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Fragment Docking to S100 Proteins Reveals a
Wide Diversity of Weak Interaction Sites
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The S100 protein family is a highly conserved group of Ca*"-
binding proteins that belong to the EF-hand type and are consid-
ered potential drug targets. In the present study we focused our
attention on two members of the family: S100A13 and S100B;
the former is involved in the nonclassical protein release of two
proangiogenic polypeptides FGF-1 and IL-1a that are involved in
inflammatory processes, whereas S100B is known to interact with
the C-terminal domain of the intracellular tumor suppressor p53
and promote cancer development. We screened, using waterLOG-
SY NMR experiments, 430 molecules of a generic fragment library

Introduction

S100 proteins are low-molecular weight protein dimers. Each
monomer is constituted by an EF-hand domain, a domain con-
taining two helix-loop-helix motifs interconnected by a linker
(hinge loop for S100) and capable of binding two calcium ions
in the loops in a characteristic way. The canonical loop is 12 aa
long. The EF-hand domain in S100 proteins is characterized by
the first loop being noncanonical (14 aa long) and by the first
and last helices preceded and followed by residues with no
secondary structure.’” Twenty members have been identified
so far in the human genome and, altogether, S100 proteins
represent the largest family in the human calcium-binding EF-
hand protein superfamily. These proteins are only found in ver-
tebrates, and different members of the family are expressed in
a tissue-specific and cell type-specific pattern. S100 genes are
expressed in many tissues including those of the nervous
system, musculature, skin, adipose tissues, reproductive
system, gastrointestinal system, respiratory system, and urinary
system.2 Importantly, these proteins regulate intracellular
processes such as cell growth and mobility, cell cycle regula-
tion, transcription, and differentiation.®>” This suggests that
different S100s have different functions, and as they do not
have any catalytic activity of their own it is likely that they reg-
ulate the activity of other proteins.®”! Many of these regulatory
pathways involve a direct interaction of a specific S100 protein
with a particular target protein, so it is reasonable to expect
that different members of the S100 family have quite different
physiological roles. Misregulation of any of these interactions
can thus cause pathologies, which makes S100 proteins poten-
tial drug targets.

It is widely appreciated that inhibiting protein—protein inter-
actions is a more difficult goal than inhibiting, for example, en-
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and we identified different hits for each protein. The subset of
fragments interacting with S100B has very few members in
common with the subset interacting with ST00A13. From the "°N-
HSQC NMR spectra of the proteins in the presence of those hits
the chemical shift differences AO(HN) were calculated, and the
main regions of surface interaction were identified. A relatively
large variety of interaction regions for various ligands were iden-
tified for the two proteins, including known or suggested pro-
tein—protein interaction sites.

zymatic functions,”'® and this is the reason why drug discov-
ery programs have not made much progress in this area. For
example, the well-known family of matrix metalloproteinases
(MMP) are enzymes with a well-defined catalytic role, whereas
S100 are in general modulators of different protein activities,
so the interaction site is very well defined in MMPs and as yet
largely undefined in S100 proteins. However, MMPs suffer from
the problem that they have very similar structures and func-
tions, and inhibiting a particular MMP selectively without af-
fecting the other members of the family is difficult.™'? Con-
versely, the S100 protein family members have a variety of
partners and therefore it may be hoped that selectivity is more
easily achieved. Therefore in this study we decided to look at
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two different S100 proteins (S100B and S100A13) to 1) explore
their whole surface for possible docking positions and 2) check
how analogous or different the patterns of the ligand binding
sites are for the two proteins. S100B is reported to interact
with the C-terminal peptide of p53,"*'® and to be involved in
cancer through the regulation of the p53 protein,'’?" a
known tumor suppressor factor. Moreover, for the S100B-p53
interaction, it was found that phosphorylation of specific
serine and/or threonine residues reduces the affinity of the
S100B-p53 interaction by as much as an order of magnitude,
and is important for protecting p53 from S100B-dependent
downregulation.”? S100A13 has been recently designated as a
new marker of angiogenesis in human astrocytic gliomas,®!
and as a regulator of the FGF-1 release.”*® NMR is one of sev-
eral techniques to support drug discovery efforts.”’>* NMR
screening is especially appreciated for its robustness in not
producing false positive results, and for its sensitivity to identi-
fy weak interactions.**=? In the present work both S100 pro-
teins were screened by NMR towards a fragment library (430
members). We found that a large variety of weak-binding sites
in the two proteins (low mm-high um range) exist, with little
overlap between the fragments that bind to one or the other
protein. We have also found that in the case of S100B there
are two main sites that are able to bind fragments of the li-
brary and are potentially overlapping with the interaction area
of the p53 C-terminal peptide. Interestingly, ST00A13 does not
show appreciable affinity for these ligands, confirming our hy-
pothesis that the variety of functions of S100 proteins may
make it easier to find selective ligands for individual members
of this family. This is a further step to attempt drug design
strategies for these proteins.

Results and Discussion
NMR-based screening and mapping of the binding sites

An NMR based screening was conducted using the ligand-
based waterLOGSY (water-ligand observed by gradient spec-
troscopy) technique on calcium-loaded S100A13 and S100B.5%
The fragment library of ProtEra S.r.l. was used, containing 430
commercially available fragments as chemically diverse as pos-
sible (see Table 1 and Figure 1).The library is small and generic,
and was purposely built to also contain smaller than usual
fragments. From waterLOGSY experiments 56 and 47 frag-

Table 1. Characteristics of the fragment library.
Min. value Max. value Average value

Molecular Weight 68 350 181.9
Number of HEAVY atoms 2 26 12.5
Number of rings 0 5 14
Ring size 3 7 5.8
LogP -25 8.8 1.1
ClogP -9.2 6.1 0.9
H-bond donors 0 5 13
H-bond acceptors 0 6 25
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Figure 1. Molecular weight distribution of the fragment library.

ments showed an interaction with ST00A13 and S100B, respec-
tively. Only 13 fragments bind both proteins.

The interaction mode of the fragments having significant
effect in waterLOGSY, as well as of the antiallergic drug cromo-
lyn, known to interact with ST00A13,5%3% were categorized on
the basis of their scaffold similarity, into 17 groups. Fragments
belonging to the same group present similar chemical shift
variation patterns. For each group at least one fragment was
further investigated by following the titration of the proteins
with the selected fragments through "N-HSQC spectra. The
chemical shift perturbation (AS3(NH) or Garrett values), of uni-
formly '"N-labeled protein samples upon complex formation
with a ligand provides a sensitive tool for the identification of
binding sites. The N and yH backbone resonances in the
ligand—protein complexes were assigned by following the pre-
viously assigned cross peaks in the "N-HSQC spectrum of each
S100 protein alone. The fragments of each group determine
similar distributions of the chemical shift perturbation.

The interacting fragments and the areas of interaction with
S100B and S100A13, with significant "N-HSQC spectra pertur-
bations (A&(NH)>0.03 ppm), are reported in Table 1S of the
Supporting Information. A relatively small fraction of the com-
pounds in Table 1S have a molecular weight smaller than 150,
which is empirically considered to be a lower limit for “ideality”
of a hit. For the present purposes, these less than ideal hits
still provide useful information. Figures 2 and 3 represent the
chemical shift variation of S100B and S100A13 while interact-
ing with the ligand 1-naphtol (5B) and the antiallergic drug
cromolyn respectively.

A detailed analysis of Table 1S reveals that there are two
main binding areas for ligands on S100B. The first area involves
the hinge loop and the C-terminal part of helix a4, the second
area involves the hinge loop and helix a3 (Figure 4). On the
other hand, in the case of S100A13 three main binding areas
can be identified, that is: 1) the second calcium binding site
with the C-terminal part of helix a1; 2) the hinge loop region
between helix a2 and helix a3, which extends to the C-termi-
nal part of helix a4 and the N-terminal part of helix a1 of the
second subunit; 3) the interaction area between the two sub-
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Figure 2. A) Plot of the chemical shift variations (Garrett values) for the S100B-5B adduct. B) Residues showing sig-
nificant chemical shift variations (Ad > 0.03 ppm) are reported in black for both the protein subunits. C) Detail of
the S100B-1-naphtol interaction: in black sticks are represented the residues with non-negligible chemical shift
closest to the ligand.
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Figure 3. A) Plot of the chemical shift variations (Garrett values) for the ST00A13-cromolyn adduct. B) Residues
showing significant chemical shift variations (Ad > 0.03 ppm) are reported in black for both the protein subunits.
C) Detail of the ST00A13-cromolyn interaction: in black sticks are represented the residues with non-negligible
chemical shift, closest to the ligand.
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and HSQC experiments, Ky
values were calculated from
chemical titrations and reported
in Table 2. From the knowledge
of the K; we «calculated the
ligand efficiency (LE) of each
fragment, defined as:

LE = 'AG/Nnonhydrogen atoms (1)
~ —RT |n(Kd)/Nnonhydrogen atoms

The concept of ligand efficien-
cy, introduced by the pioneering
work of Kuntz, Kollman, and col-
leagues, can be used to assess
the quality of initial screening
hits and also the quality of the
leads as they are optimized,®¢=®
LE values higher than 0.3 are
considered a good starting point
for the hit-to-lead development
process. Our results showed that
two ligands for S100B and three
ligands for S100A13, have LE
values higher than 0.3 (Table 2).
These ligands should then be a
good starting point to develop
protein ligands with high druga-
bility potential.

To identify the binding confor-
mation of the hits, we coupled
the experimental NMR data with
docking calculations, using the
AutoDock program, as recently
reported by K.A. Mercier and
colleagues.

S100A13

Docking: Docking calculations
were carried out to identify the
more probable binding confor-
mations for each of the 24 li-
gands with non-negligible chem-
ical  shift variations (Ad>
0.03 ppm, Table 1S).

The docking calculations were
performed on three different po-
tential grid maps, covering the
entire protein volume, centered
on the three binding areas iden-
tified by the NMR screening (the
docking protocol is described in
the experimental section). The
analyses were performed man-

units, which could involve helix a4 and/or helix a1 (Figure 5).  ually, taking into account both the agreement with the NMR
For the ligands showing the largest effects in the waterLOGSY  data and the free-binding energy of the ligand-protein com-
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Figure 4. Structure of S100B. Box A (in light gray) contains the binding area
involving the hinge loop and the C-terminal part of helix a4. Box B (in dark
gray) contains the binding area involving the hinge loop and helices a3 and
a4. The calcium ions are shown (two for each subunit) as spheres.

Figure 5. Structure of ST00A13. Box A (in light gray) contains the binding
area involving the second calcium binding site and the C-terminal part of
helix a1; Box B (in gray) contains the binding area involving the hinge loop
region between helix a2 and helix a3, the C-terminal part of helix a4 and
the N-terminal part of helix a1 of the second subunit; Box C (in dark gray)
contains the binding area involving helices a4 at the interface between the
two subunits.

plex provided by the docking results. The docking results are
consistent with the presence of three main binding areas on
the protein S100A13. In particular the compounds warfarin
(21M), anthraquinone-sulfonic acid (3S), 2,6-naphtalenedisul-
phonic acid (11B), 3,5-pyrazoledicarboxylic acid (11L), benzo-
thiophene (12Z), and furosemide (17K) preferentially interact in
area 1, the compound 2,3-dicarboxypyridine (9A) preferentially
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interacts in area 2, and the compounds bisphenol A (4E), cime-
tidine (17C), (L)-glutamic acid (13Y) preferentially interact in
area 3. For each of the ligands we found at least one cluster of
docking conformations in agreement with the area identified
by the NMR experiments.

Cromolyn binding. In 1997 and 1999 Kobayashi et al. dem-
onstrated that three different antiallergic drugs, including cro-
molyn, bind to S100A13.1%*" To investigate the molecular basis
of this interaction, we performed a '"N-HSQC titration of
S100A13 with cromolyn. Plots of SA(HN) versus ligand concen-
tration for the most shifted residues (T18, F21, V65, A84, and
K89) give a good fitting with the one binding site equation (R?
~0.97). Docking calculations generated two clusters of confor-
mations, in agreement with the experimental data, binding in
areas A and C of Figure 5; however the cluster interacting near
the helices a4 (area C of Figure 5) is characterized by a final
docked energy thirty percent lower with respect to the others;
in this solution cromolyn is close to many of the residues with
high chemical shift variation, in particular V65 of loop Ill and
W77 and E82 of helix a4 (Figure 3C). Our data thus provide a
structural basis for this interaction.

S100B

Docking. All the fragments interacting with S100B by water-
LOGSY experiments were docked on the surface of the S100B
protein and, as for S100A13, the docking solutions were ana-
lyzed manually, according to the agreement between the
HSQC data and the free-binding energy of the ligand-protein
complex. Two possible interaction areas have been identified,
located around the hinge loop. In particular, the first one is
characterized by the pocket involving the hinge loop, helix a1
and mostly the C-terminal portion of helix a4 (F87, C84, F43,
L44, and V8) (see Figure 3A). The compounds (L)-tryptophan-
methylester (16G), 1,10-phenantroline (2T), and (3R,9R)-3-((ben-
zyloxy)methyl)-hexahydro-6H-pyrido[1,2]pyrazine-1,4-dione
(AC) preferentially interact in this surface region, justifying the
chemical shift variations observed especially in the first part of
helix a1. The second interacting area also involves the hinge
loop and the helix a3 in its N-terminal part. The compounds
showing significant interactions in the second area are 1-naph-
tol (5B), 2-aminobenzimidazole (19V) and (3R,9R)-3-((benzylox-
y)methyl)-hexahydro-6H-pyrido[1,2]pyrazine-1,4-dione (AQ).
These interactions are responsible for the largest chemical shift
variations observed in helix 02 and helix a3.

Analysis of the docking results reveals that most of the frag-
ments bind exclusively in one of the two areas identified. In a
fragment based approach the identified fragments binding in
different areas should be subsequently linked with the intent
to obtain stronger interacting compounds for S100B.

Competition with P53. To check the potential of fragment
5B (1-naphtol), interacting with the p53 binding region of
S100B, "N-HSQC titration was performed in the presence of a
peptide known to interact with S100B, derived from the C-ter-
minal regulatory domain of p53. Compound 5B was chosen
because it has the lowest K, value observed for the interacting
fragments. The p53 peptide affects several peaks (especially in
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Molecular formula Library
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Ky [mm] on
S100A13

Table 2. Kj and ligand efficiency (LE) values calculated for interesting hits for ST00A13 and S100B.

Ky [mm] on
S100B
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8,11,16,42,43,45, 47,48,51,53,61,70,79,87

4,59-12,25,43,59, 75,77,79,82,
84-89

49, 50, 52, 53, 54, 82

2,6-8, 11, 12, 14, 18, 24, 25, 34, 38, 43, 49, 56, 65, 73, 74, 77, 78,
81, 85, 87, 89

7,8,11,12, 14,18, 24, 25, 30, 34, 40, 64, 65, 78, 80 —82, 84, 89

4,7,8,11,12,14,18, 24-26 , 34, 43, 48, 50 ,83, 86, 87, 89, 92,

6, 1118, 20, 22, 71, 73, 74,77, 78, 81-84, 86, 89, 93

16, 18, 21, 50, 64, 65, 71 73, 77, 80, 81, 82, 84, 86, 89, 92

helix a1, the hinge region, helix a3, helix a4, and the C-termi-
nal region) in a ""N-HSQC titration on the protein; 5B alone af-
fects several peaks already described, some of which are in
common with p53 peptide. °N labeled S100B was first titrated
with p53 peptide up to a 1:2 molar ratio with respect to the
S100B monomer, and 5B was added stepwise up to a molar
ratio of 1:2:4, respectively. Further addition of 5B resulted in
the precipitation of the protein. Comparing the four spectra of
1) S100B:5B; 1:2; 2) S100B:p53 peptide; 1:2; 3) ST00B:p53 pep-
tide: 5B; 1:2:2; 4) S100B:p53 peptide:5B; 1:2:4, we observed
that the addition of the 5B fragment to the S100B-p53 peptide
complex has different effects on different peaks. Several of
them are restored to the original position in the S100B-5B
adduct (see Figure 6 A and B). Most of these peaks are located
on helix a3, in the proximity of the hinge loop (Q51, V52, V53,
D54, K55, V56, M57). Some other peaks were shifted to a new
position (L10, H15, G19, S30, E31, E34, N38, 562, D63, G66, E67,
D69, F73, M74, F88) different from their original positions in
S100B-5B and S100B-p53 peptide adducts. This points to 5B
replacing a portion of the bound peptide molecule, with a
mixed competitive/noncompetitive behavior. The other portion
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of the peptide presumably rearranges in a new conformation
to avoid conflict with the surface portion occupied by 5B. The
peaks that are restored clearly identify the region of the pro-
tein where 5B binds, displacing a portion of the peptide .

Conclusions

Two S100 proteins with a potential to become drug targets
were screened by NMR with a library of 430 fragments. The re-
sults of this study allowed us to identify three main binding
areas for ST00A13 and two main binding areas for S100B. This
result is somewhat surprising, as small proteins usually display
only one major binding site for small molecules.*? Incidentally,
none of the binding areas suggest binding of ligands to calci-
um ions. Although the two proteins have quite similar quater-
nary structure and a common binding area (around the hinge
loop), our results showed that they have only a few ligands in
common, suggesting that selective leads could be developed
starting from the different ligands with high LE values, identi-
fied herein. These data also indicate that the present library, al-
though small, is well suited to make initial guesses about se-
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primary method of screening. For
each compound, a reference 1D
spectrum of the compound alone
and a 1D WaterLOGSY spectrum in
the presence of the protein were
recorded. WaterLOGSY NMR ex-
periments employed a 2 ms selec-
tive rectangular 180° pulse at the
water signal frequency and a NOE
mixing time of 2 s. To map the in-
teracting surface of the proteins, ti-
tration of the fragments were fol-
lowed through "*N-HSQC spectra.

Ky values were calculated by plot-
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Figure 6. Superimposition of two areas of ’N-HSQC spectra of 1) S100B + 5B adduct at 1:2 ratio (red); 2) S100B
+ p53 at 1:2 (blue); 3) ST00B + p53 + 5B at 1:2:2 (magenta); 4) S100B + p53 + 5B at 1:2:4, (green).

lectivity. Essentially the same library had been used in a screen-
ing work on cytochrome c.#¥ In that case, the hits were fewer,
and again the overlap with the present hits was very small.
These statistics are summarized in Figure 1S. Coupling of the
experimental data with docking results indicated the most
probable docked conformations of the ligands on the proteins
surface. The study on the antiallergic drug cromolyn provided
for the first time structural information for the interaction, and
demonstrated that cromolyn has a unique binding site on the
protein surface. Finally, competition experiments conducted
with a-naphtol on the S100B-p53 peptide complex showed
that even if the ligands identified by the NMR screening bind
weakly on the protein surface, they are able to significantly in-
terfere with the interaction with other proteins or peptides.
These results could be a starting point for the development of
new ligands which could have an important role in the protec-
tion of p53 from S100B-dependent downregulation. S100 pro-
teins in general are becoming targets of pharmaceutical inter-
est because of their involvement in cellular functions. The pres-
ent data suggest that selective and high efficacy modulators of
their activity are within reach of current lead development
strategies.

Experimental Section

Protein preparation: Human S100A13 and bovine S100B were ex-
pressed and purified as previously reported to obtain unlabeled
and "N labeled proteins.”**!

NMR-based screening: For all the NMR experiments S100A13 sam-
ples were prepared in acetate buffer 20 mm pH 5.6, and S100B
samples were prepared in HEPES buffer 30 mm pH 6.5 plus KCl
50 mm. Samples for waterLOGSY experiments were prepared at a
monomeric concentration of 20 um of both S100A13 and S100B,
and with candidate ligand concentrations of 800 pm. Samples for
>N-HSQC spectra were prepared at a monometric protein concen-
tration of 100 mm and 400 pum for ST00A13 and S100B, respectively.
All NMR experiments were performed at 298 K on a Bruker Avance
700 spectrometer equipped with a sample changer, and on Avance
800 and 900 spectrometers both equipped with cryoprobes. NMR-
based screening was conducted using WaterLOGSY spectra as the
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| T
7.6 7.5 ting the weighted average 'H and
N chemical shifts of selected resi-
dues as a function of fragment
concentration added during the ti-
tration considering the one site
binding mode. Garrett values are

given by equation*®

)

Aé(NH):\/[A6(1H)] 2+[2A6(15N) /5] 2

Docking: Docking calculations were performed on a Open Mosics
cluster equipped with nine AMD Athlon 3.0 GHz processors run-
ning Gentoo Linux. The molecules were manipulated using Che-
mOffice Pro version 8.0. The atomic partial charges of the frag-
ments were calculated using the semiempirical MNDO/3 and PM3
methods implemented in the Chem3D 8.0 program, whereas for
the proteins S100A13 (PDB code: 1YUU) and S100B (PDB code:
1DT7) we assigned the atom types and the charges using AMBER
force field. With the program AutoGrid we generated three grids
of size 70x70x70 A and with a grid spacing of 0.375 A (three for
S100A13 and one for S100B). The grid boxes was centered respec-
tively: on the helix- a1, near the calcium (S100A13 GRID 1), on the
two tryptophans 77 of the helix-a4, at the interface between the
two monomers (ST00A13 GRID 2), on the hinge-loop (S100A13
GRID 3), and in the hydrophobic cluster between helices a3 and
a4 and hinge loop, close to the side chain of 147 (S100B GRID).
The ligands were docked with the program AutoDock (version
3.05). For each docking experiment we performed a global search
using the Lamarckian genetic algorithm (LGA) to find the possible
areas of minimum energy of interaction and a local search (LS) to
optimize the energy and to search for the best conformers. During
the docking process, a maximum of 100 conformers was consid-
ered for each compound (the default is ten conformers). The initial
position of each ligand was on the center of the box and oriented
randomly. The initial population was constituted by 100 random in-
dividuals. Step sizes of 0.2 A for translation and 5° for rotation
were chosen and a maximum number of 1500000 energy evalua-
tions and 28000 generations was considered. Operator weights for
crossover, mutation, and elitism were default parameters (0.80,
0.02, and 1, respectively). The AutoDock scoring function was used
and the first four clusters of solutions were furthermore analyzed
one by one to check the agreement between the docking position
on the surface and the experimental screening results.
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