both 15N-labeled S100B and 15N-labeled S100A1, in the presence of Ca2+ (Figure 2). As a
representative example, addition of BTB10184 induced LBEs and CSPs in spectra of both
Ca2+-S100A1 and Ca2+-S100B (Figure 3). Importantly, two compounds provided spectral
perturbations only to the NMR spectrum of Ca2+-bound S100A1, and four compounds
provided perturbations only to Ca2+-bound S100B NMR data. Fragment SEW01483 is
representative of an S100B-specific binding fragment since it showed notable changes in
the [1H, 15N]-HSQC NMR spectrum of Ca2+-bound S100B but no NMR spectral changes
to Ca2+-bound S100A1 (Figure 4A,B). Specifically, the HN correlations of A9, I11, D12,
F14, S41, F43, A78, A83 and C84 were perturbed upon addition of SEW01483 to Ca2+-
bound S100B (Figure 4). On the other hand, the fragment compound KM01765 was found
to perturb correlations in Ca2+-bound S100A1 with no observable effects to Ca2+-S100B.
For this S100A1-specific fragment, the largest perturbations were observed for HN corre-
lations of I12 and residues in helix 4 and the C-terminal loop, including V78, V83, A84,
and F89 (Figure 5). Several HN correlations of Ca2+-S100A1 were found to disappear in the
NMR spectrum upon KM01765 addition (I12, N13, H16, K31, V83, and F89), indicative of
binding in the intermediate time regime on the NMR chemical shift scale (Figure 5).
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Figure 2. Maybridge Ro3 Fragments binding Ca2+-S100B and/or Ca2+-S100A1. Fragments that
interact with either or both S100B (blue) and S100A1 (red). The method used to tabulate the spectral
perturbations in the S100 proteins upon fragment addition is defined in Methods.
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Figure 3. NMR data of S100B and S100A1 bound to the non-specific inhibitor BTB10184. 2D-[1H-15N] HSQC overlays of
(A) Ca2+-S100B and (B) Ca2+-S100A1 with (red) and without (black) the nonspecific compound BTB10184. The NMR data
was collected in the same manner for both S100 proteins under identical buffer conditions, at 800 MHz, 37 ◦C, as described
in Methods.
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Figure 5. NMR data of S100B and S100A1 bound to the S100A1 specific inhibitor KM01765. 2D-[1H, 15N]-HSQC overlays of
(A) Ca2+-S100B and (B) Ca2+-S100A1 with (red) and without (black) the S100A1-specific compound KM01765. The NMR
data was collected in the same manner for both S100 proteins under identical buffer conditions, at 800 MHz, 37 ◦C,
as described in Methods.



Molecules 2021, 26, 381 8 of 21

2.2. Site Identification by Ligand Competitve Saturation (SILCS) Studies of S100A1 and S100B in
the Ca2+-Bound States

To predict and map binding patterns of small molecules for Ca2+-bound S100A1
and S100B, SILCS FragMaps were calculated first, as shown (Figure 6). These FragMaps
identify regions where apolar, hydrogen bond, and ionic interactions of small molecules
with Ca2+-S100A1 and Ca2+-S100B may occur. For S100B, it was found that the hydrophobic
binding mode of the inhibitor SBi4434 in the crystal structure 4PE0 was reproduced with the
apolar FragMaps at Site 2 (Figure 6A). Consistent with previous studies, apolar FragMaps
indicate a hydrophobic groove encompassing Sites 1, 2 and 3. The structure of Ca2+-bound
S100A1 was then aligned with Ca2+-bound S100B to directly compare their binding patterns
(Figure 6B). Comparable to their structural similarity, similar apolar binding patterns
were seen along the groove on Ca2+-bound S100A1 as indicated by the apolar FragMaps,
though differences in the shapes of the maps are evident. In the supplementary information
Figure S1, difference maps between FragMaps of S100B and S100A1 are shown. It is obvious
from these difference maps that at Site 1, S100B has more favorable binding patterns from
apolar and hydrogen bonding acceptor and donor types than S100A1. Similarly, S100B also
has favorable apolar binding ability compared to S100A1 at Site 3. However at Site 2,
S100A1 has more favorable bindings from apolar and hydrogen bonding acceptor and
donor types compared to S100B. Such information can be used to design specific binders
and helps explain the specificity of the fragments to the two proteins, as identified by NMR.
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Figure 6. SILCS FragMaps of S100B and S100A1. SILCS FragMaps for (A) Ca2+-S100B and (B) Ca2+-
S100A1. Maps are rendered at GFE level of −1.2 kcal/mol for Apolar (green), hydrogen bonding
donor (blue) and acceptor (red) maps and at −1.5 kcal/mol for positively charged MAMN (cyan)
and negatively charged ACEO (orange) maps. For S100B, Sites 1, 2 and 3 are shown in dashed circles
in green, yellow, and copper, respectively [16]. The S100B inhibitor from the crystal structure 4PE0,
which is located within the Site 2, is shown in (A) as a cyan stick representation.

2.3. Binding Sites on Ca2+-Bound S100A1 and S100B Predicted by SILCS-Hotspots

SILCS-Hotspots analyses were conducted to explore all potential fragment binding
sites on Ca2+-bound S100B and S100A1. Figure S2 in the supplementary material shows all
potential binding sites for the studied fragments on S100B and S100A1. Sites 1, 2, 3 and a
site at the dimer interface were found to be “highly ranked” as fragment binding sites for
both Ca2+-S100B and Ca2+-S100A1. This is consistent with the NMR chemical shift results,
which show large spectral changes for numerous residues within Sites 1, 2, 3, as well as for
residues in the dimer interface.

2.4. SILCS-MC Docking Poses and Lgfes Provide Insight into Fragment Specificity

Three fragments were chosen for further analyses based on SILCS-Hotspots analysis
and the NMR data. These include one fragment specific for S100A1 (KM01765), one spe-
cific for S100B (SEW01483), and one that binds both S100A1 and S100B (BTB10184) in
the presence of Ca2+. The docking pose from SILCS-Hotspots that was most consistent
with largest NMR spectral perturbations was used to represent the binding orientation
for each fragment. For example, for SEW01483 bound to S100B, residues A9, I11, D12,
F14, S41, F43, E45, A78, A83 and C84 show significant changes in the NMR data, and a
docking pose from SILCS-Hotspots was found near four residues out of the ten (I11, D12,
F43, C84), and thus selected for further analysis. LGFEs, which are an estimate of the bind-
ing free energy, were calculated for the selected binding pose for each fragment compound
targeting S100A1 and S100B (Table 1). Consistent with the NMR findings, LGFE ranked the
binding strength to Ca2+-bound S100A1 in the order of KM01765 > BTB10184 > SEW01483,
though their binding differences are underestimated. Based on SILCS-MC and NMR per-
turbations, Site 2 was predicted to be the best binding site for all three fragments binding
to S100A1, which is also consistent with the findings above based on SILCS difference maps.
The best specific binder of S100A1 was found to be KM01765, which has interactions with
Site 2 residues, including hydrophobic contacts with NMR correlations that are most per-
turbed including L41, F44, and A84 (Figure 7). The dual-binder BTB10184 was predicted to
be the best binder to S100A1 and has formed the most hydrophobic contacts with Site 2
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residues including L81, A84, C85 and F88, which have the largest NMR spectral pertur-
bations (Figure 7). For SEW01483, the least contacts with Site 2 residues were observed,
but affected residues are F44, C85 and F89, as indicated by the very small shifts in the NMR
correlations (Figures 4 and 7).

Table 1. LGFEs for predicted binding poses of compounds for S100A1 and S100B.

Name Specificity S100A1 LGFE S100B LGFE

BTB10184 Both −6.52 −7.58
KM01765 S100A1 −6.14 −5.43
SEW01483 S100B −5.97 −6.13
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For S100B, the predicted binding strength of the three fragments is in the order of
BTB10184 > SEW01483 > KM01765, which is also consistent with the NMR perturbation
results showing that BTB10184 perturbs S100B the most while KM01765 shows no signs of
spectral perturbation (Table 1). The much weaker predicted binding affinity for KM01765
is consistent with experimental findings indicating that it is specific to S100A1, not S100B.
The binding poses for these fragments were predicted and illustrated in Figure 8. The best
binding orientation of BTB10184 and KM01765 is at Site 1 of S100B, while the best orienta-
tion of SEW01483 is at Site 3 (Figure 8). The predicted binding mode of KM01765 to S100B
suggests only a few hydrophobic contacts are formed between KM01765 and surrounding
residues including V56 and M79, making it the weakest binder among the three (Figure 8).
In contrast, BTB10184 forms well-defined hydrophobic contacts with residues I36, L44,
V56, L60, and M79, which is consistent with strong NMR perturbations observed for these
residues (Figures 3 and 8). In addition, the two terminal hydroxyl groups can form hy-
drogen bonding with backbone carbonyl groups in residues E45 and M79, which is also
confirmed by large NMR CSPs (Figure 3). All these interactions with Site 1 residues make
fragment BTB10184 the best binder to S100B among the three. For SEW01483, the best-
predicted binding pose is at Site 3 surrounded by residues Ill, D12, F43, and C84, which is
consistent with the NMR results showing that these residues have large spectral changes
(Figures 4 and 8C). S100B forms more favorable hydrophobic contacts to SEW01483 com-
pared to S100A1, which makes it a strong, specific binder to S100B (Figure 4).
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Consistent with NMR, LGFE predicts the fragment specificity over S100B and S100A1
satisfactorily (Table 1). KM01765 has a much more favorable LGFE value for S100A1 com-
pared to S100B. In contrast, SEW01483 has lower LGFE values for S100B compared to S100A1.
This is consistent with specificity found here by NMR. For the dual-binder BTB10184,
the LGFE score shows that it favors binding to S100B over S100A1, and this is consis-
tent with its much stronger perturbation results for S100B over S100A1.

3. Discussion

While many compounds bind both S100A1 and S100B, finding a compound with speci-
ficity for either protein is challenging since these proteins share 60% sequence similarity
and are structurally homologous (Figure 2). It is encouraging that small compounds were
discovered that showed specificity for these two S100 proteins, since these novel findings
may help overcome ongoing issues with toxicity associated with pentamidine and other
S100B inhibitors under development. Specifically, fragment-based screening using the May-
bridge Ro3 1000 fragment library was sufficient to identify two fragments that are S100A1-
specific and four that are S100B-specific. Based on LGFEs and predicted binding poses,
BTB10184 was predicted to bind both Ca2+-S100B and Ca2+-S100A1, which matches its
lack of specificity and the significant spectral perturbations throughout both proteins
upon binding, as observed by NMR. The computationally predicted binding strength of
SEW01483 for S100B and S100A1 is also consistent with the NMR results that this com-
pound is S100B specific. Similarly, the predicted binding strength of KM01765 agrees with
the NMR results that this fragment has specificity for Ca2+-S100A1.

Although BTB10184 bound to both S100A1 and S100B, it is predicted to interact in a
different mode for the two proteins. Based on NMR and computational results, BTB10184
was the strongest binder to S100B of the three compounds examined. Consistent with
NMR perturbation data, this non-specific compound is predicted to bind S100A1 at hy-
drophobic, Site 2 residues L81, A84, C85 and F88. However, computational and NMR
results indicate it interacts with hydrophobic residues within Site 1 of S100B while also
forming hydrogen bonds with backbone carbonyls of E45 and M79. As evidenced by large
spectral perturbations, compounds that bind both proteins may do so at more than one site.
Alternatively, these molecules may interact with many residues within a single site, causing
some rearrangement of the overall protein structure. Fragments specific for either protein
had lower overall CSP scores, suggesting that they may only bind a single site or interact
with fewer residues overall.

Based on NMR and SILCS-MC, SEW01483 is an S100B specific inhibitor that inter-
acts with residues in Site 3 of Ca2+-S100B including with residues Ill, D12, F43, and C84.
To further check its specificity, GFE contributions from atoms to the total LGFE for S100B
and S100A1 were compared and are shown in Figure S3. Overall, GFE contributions from
apolar atoms in SEW01483 are larger for Ca2+-S100B compared to Ca2+-S100A1. There-
fore, the specificity is likely occurring from the more hydrophobic features in Site 3 on
Ca2+-S100B compared to Site 2 on Ca2+-S100A1. SEW01483 and the other S100B-specific
compounds discovered here provide a foundation for designing new S100B inhibitors.
Linking the S100B-specific compound SEW01483 to another S100B specific fragment might
provide both the specificity and efficacy needed to inhibit p53 binding to S100B. This com-
pound might also be improved by linking it to the strongest binder of S100B observed
by NMR, BTB10184. This might allow for inhibition of Site 1, the p53 binding-site, while also
providing S100B specificity.

For S100A1 binding KM01765, interactions occur with Site 2 residues including hy-
drophobic contacts with residues L41, F44 and A84. This pocket might be a useful location
for future drug design for Ca2+-S100A1. Shown in Figure S4 is a comparison between
GFE contributions from atoms in KM01765 for Ca2+-S100B and Ca2+-S100A1. Contribu-
tions from apolar atoms to the total LGFE for S100B and S100A1 are similar. While GFE
contributions from hydrogen bond donor and acceptors differ, the largest differences
were for Ca2+-S100B versus Ca2+-S100A1 with a total of 0.4 kcal/mol difference in LGFE.
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This observation indicates compounds with more hydrogen bonding features might pre-
fer S100A1 over S100B, which is also consistent with the following analysis based on
chemical properties.

The chemical properties of the compounds specific for Ca2+-S100A1 and Ca2+-S100B
were compared next. The S100B-specific compounds have a lower polar surface area
(53 Å2), compared to S100A1 specific compounds that have an average polar surface area of
89 Å2 (Table 2). S100A1-specific compounds also have one more hydrogen bond acceptor
compared to those specific for S100B. Consistent with this, SEW01484 binding to Ca2+-
S100B results in a lower amount of spectral perturbations compared to that of SEW01483
and also results in minor perturbations of Ca2+-S100A1 (Figure 2). The only difference
between the two fragments is that SEW01484 has an extra hydrogen bond donor, as it has a
secondary amine, compared to SEW01483, which does not donate hydrogen bonds as a
tertiary amine (Table 2).

Table 2. Chemical properties of fragments that bind to either S100B or S100A1 specifically and a representative fragment
(BTB10184) that binds to both proteins.

Compound 2D Structure Specificity H-Bond
Donor

H-Bond
Acceptor

Polar Surface
Area (Å2) A

SPB05355
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Table 2. Cont.

Compound 2D Structure Specificity H-Bond
Donor

H-Bond
Acceptor

Polar Surface
Area (Å2) A

GK00671
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The methods employed here allowed for discovery of compounds specific for two
closely related S100 proteins, Ca2+-S100B and Ca2+-S100A1. Additional insight was gained
into why these compounds are specific to each protein based on their predicted bind-
ing pose. We conclude that hydrophobic heterocyclic fragments such as SEW01483 that
lack strong hydrogen bonding donor groups such as amides, may show specificity for
Ca2+-S100B over Ca2+-S100A1. While a fragment such as KM01765, which has hydropho-
bicity and additional strong hydrogen donor groups, may show specificity for Ca2+-S100A1
over Ca2+-S100B. A fragment like BTB10184, which has hydrophobic moieties and hydro-
gen donor groups may bind both Ca2+-S100A1 and Ca2+-S100B. Based on these results,
work will continue towards resolving toxicity, efficacy and specificity issues observed
with next generation S100B inhibitors. Improving upon the existing compounds will facili-
tate better design of drugs to target S100B in cancer. Furthermore, using the knowledge
regarding specificity gained here will provide a foundation for further development of
S100-protein specific inhibitors that can be used for a variety of diseases.

4. Materials and Methods
4.1. Materials

D6-DMSO, D2O, 15NH4Cl, and 13C-glucose were purchased from Cambridge Isotopes
Laboratories (Woburn, MA, USA). Other materials were of the highest commercial quality
and passed through Chelex-100 resin (Bio-Rad, Hercules, CA, USA) to remove trace metals.
The Maybridge Ro3 1000 Fragment Library was supplied through Thermo Fisher Scientific
(Waltham, MA, USA).

4.2. Sample Preparation
15N-labeled human S100B and 15N-labeled human S100A1 or 15N, 13C-labeled hu-

man S100B was over-expressed and purified from Escherichia coli as previously described
for rat S100B [33]. Compounds from the Maybridge Ro3 1000 fragment library were
solubilized to 200 mM in D6-DMSO with a Biomek FX liquid handler (Beckman Coul-
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ter, Brea, CA, USA). Compounds that remained insoluble via several techniques, includ-
ing warming to 37 ◦C, sonication, and/or addition of D6-DMSO were diluted to 100 mM.
NMR samples for the pooled and individual screens contained 100 µM human S100B
or S100A1, 0.6 mM fragment (or a pool of 16 fragments), 10 mM HEPES pH 7.2, 15 mM NaCl,
0.30 mM NaN3, 0.20 mM TPEN, 5.0 mM DTT, 10 mM CaCl2, 0.2% EtOH, 5% D6-DMSO,
20% D2O. NMR assignments for human S100B were confirmed using standard multidi-
mensional heteronuclear NMR techniques in this identical NMR buffer only with 1.0 mM
[13C, 15N]-human S100B.

4.3. Screening and NMR Data Collection

Fragment compounds from the Maybridge R03 library were screened first in pools
of 16 compounds per sample by 2D [1H, 15N]-HSQC NMR experiments at 37 ◦C using
an Avance 800 MHz (1H) NMR spectrometer equipped with a Bruker automatic sample
changer (BACS 60) and automatic tune/lock capabilities (Bruker, Billerica, MA, USA).
Samples of the pooled fragments that exhibited chemical shift perturbations in this prelimi-
nary screen were used to prepare samples containing only a single fragment per sample
for final evaluation. The samples containing only 1 fragment per sample were examined
using 2D [1H, 15N]-HSQC experiments at 37 ◦C using either the Bruker Avance 800 MHz
(1H) and/or a Bruker Avance III 600 MHz NMR spectrometer, each equipped with four
frequency channels and triple-resonance z-axis gradient 5 mm cryoprobes. 3D HNCACB
data sets were collected to verify HSQC chemical shift assignments if/when needed.
For rapid evaluation of fragment-dependent perturbations of 2D [1H, 15N]-HSQC spectra,
spectral changes (SCs) were classified as either line-broadening effects (LBEs) or chemical
shift perturbations (CSPs) and then subclassified and tabulated as weak (score = 1) or
strong (score = 2) for each backbone 1H, 15N correlation based on the magnitude of the
effect. LBEs were considered weak if the intensity of a 2D correlation was decreased by
>40% (i.e., 40% < LBE < 90%) and strong if the correlation decreased by >90%. Fragments
that induced considerable line-broadening throughout the entire spectrum (>30% of the
HN correlations), due to aggregation, were not considered further in such analyses and
categorized separately as fragments that induced severe line broadening (Note: only 3 of
1000 were in this category; <99.9%). CSPs were tabulated as weak if their total perturbation
√ 1

2

[
δH

2 + (0.14× δN)
2
]

was (0.01 ppm < CSP < 0.025) and strong if their total chemical
shift perturbation was ≥0.025 ppm upon summing the spectral change (SC) scores for all
the perturbed correlations [34].

4.4. Structure Models for S100B and S100A1

Crystal structures were obtained through the protein data bank with PDB entry 4PE0
for S100B and 5K89 for S100A1 [35]. The structure of S100B chosen for this work (PDB: 4PE0)
since the “FF-gate” in this structure of S100B is in the “open” position, as described
previously, and the compound bound to Ca2+-S100B, SBi4434, was removed for all the
computational studies [36]. For Ca2+-S100A1, homology modeling was conducted to
provide a Ca2+-S100A1 model that has all 92 amino acid residues in both subunits for the
simulations since residues between D47 and D53 on chain A and between A48 and V52 on
chain C are missing in the X-ray crystal structure (5K89). SWISS-MODEL server was used
to build homology models and the model with the best score was selected. The ligands
both crystal structures were removed and Ca2+ ions were retained for all subsequent SILCS
simulations with these two S100 proteins.

4.5. SILCS Simulation

Site Identification by Ligand Competitive Saturation (SILCS) simulation is used to
explore functional group affinity patterns on both Ca2+-S100B and Ca2+-S100A1. The SILCS
method involves molecular simulations of the target protein immersed in an aqueous solu-
tion that contains additional organic solutes of different chemical classes [37]. The solutes
and water then compete for binding sites on the protein surface during the simulation,
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yielding a free energy fragment competition assay from which 3D fragment probability
distributions of the solutes are used to define affinity patterns, termed FragMaps, encom-
passing a dynamic protein surface.

The current SILCS run was performed using the oscillating chemical potential Grand
Canonical Monte Carlo (GCMC)/MD protocol for SILCS [38,39]. The structure models of
S100B and S100A1 developed as described above was used to initialize the SILCS simula-
tions. The protein was solvated in a water box, the size of which was determined to have
the protein extrema separated from the box edge by 12 Å on all sides. Eight representative
solutes with different chemical functionalities (benzene, propane, acetaldehyde, methanol,
formamide, imidazole, acetate, and methylammonium) were added into the system at
~0.25 M concentration, to probe the functional group requirements of the protein. Ten such
systems with different fragment positions were created to expedite the convergence of the
simulations. Each system was minimized for 5000 steps with the steepest descent (SD)
algorithm in the presence of periodic boundary conditions (PBC) and was followed by a
250 ps MD equilibration [40]. During SILCS simulations, weak restraints were applied on
the backbone alpha carbon atoms with a force constant (k in 1/2 kδx2) of 0.12 kcal/mol/Å2

to limit large conformational changes in the protein and to prevent the rotation of the
protein in the simulation box. The ten GCMC/MD simulations were run for 100 cycles
where each cycle has 200,000 steps of GCMC and 1.0 ns of MD, yielding a cumulative
200 million steps of GCMC and 500 ns of MD. During GCMC, solutes and water are ex-
changed between their gas-phase reservoirs; the excess chemical potential used to drive
such exchange is varied every 3 cycles to yield an average concentration corresponding to
0.25 M of each fragment [38]. The configuration at the end of each GCMC run is used as
the starting configuration for the following MD. During MD, the Nosé−Hoover method
was used to maintain the temperature at 298 K and pressure was maintained at 1 bar using
the Parrinello−Rahman barostat [41–43]. CHARMM36m protein force field, CHARMM
General Force Field (CGenFF) and modified TIP3P water model [44–47] were used to de-
scribe protein, organic solutes, and water during the simulation, respectively. GCMC was
performed and MD was conducted using GROMACS program [39,48].

3D probability distributions of the selected atoms from the organic solutes, called “Frag-
Maps,” from the SILCS simulations were constructed and combined to obtain both specific
and generic FragMap types as previously described [49]. Atoms from snapshots output
every 10 ps from each SILCS simulation trajectory were binned into 1 Å × 1 Å × 1 Å
cubic volume elements (voxels) of a grid spanning the entire system to acquire the voxel
occupancy for each FragMap atom type being counted. The voxel occupancies computed in
the presence of the protein were divided by the value in bulk to obtain a normalized proba-
bility. Normalized distributions were then converted to grid free energy (GFE) based on a
Boltzmann transformation for quantitative use [49].

4.6. SILCS-Hotspots Analyses

SILCS-Hotspots analyses were performed using SILCS FragMaps to identify potential
binding sites globally on Ca2+-S100B and Ca2+-S100A1 for the NMR tested fragments [50].
The SILCS-Hotspots algorithm is based on fragment Monte Carlo (MC) sampling using
SILCS FragMaps (SILCS-MC) [49]. The protein system was partitioned into a collection of
14.14 Å3 sampling boxes that covers the entire protein. In each sampling box, SILCS-MC
was conducted from initially randomized fragment positions that were then subjected to
10,000 MC steps at 300K of molecular translations and rotations up to 1.0 Å and 180.0◦,
respectively, and rotation of dihedrals about rotatable bonds of up to 180.0◦. This was
followed by 40,000 MC simulated annealing steps from 300 to 0 K of molecular translations
and rotations up to 0.2 Å and 9.0◦, respectively, and rotation of dihedrals about rotatable
bonds of up to 9.0◦. This process was repeated 1000 times for each fragment in each
sphere following which clustering was performed to remove redundancy and keep the
representative binding pose per site. A second round of clustering was conducted next to
identify Hotspots populated by one or more different fragments.
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5. Conclusions

It is important that S100B inhibitors designed to control malignant melanoma do
not block S100A1, ensuring that normal skeletal and cardiac muscle function is retained.
For designing inhibitors such as these, fragment-based approaches were applied including
a combination of NMR and computer aided drug design. Here, the results with both
S100A1- and S100B-specific fragments were discovered and provide insight into how
to initiate the design of S100-protein specific inhibitors. For example, the S100B-specific
fragment SEW01483, is shown to interact with Site 3 residues of S100B. Amino acid residues
unique to S100B allow this pocket to form in S100B (Figure 9), but those interactions do not
occur in S100A1. These methods can also be used generally to initiate the design of specific
inhibitors for other highly homologous drug targets.
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specific for S100B (scored 4–9) within Sites 1–3 are labeled. Sites 1, 2 and 3 are shown in dashed circles in green, yellow 

and copper, respectively. (C) Ribbon diagram of Site 3 of Ca2+-S100B (4PE0) with Site 3 residues shown in sticks. (D) Ribbon 

diagram of G43 and F44 in Ca2+-S100A1 (5K89) and (E) Ca2+-S100A1 amino acid residues corresponding to Site 3 of S100B 

shown in sticks. Colors correspond to the residue conservation score in (A). 
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Figure 9. Sequence similarities and differences for S100B and S100A1. (A) Sequence alignment and conservation score of
S100A1 and S100B calculated in JalView [51,52]. Columns with conserved residues are indicated by ‘*’, columns with residue
changes where all properties are conserved are indicated by ‘+’, while columns with residue changes are marked with
values ranging from ‘9’ to ‘4’ depending on the physiochemical properties of the changed amino acid residue. (B) Colors
corresponding to the conservation scores were mapped onto a surface diagram of Ca2+-S100B (4PE0). Residues specific for
S100B (scored 4–9) within Sites 1–3 are labeled. Sites 1, 2 and 3 are shown in dashed circles in green, yellow and copper,
respectively. (C) Ribbon diagram of Site 3 of Ca2+-S100B (4PE0) with Site 3 residues shown in sticks. (D) Ribbon diagram
of G43 and F44 in Ca2+-S100A1 (5K89) and (E) Ca2+-S100A1 amino acid residues corresponding to Site 3 of S100B shown
in sticks. Colors correspond to the residue conservation score in (A).
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Figure S4. GFE contributions from atoms in KM01765 to LGFE for (A) S100B and (B) S100A1.

Author Contributions: D.J.W. and A.D.M.J. conceived and designed the experiments; B.D.Y. and W.Y.
performed the experiments; B.D.Y., W.Y., D.J.V.R. formally analyzed the data; B.D.Y., W.Y., K.M.V.,
A.D.M.J. and D.J.W., wrote and edited the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: These data were supported by two NIH Grants (CA107999, to D.J.W.; NIH GM131710
to A.D.M.J.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this work are available on request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Sample Availability: Samples of the compounds are not available from the authors. Compounds are
available from Maybridge supplied by Thermo Fisher Scientific.

References
1. Bresnick, A.R.; Weber, D.J.; Zimmer, D.B. S100 proteins in cancer. Nat. Rev. Cancer 2015, 15, 96–109. [CrossRef]
2. Donato, R.; Cannon, B.R.; Sorci, G.; Riuzzi, F.; Hsu, K.; Weber, D.J.; Geczy, C.L. Functions of S100 proteins. Curr. Mol. Med. 2013,

13, 24–57. [CrossRef] [PubMed]
3. Harpio, R.; Einarsson, R. S100 proteins as cancer biomarkers with focus on S100B in malignant melanoma. Clin. Biochem. 2004,

37, 512–518. [CrossRef] [PubMed]

http://doi.org/10.1038/nrc3893
http://doi.org/10.2174/156652413804486214
http://www.ncbi.nlm.nih.gov/pubmed/22834835
http://doi.org/10.1016/j.clinbiochem.2004.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15234232


Molecules 2021, 26, 381 20 of 21

4. Hauschild, A.; Engel, G.; Brenner, W.; Gläser, R.; Mönig, H.; Henze, E.; Christophers, E. S100B protein detection in serum is a
significant prognostic factor in metastatic melanoma. Oncology 1999, 56, 338–344. [CrossRef] [PubMed]

5. Wright, N.T.; Cannon, B.R.; Zimmer, D.B.; Weber, D.J. S100A1: Structure, Function, and Therapeutic Potential. Curr. Chem. Biol.
2009, 3, 138–145. [CrossRef]

6. Wright, N.T.; Cannon, B.R.; Wilder, P.T.; Morgan, M.T.; Varney, K.M.; Zimmer, D.B.; Weber, D.J. Solution structure of S100A1
bound to the CapZ peptide (TRTK12). J. Mol. Biol. 2009, 386, 1265–1277. [CrossRef] [PubMed]

7. Inman, K.G.; Yang, R.; Rustandi, R.R.; Miller, K.E.; Baldisseri, D.M.; Weber, D.J. Solution NMR structure of S100B bound to the
high-affinity target peptide TRTK-12. J. Mol. Biol. 2002, 324, 1003–1014. [CrossRef]

8. Melville, Z.; Hernandez-Ochoa, E.O.; Pratt, S.J.P.; Liu, Y.; Pierce, A.D.; Wilder, P.T.; Adipietro, K.A.; Breysse, D.H.; Varney, K.M.;
Schneider, M.F.; et al. The Activation of Protein Kinase A by the Calcium-Binding Protein S100A1 Is Independent of Cyclic AMP.
Biochemistry 2017, 56, 2328–2337. [CrossRef]

9. Prosser, B.L.; Wright, N.T.; Hernãndez-Ochoa, E.O.; Varney, K.M.; Liu, Y.; Olojo, R.O.; Zimmer, D.B.; Weber, D.J.; Schneider, M.F.
S100A1 binds to the calmodulin-binding site of ryanodine receptor and modulates skeletal muscle excitation-contraction coupling.
J. Biol. Chem. 2008, 283, 5046–5057. [CrossRef]

10. Zimmer, D.B.; Chaplin, J.; Baldwin, A.; Rast, M. S100-mediated signal transduction in the nervous system and neurological dis-
eases. Cell Mol. Biol. 2005, 51, 201–214.

11. Zimmer, D.B.; Chessher, J.; Wilson, G.L.; Zimmer, W.E. S100A1 and S100B expression and target proteins in type I diabetes.
Endocrinology 1997, 138, 5176–5183. [CrossRef] [PubMed]

12. Li, G.; Barthelemy, A.; Feng, G.; Gentil-Perret, A.; Peoc’h, M.; Genin, C.; Tostain, J. S100A1: A powerful marker to differentiate
chromophobe renal cell carcinoma from renal oncocytoma. Histopathology 2007, 50, 642–647. [CrossRef] [PubMed]

13. Pelc, P.; Vanmuylder, N.; Lefranc, F.; Heizmann, C.W.; Hassid, S.; Salmon, I.; Kiss, R.; Louryan, S.; Decaestecker, C. Differen-
tial expression of S100 calcium-binding proteins in epidermoid cysts, branchial cysts, craniopharyngiomas and cholesteatomas.
Histopathology 2003, 42, 387–394. [CrossRef] [PubMed]

14. Cristóvão, J.S.; Gomes, C.M. S100 Proteins in Alzheimer’s Disease. Front. Neurosci. 2019, 13, 463. [CrossRef] [PubMed]
15. Drohat, A.C.; Amburgey, J.C.; Abildgaard, F.; Starich, M.R.; Baldisseri, D.; Weber, D.J. Solution structure of rat apo-S100B

(beta beta) as determined by NMR spectroscopy. Biochemistry 1996, 35, 11577–11588. [CrossRef] [PubMed]
16. Cavalier, M.C.; Pierce, A.D.; Wilder, P.T.; Alasady, M.J.; Hartman, K.G.; Neau, D.B.; Foley, T.L.; Jadhav, A.; Maloney, D.J.;

Simeonov, A.; et al. Covalent small molecule inhibitors of Ca(2+)-bound S100B. Biochemistry 2014, 53, 6628–6640. [CrossRef]
[PubMed]

17. Rustandi, R.R.; Baldisseri, D.M.; Weber, D.J. Structure of the negative regulatory domain of p53 bound to S100B (betabeta).
Nat. Struct. Biol. 2000, 7, 570–574. [CrossRef]

18. Rustandi, R.R.; Baldisseri, D.M.; Drohat, A.C.; Weber, D.J. Structural changes in the C-terminus of Ca2+-bound rat S100B (beta beta)
upon binding to a peptide derived from the C-terminal regulatory domain of p53. Protein Sci. 1999, 8, 1743–1751. [CrossRef]

19. Charpentier, T.H.; Wilder, P.T.; Liriano, M.A.; Varney, K.M.; Pozharski, E.; MacKerell, A.D.; Coop, A.; Toth, E.A.; Weber, D.J.
Divalent metal ion complexes of S100B in the absence and presence of pentamidine. J. Mol. Biol. 2008, 382, 56–73. [CrossRef]

20. Cavalier, M.C.; Melville, Z.; Aligholizadeh, E.; Raman, E.P.; Yu, W.; Fang, L.; Alasady, M.; Pierce, A.D.; Wilder, P.T.;
MacKerell, A.D.; et al. Novel protein-inhibitor interactions in site 3 of Ca(2+)-bound S100B as discovered by X-ray crystallogra-
phy. Acta Crystallogr. D Struct. Biol. 2016, 72, 753–760. [CrossRef]

21. Hartman, K.G.; McKnight, L.E.; Liriano, M.A.; Weber, D.J. The evolution of S100B inhibitors for the treatment of malignant
melanoma. Future Med. Chem. 2013, 5, 97–109. [CrossRef] [PubMed]

22. Markowitz, J.; Chen, I.; Gitti, R.; Baldisseri, D.M.; Pan, Y.; Udan, R.; Carrier, F.; MacKerell, A.D.; Weber, D.J. Identification and
characterization of small molecule inhibitors of the calcium-dependent S100B-p53 tumor suppressor interaction. J. Med. Chem.
2004, 47, 5085–5093. [CrossRef] [PubMed]

23. Di Sante, G.; Amadio, S.; Sampaolese, B.; Clementi, M.E.; Valentini, M.; Volonté, C.; Casalbore, P.; Ria, F.; Michetti, F. The S100B
Inhibitor Pentamidine Ameliorates Clinical Score and Neuropathology of Relapsing-Remitting Multiple Sclerosis Mouse Model.
Cells 2020, 9, 748. [CrossRef] [PubMed]

24. Cirillo, C.; Capoccia, E.; Iuvone, T.; Cuomo, R.; Sarnelli, G.; Steardo, L.; Esposito, G. S100B Inhibitor Pentamidine Attenuates
Reactive Gliosis and Reduces Neuronal Loss in a Mouse Model of Alzheimer’s Disease. BioMed Res. Int. 2015, 2015, 508342.
[CrossRef]

25. Seguella, L.; Rinaldi, F.; Marianecci, C.; Capuano, R.; Pesce, M.; Annunziata, G.; Casano, F.; Bassotti, G.; Sidoni, A.;
Milone, M.; et al. Pentamidine niosomes thwart S100B effects in human colon carcinoma biopsies favouring wtp53 rescue.
J. Cell Mol. Med. 2020, 24, 3053–3063. [CrossRef]

26. Edwards, K.J.; Jenkins, T.C.; Neidle, S. Crystal structure of a pentamidine-oligonucleotide complex: Implications for DNA-binding
properties. Biochemistry 1992, 31, 7104–7109. [CrossRef]

27. Pathak, M.K.; Dhawan, D.; Lindner, D.J.; Borden, E.C.; Farver, C.; Yi, T. Pentamidine is an inhibitor of PRL phosphatases with
anticancer activity. Mol. Cancer Ther. 2002, 1, 1255–1264.

28. Kitamura, Y.; Arima, T.; Imaizumi, R.; Sato, T.; Nomura, Y. Inhibition of constitutive nitric oxide synthase in the brain by
pentamidine, a calmodulin antagonist. Eur. J. Pharmacol. 1995, 289, 299–304. [CrossRef]

http://doi.org/10.1159/000011989
http://www.ncbi.nlm.nih.gov/pubmed/10343200
http://doi.org/10.2174/187231309788166460
http://doi.org/10.1016/j.jmb.2009.01.022
http://www.ncbi.nlm.nih.gov/pubmed/19452629
http://doi.org/10.1016/S0022-2836(02)01152-X
http://doi.org/10.1021/acs.biochem.7b00117
http://doi.org/10.1074/jbc.M709231200
http://doi.org/10.1210/endo.138.12.5579
http://www.ncbi.nlm.nih.gov/pubmed/9389498
http://doi.org/10.1111/j.1365-2559.2007.02655.x
http://www.ncbi.nlm.nih.gov/pubmed/17394501
http://doi.org/10.1046/j.1365-2559.2003.01588.x
http://www.ncbi.nlm.nih.gov/pubmed/12653951
http://doi.org/10.3389/fnins.2019.00463
http://www.ncbi.nlm.nih.gov/pubmed/31156365
http://doi.org/10.1021/bi9612226
http://www.ncbi.nlm.nih.gov/pubmed/8794737
http://doi.org/10.1021/bi5005552
http://www.ncbi.nlm.nih.gov/pubmed/25268459
http://doi.org/10.1038/76797
http://doi.org/10.1110/ps.8.9.1743
http://doi.org/10.1016/j.jmb.2008.06.047
http://doi.org/10.1107/S2059798316005532
http://doi.org/10.4155/fmc.12.191
http://www.ncbi.nlm.nih.gov/pubmed/23256816
http://doi.org/10.1021/jm0497038
http://www.ncbi.nlm.nih.gov/pubmed/15456252
http://doi.org/10.3390/cells9030748
http://www.ncbi.nlm.nih.gov/pubmed/32197530
http://doi.org/10.1155/2015/508342
http://doi.org/10.1111/jcmm.14943
http://doi.org/10.1021/bi00146a011
http://doi.org/10.1016/0922-4106(95)90107-8


Molecules 2021, 26, 381 21 of 21

29. Markowitz, J.; Mackerell, A.D.; Carrier, F.; Charpentier, T.H.; Weber, D.J. Design of Inhibitors for S100B. Curr. Top. Med. Chem.
2005, 5, 1093–1108. [CrossRef]

30. Markowitz, J.; MacKerell, A.D.; Weber, D.J. A search for inhibitors of S100B, a member of the S100 family of calcium-binding
proteins. Mini Rev. Med. Chem. 2007, 7, 609–616. [CrossRef]

31. Congreve, M.; Carr, R.; Murray, C.; Jhoti, H. A ‘rule of three’ for fragment-based lead discovery? Drug Discov. Today 2003,
8, 876–877. [CrossRef]

32. Bovey, F.; Mirau, P.; Gutowsky, H.S. Nuclear Magnetic Resonance Spectroscopy; Academic Press: Cambridge, MA, USA, 1988.
33. Inman, K.G.; Baldisseri, D.M.; Miller, K.E.; Weber, D.J. Backbone dynamics of the calcium-signaling protein apo-S100B as

determined by 15N NMR relaxation. Biochemistry 2001, 40, 3439–3448. [CrossRef] [PubMed]
34. Williamson, M.P. Using chemical shift perturbation to characterise ligand binding. Prog. Nucl. Magn Reson. Spectrosc. 2013,

73, 1–16. [CrossRef] [PubMed]
35. Melville, Z.; Aligholizadeh, E.; McKnight, L.E.; Weber, D.J.; Pozharski, E. X-ray crystal structure of human calcium-bound S100A1.

Acta Crystallogr. F Struct. Biol. Commun. 2017, 73, 215–221. [CrossRef] [PubMed]
36. Cavalier, M.C.; Ansari, M.I.; Pierce, A.D.; Wilder, P.T.; McKnight, L.E.; Raman, E.P.; Neau, D.B.; Bezawada, P.; Alasady, M.J.;

Charpentier, T.H.; et al. Small Molecule Inhibitors of Ca(2+)-S100B Reveal Two Protein Conformations. J. Med. Chem. 2016,
59, 592–608. [CrossRef] [PubMed]

37. Guvench, O.; MacKerell, A.D. Computational fragment-based binding site identification by ligand competitive saturation.
PLoS Comput. Biol. 2009, 5, e1000435. [CrossRef]

38. Lakkaraju, S.K.; Raman, E.P.; Yu, W.; MacKerell, A.D. Sampling of Organic Solutes in Aqueous and Heterogeneous Environ-
ments Using Oscillating Excess Chemical Potentials in Grand Canonical-like Monte Carlo-Molecular Dynamics Simulations.
J. Chem. Theory Comput. 2014, 10, 2281–2290. [CrossRef]

39. Ustach, V.D.; Lakkaraju, S.K.; Jo, S.; Yu, W.; Jiang, W.; MacKerell, A.D. Optimization and Evaluation of Site-Identification by
Ligand Competitive Saturation (SILCS) as a Tool for Target-Based Ligand Optimization. J. Chem. Inf. Model. 2019, 59, 3018–3035.
[CrossRef]

40. Levitt, M.; Lifson, S. Refinement of protein conformations using a macromolecular energy minimization procedure. J. Mol. Biol.
1969, 46, 269–279. [CrossRef]

41. Nosé, S. A molecular dynamics method for simulations in the canonical ensemble. Mol. Phys. 1984, 52, 255–268. [CrossRef]
42. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Physical. Rev. A 1985, 31, 1695–1697. [CrossRef]

[PubMed]
43. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981,

52, 7182–7190. [CrossRef]
44. Best, R.B.; Zhu, X.; Shim, J.; Lopes, P.E.; Mittal, J.; Feig, M.; Mackerell, A.D. Optimization of the additive CHARMM all-

atom protein force field targeting improved sampling of the backbone ϕ, ψ and side-chain χ(1) and χ(2) dihedral angles.
J. Chem. Theory Comput. 2012, 8, 3257–3273. [CrossRef] [PubMed]

45. Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de Groot, B.L.; Grubmüller, H.; MacKerell, A.D. CHARMM36m:
An improved force field for folded and intrinsically disordered proteins. Nat. Methods 2017, 14, 71–73. [CrossRef] [PubMed]

46. Yu, W.; He, X.; Vanommeslaeghe, K.; MacKerell, A.D. Extension of the CHARMM General Force Field to sulfonyl-containing
compounds and its utility in biomolecular simulations. J. Comput. Chem. 2012, 33, 2451–2468. [CrossRef]

47. Durell, S.R.; Brooks, B.R.; Ben-Naim, A. Solvent-Induced Forces between Two Hydrophilic Groups. J. Phys. Chem. 1994,
98, 2198–2202. [CrossRef]

48. Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and Scalable
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435–447. [CrossRef]

49. Raman, E.P.; Yu, W.; Lakkaraju, S.K.; MacKerell, A.D. Inclusion of multiple fragment types in the site identification by ligand
competitive saturation (SILCS) approach. J. Chem. Inf. Model. 2013, 53, 3384–3398. [CrossRef]

50. MacKerell, A.D.; Jo, S.; Lakkaraju, S.K.; Lind, C.; Yu, W. Identification and characterization of fragment binding sites for allosteric
ligand design using the site identification by ligand competitive saturation hotspots approach (SILCS-Hotspots). Biochim. Biophys.
Acta Gen. Subj. 2020, 1864, 129519. [CrossRef]

51. Livingstone, C.D.; Barton, G.J. Protein sequence alignments: A strategy for the hierarchical analysis of residue conservation.
Comput. Appl. Biosci. 1993, 9, 745–756. [CrossRef]

52. Waterhouse, A.M.; Procter, J.B.; Martin, D.M.; Clamp, M.; Barton, G.J. Jalview Version 2—A multiple sequence alignment editor
and analysis workbench. Bioinformatics 2009, 25, 1189–1191. [CrossRef]

http://doi.org/10.2174/156802605774370865
http://doi.org/10.2174/138955707780859422
http://doi.org/10.1016/S1359-6446(03)02831-9
http://doi.org/10.1021/bi0027478
http://www.ncbi.nlm.nih.gov/pubmed/11297409
http://doi.org/10.1016/j.pnmrs.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23962882
http://doi.org/10.1107/S2053230X17003983
http://www.ncbi.nlm.nih.gov/pubmed/28368280
http://doi.org/10.1021/acs.jmedchem.5b01369
http://www.ncbi.nlm.nih.gov/pubmed/26727270
http://doi.org/10.1371/journal.pcbi.1000435
http://doi.org/10.1021/ct500201y
http://doi.org/10.1021/acs.jcim.9b00210
http://doi.org/10.1016/0022-2836(69)90421-5
http://doi.org/10.1080/00268978400101201
http://doi.org/10.1103/PhysRevA.31.1695
http://www.ncbi.nlm.nih.gov/pubmed/9895674
http://doi.org/10.1063/1.328693
http://doi.org/10.1021/ct300400x
http://www.ncbi.nlm.nih.gov/pubmed/23341755
http://doi.org/10.1038/nmeth.4067
http://www.ncbi.nlm.nih.gov/pubmed/27819658
http://doi.org/10.1002/jcc.23067
http://doi.org/10.1021/j100059a038
http://doi.org/10.1021/ct700301q
http://doi.org/10.1021/ci4005628
http://doi.org/10.1016/j.bbagen.2020.129519
http://doi.org/10.1093/bioinformatics/9.6.745
http://doi.org/10.1093/bioinformatics/btp033

	Introduction 
	Results 
	Fragment Compounds Specific for the Ca2+-Binding Proteins S100B or S100A1 were Identified Using NMR 
	Site Identification by Ligand Competitve Saturation (SILCS) Studies of S100A1 and S100B in the Ca2+-Bound States 
	Binding Sites on Ca2+-Bound S100A1 and S100B Predicted by SILCS-Hotspots 
	SILCS-MC Docking Poses and Lgfes Provide Insight into Fragment Specificity 

	Discussion 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Screening and NMR Data Collection 
	Structure Models for S100B and S100A1 
	SILCS Simulation 
	SILCS-Hotspots Analyses 

	Conclusions 
	References

