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S100AG6 is involved in several vital biological functions, such as calcium sensing and cell proliferation. It is
a homodimeric protein that belongs to the S100 protein family. The receptor for advanced glycation end
products (RAGE) has been shown to play a role in the progression of various disease conditions, such as
diabetes and immune/inflammatory disorders. Information regarding the association of RAGE with S100
proteins at a molecular level is useful to understand the diversity of the RAGE signaling pathways. In this
report, biomolecular NMR techniques were utilized for the resonance assignment of the C3S mutation in
human S100A6 and characterizing its interaction with the RAGE V domain. Further binding affinity
between S100A6m and the RAGE V domain was determined by isothermal titration calorimetric studies.

NMR

ITC HADDOCK was used to generate a heterotetramer model of the ST00A6m-RAGE V domain complex. This
HSQC model provides an important insights into the S100-RAGE cellular signaling pathway.

HADDOCK © 2013 Elsevier Inc. All rights reserved.

1. Introduction

S100AG6 is a 10.2 kDa homodimeric protein that belongs to the
$100 subfamily of Ca?*-binding proteins. S100A6 can be considered
as the best representative of the S100 protein family due to its typ-
ical EF hand sequence, and biological function as a calcium signal
transmitter [1]. ST00A6 was named calcyclin for its calcium affinity
and its role in the progression of various cancers which have been
identified in different tissues [2]. S100A6 is prominently a cyto-
plasmic protein, but its presence has been observed in extracellular
physiological fluid [3].

RAGE is a cell surface receptor that binds to multifarious ligands
with diverse structural features, such as S100 proteins, glycated
proteins, amyloid-B and HMGBI1 [4,5]. RAGE signaling plays a cen-
tral role in chronic inflammatory disorders [6] and certain cancers
[7]. RAGE is now widely known as a universal extracellular recep-
tor for S100 proteins, thus mediating their biological effects [8].
The signaling pathways activated upon the binding of extracellular
S100A6 with the RAGE receptor have been studied recently [9].

The solved X-ray calcium bound structure of human S100A6
[10] and the holo form of the NMR structure of rabbit S100A6
[11] have been published previously. Based on the amino acid se-
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quence alignment, we observed that there is only 88% homology
between the rabbit and human form of S100A6. Thus, we em-
barked upon the sequential assignment of a calcium bound human
mutation (C3S) of ST0O0A6 (S100A6m), to explore the various facets
of ST00A6m interaction with the RAGE V domain. Our results dem-
onstrate that SI00A6m interacts with the RAGE V domain in a
symmetrical fashion forming a heterotetrameric complex.

2. Materials and methods
2.1. Expression and purification of S100A6m and RAGE V domain

Human S100A6 contains a single cysteine residue, making the
presence of DTT as a reducing agent in NMR buffer conditions nec-
essary. To study the interaction with the RAGE V domain, cysteine-
3 was mutated to a serine in the human S100A6 sequence, because
the structural stability of RAGE V domain is dramatically altered in
the presence of the reducing agent. The recombinant S100A6m
protein was over expressed in Escherichia coli BL21(DE3) strain
using the pET-20b(+) T7 expression vector. The purification of
S100A6m was achieved using the previously described protocol
[12]. The samples used for NMR spectroscopy contained 1.0-
1.5 mM '3C, >N-labeled or '*N-labeled S100A6m.

The RAGE V domain protein was overexpressed in the pET-
15b(+) expression vector using BL21(DE3) CodonPlus as host cells.
The initial purification steps were followed as described previously
[13]. The final purification of the N-terminal His tag cleaved sam-
ple was performed on a C-18 HPLC column (Atlantis). The RAGE
V protein was eluted as a single fraction from HPLC, which was
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lyophillised and stored at —20 °C for further use. The purity of both
of the purified protein samples was estimated to be ~95% by SDS-
PAGE and, HPLC, and the molecular weight was confirmed using
ESI-TOF mass spectrometry.

2.2. NMR resonance assignments

All NMR experiments were performed at 298 K on a Varian Ino-
va 700 MHz spectrometer equipped with a cold probe head with a
sample concentration for S100A6m in the range of 1-1.5 mM. The
samples were prepared in 20 mM Tris-ds (pH 7.0, in 90% H,0 and
10% D,0) containing 10 mM CacCl, and, 0.01% sodium azide. The se-
quence specific assignments of polypeptide backbone for ST00A6m
were made from the 'H-'N HSQC, HNCO [14], HNCA [15],
HN(CO)CA [16], HNCACB [17] and CBCA(CO)NH [18] spectra. The
backbone dihedral angles were predicted using the TALOS + soft-
ware [19]. The NMR data were processed using VNMR] 2.3 and
analyzed using Sparky [20].

2.3. Isothermal titration calorimetry

The protein-protein interactions were demonstrated by mea-
suring the heat change during the titration of its partner protein li-
gand into the protein solution using a Microcal iTC200 Calorimeter
[21]. The overnight dialyzed S100A6m and RAGE V domain protein
samples in 50 mM Tris HCI (pH 7.0) containing 10 mM CacCl, were
centrifuged and degassed under vacuum before use. The titrations
were performed at (25 °C) by injecting 2 pL aliquots of 1 mM RAGE
V domain as the protein ligand (20 injections) into 0.1 mM of the
S100A6m solution over a period of 6 s separated by 240 s for fur-
ther injections. The results of the experimental protein-protein
titration curve were corrected using protein-buffer control experi-
ment, further analyzed and fitted to a single site binding model
using Origin 7.0 software supplied by Microcal.

2.4. TH-'>N HSQC titration

For the 'H-'>N HSQC titration experiments, the concentration
of the proteins used was ~0.2 mM. The 'H-!°N HSQC titrations
were performed in 50 mM Tris-HCI (in 90% H,0:10% D,0), with
10 mM calcium chloride buffer conditions at pH ~7.0. For the first
set of experiments, '°N-labeled S100A6m (0.15 mM) protein was
incrementally titrated with unlabeled RAGE V domain (1.5 mM)
protein up to 1:1 molar ratio to form the protein complex. The re-
ciprocal titrations were conducted using the incremental addition
of unlabeled S100A6m (2 mM) protein to '®N-labeled RAGE V do-
main (0.2 mM) to form a 1:1 protein complex.

2.5. Size exclusion chromatography

Analytical size exclusion chromatography was performed at
room temperature on Superdex75 column attached to the AKTA
FPLC system (GE). The column was equilibrated with 50 mM
Tris-HCI (pH 7.0) and 10 mM CaCl, containing buffer, with flow
rate of 0.5 ml/min. The column was pre-calibrated using the fol-
lowing protein standards (GE): bovine serum albumin (67 kDa),
chicken ovalbumin (44 kDa), chymotrypsin (26 kDa), and ribonu-
clease (13 kDa) [22].

2.6. Docking studies

HADDOCK [23,24] was used to dock S100A6 and the RAGE V do-
main in the tetrameric complex. For the multi-body docking stud-
ies, human S100A6 (PDB ID:1K9K) and the RAGE V domain (PDB
ID:2E5E) coordinates were taken from the Protein Data Bank as in-
put data. The chemical shift perturbed residues were used to define

the ambiguous interaction restraints (AIR) as the intermolecular
constraints for the docking protocol. Active residues and passive
residues were defined as those having both chemical shift pertur-
bations and a relative residue accessible surface area larger and
smaller than 50% for either side-chain or backbone atoms, respec-
tively, as calculated by NACCESS [25] (Supplementary Fig. 3A). The
calculated complex structure ensemble were further analyzed
using PROCHECK [26].

3. Results and discussion
3.1. Assignments

The "H-">N HSQC spectra of S100A6m is well dispersed and 84
cross peaks in the HSQC spectrum have been assigned unambigu-
ously (Supplementary Fig. 1A). The back bone 'H-'°N resonances
of Met 1, Pro 4, Ile 9, His 17, Lys 32 and Ala 54 could not be as-
signed. Regions near these sites exhibited weak NMR signals in
all spectra collected. The 'H, '3C and "N chemical shifts for human
S100A6m have been deposited in the BioMagResBank under the
BMRB accession number 18854.

The wild type S100A6 protein form in all reported species is
known to have a single cysteine residue. The only notable excep-
tion is the rabbit form with a serine at this position [2]. The cys-
teine residue in wild type human S100A6 is located in an
unstructured region of protein (PDB ID:1K9K). We drew HSQC
spectrum comparisons between the wild type and mutated
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Fig. 1. An isothermogram representing the binding of RAGE V domain to the
S100A6m at 25°C. The binding constant characterizing the S100A6m-RAGE V
domain interaction was 3.00 uM. The upper panels show the raw titration data, and
the lower panels show the integrated heat changes after subtracting the heat of
dilution. The titrations were performed in 50 mM Tris (pH 7.0) containing 10 mM
CaCl,. The concentration of RAGE V domain and the S100A6m used in the ITC
experiments were 1.0 and 0.1 mM, respectively.
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S100A6 C3S form (Supplementary Fig. 1B), which suggested that
the mutated S100A6 (C3S) structure would be similar to the wild
type structure as reported in the Protein Data Bank (PDB ID:1K9K)
[10]. This observation further suggests, that a serine mutation at
position 3 will not have any overall effect on the tertiary structure
of the human S100A6 protein, with potential implications related
only to the detrimental effect in formation of higher order oligo-
mers [2].

3.2. Binding thermodynamics

The isothermogram in Fig. 1 represents the binding between
RAGE V domain and S100A6m with a binding affinity (K4q) of
3.00 uM. Further analysis of the fitted ITC isothermogram for single
site model revealed the stoichiometry of the ST00A6m-RAGE V do-
main interaction was (1:1), symbolizing the symmetrical binding
interface of two molecules of the RAGE V domain for one dimer
of S100A6m. Positive values for the enthalpy (AH =3.35 kcal/
mol) and entropy (AS = 33.6 cal/mol/degree) suggests the interac-
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tion between the two proteins was more likely to be an entropi-
cally driven process. This observation further implies the role of
buried apolar surface residues in the near vicinity or on the inter-
face of the ST00A6m-RAGE V domain complex. Our findings are
relevant in the context of previously reported results for S100B-
RAGE complex [27].

3.3. Size exclusion chromatography

Analytical size exclusion chromatography is a useful technique
to describe changes in the molecular size of a free protein that is
complexed upon protein-protein interaction. The free S100A6m
and free RAGE V domain eluted as single peaks at 14.0 and
15.5 ml, respectively. The extrapolation of this elution volume on
the standard plot (log molecular weight versus elution volume)
yields a molecular size of 22.0 and 12.0 kDa, respectively. The iso-
lated single peak from the size exclusion column at 11.7 ml for an
equivalent 1:1 protein sample mixture of the RAGE V domain and
S100A6m was reinjected to the size exclusion column to confirm
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Fig. 2. Analysis of S1T00A6m ('°N labeled )-RAGE V domain complex using 2D NMR at a 1:1 binding ratio. (A) The overlaid 2D ['H-">N]-HSQC spectra highlight the spectral
changes of the uniformly '>N-labeled free S100A6m (black) and S100A6m upon binding to RAGE V-domain (red). (B) The weighted average of the chemical shift (*H and '°N)
perturbations {As = [(§'"HN)? + 0.2 (§'°N)?]'/?} of the amino acid residues in S100A6m upon complex formation with the RAGE V domain are represented as a bar graph. (C)
Cartoon representation of the ST00A6m dimer with the perturbed side chain residues side chain displayed light green. (D) The surface representation of ST00A6m dimer with
perturbed residues painted as symmetrical patches on one molecule as light green and other molecule as dark green. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Analysis of the S1T00A6m-RAGE V domain (*°N labeled) complex using 2D

NMR at a 1:1 binding ratio. (A) The overlaid 2D ['H-'°N]-HSQC spectra highlights the

intensity changes in the uniformly '’N-labeled free RAGE V (black) and RAGE V domain upon binding to S1T00A6m (red). (B) The cross peak intensity plot of (I/I,) where (I) is
S100A6m-RAGE V domain complex intensity and (I,) is the initial intensity of free RAGE V protein versus the residue number are represented as a bar. (C) A cartoon
representation of the RAGE V domain with residues showing dropped intensities labeled in magenta. (D) The surface representation of the RAGE V domain with residues in
which the intensity dropped shown in magenta depicting one full surface for ST00A6 interaction. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

the molecular size of the protein-protein complex corresponding
to 43.0 kDa. This elution profile clearly represents the S100A6m-
RAGE V domain tetrameric complex (Supplementary Fig. 2A).

3.4. Mapping the binding interface

Evaluating 'H-'°N chemical shift perturbations in the 'H-°N
HSQC spectrum provides residue-level information for mapping
the protein-protein interface between the two protein partners
[28]. The "H-">N HSQC spectra of free S100A6m and free RAGE V
domain are well-dispersed. The assignment of RAGE V domain
was derived from already deposited BMRB data (Accession number
7364) as reported in literature [29] and also confirmed by NMR
backbone experiments (Supplementary Fig. 2B). At a ST00A6m
(5N labeled):RAGE V domain (unlabeled) titration ratio of 1:1,
we observed that some cross peaks were significantly perturbed

upon complex formation, whereas the chemical shifts of the other
residues are similar to those of free SI00A6m, suggesting a fast ex-
change regime for SI00A6m:RAGE V domain titration (Fig. 2A).
Further plotted analysis of the chemical shift perturbed residues
(Fig. 2B), revealed that most of the altered residues on S100A6m
upon complexation with the RAGE V domain were predominantly
distributed over loop 1, loop 3 and helix 4 (Fig. 2C and D). The re-
ciprocal HSQC experiments in which ST00A6m (unlabeled) was ti-
trated to RAGE V domain (*°N labeled) at a formed complex ratio of
1:1, showed a differential change in cross peak intensities for some
residues in RAGE V domain HSQC spectrum, characteristic of the
intermediate exchange (Fig. 3A). Analysis of the change in cross
peak intensity plot of the intensity dropped residues, provided
the specific information regarding residues that are likely to con-
stitute the S100A6m binding site(s) on the RAGE V domain
(Fig. 3B). We portrayed those residues for which the intensity
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Fig. 4. HADDOCK results and the S100A6-RAGE V domain signaling pathway (A) a
representation of ensemble of 10 structures of S100A6-RAGE V complex (B) the
surface representation of Haddock calculated model of the ST00A6-RAGE V domain
heterotetrameric complex, with the secondary structure elements of S100A6
homodimer shown in dark green and lemon. The RAGE V domain molecules and
the secondary structure elements are shown in red and blue respectively. (C) A
close view of the side chain of the interface residues represented as ball stick model
in green for S100A6 and blue for the RAGE V domain. (D) The proposed mechanism
of ST00A6-RAGE V domain signaling pathway with S100A6 dimer binds with RAGE
V domain. Then the cytoplasmic domain of the two receptors associate triggering
generation of the reactive oxygen species (ROS), which will induce Akt kinase
activation, leading to the downstream initiation of NF-kB, causing further cell
proliferation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

dropped significantly on the RAGE V domain structure (Fig. 3C) to
decipher the S100A6m binding region which was spread over the
N-terminal beta strands, beta turns and C-terminal beta hairpin
motifs (Fig. 3D).

3.5. Structure of SI00A6m-RAGE V domain complex

A total of 4000 rigid-body docking trials were conducted using
the standard HADDOCK protocol, with 200 structures used for sub-
sequent semi-flexible simulated annealing and final refinement in
explicit water as a solvent layer. HADDOCK clustered 194 struc-
tures in five clusters. Out of the five clusters generated, Cluster 1
comprised of 104 structures with a pairwise lowest RMSD value
of 0.6 A when compared to 9.3 A RMSD for second most populated
Cluster 2 with 71 structures (Supplementary Fig. 3B). The higher
RMSD score value implied poor geometry for the Cluster 2 struc-
tures from the lowest energy conformation. Owing to its lesser
buried surface area of 2026 A2 and higher HADDOCK score value
of —137 for Cluster 2, it was also evident to select Cluster 1 for fur-
ther analysis (Supplementary Fig. 3C). The structural properties of
the 10 lowest energy structures (Fig. 4A) from this cluster were
further validated with PROCHECK (Supplementary Fig. 4A) and
deposited as an ensemble in the Protein Data Bank under the entry
code 2M1K. The surface representation of the S100A6m-RAGE V
domain tetrameric complex (shown in Fig. 4B).

3.6. S1I00A6m-RAGE V domain interface

The differential binding specificities within the various S100
proteins of the S100 family suggest a versatile manner in which
each S100 proteins recognize an array of partner proteins [30-
32]. The identified hot spots on the RAGE V domain surface for
S100A6m interaction consisted mainly of basic charged residues
like Lys-44, Arg-48, Arg-98, Arg-104 and Lys-107. The notable res-
idues on the RAGE V binding interface included Met-102 and Gly-
106 which constituted the hydrophobic patch that interacts with
S100A6m. Other residues, including Gln-47, Leu-49, Glu-50, Gln-
100, Asn-103 and Asn-105, provided the contacts to interact with
S100A6m and were in the vicinity of the basic residues to define
one contiguous surface on the RAGE V domain (Fig. 4C). It is impor-
tant to mention here that some of the basic charged residues on the
RAGE V domain involved in the ST00A6m-RAGE V domain interac-
tion are also conserved in the AGE-RAGE interaction and the
S100B-RAGE VC1 model complex [29,33]. The residues on
S100A6, that were distributed on the interfacial region of the pro-
tein-protein complex included Gly-24, Thr-28, Arg-62, Asn-63,
Lys-64, GIn-66, Asn-69 and Phe-70. The surface complementary
acidic residues that described the crucial binding recognition face
for the RAGE V domain interaction on S100A6m are Asp-25, Asp-
65 and Glu-67. This interfacial information led us to identify un-
ique structural features, which differentiate the interaction of
S100A6 for RAGE V domain, were mapped to non-conserved resi-
dues on 2nd EF hand and loop 1 of S100A6, in contrast to sequen-
tially diverse hinge region of S100B which plays the key role in
RAGE V(1 interaction (Supplementary Fig. 4B) [33]. Overall, we
imply that calcium bound S100A6 will facilitate the interaction
between S100A6 and its protein partners.

3.7. The mechanism of S100A6 signaling to RAGE

Oligomerisation of the extracellular domains is known to occur
in the immunoglobulin family of receptor proteins for cellular sig-
naling. The dimerization of the RAGE receptor is an important step
for receptor activation during ligand binding [33,34]. The RAGE V
domain has been proposed to associate on cell surface to promote
ligand binding [35]. In our present work, the homodimer of human
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S100A6 interacts with two extracellular RAGE V domains forming a
tetrameric complex. This complex formation will cause further
association and autophosphorylation between the cytoplasmic do-
mains resulting in the initiation of downstream secondary cellular
messengers, thus giving evidence in favor of role of RAGE V domain
in RAGE dimerisation for signal transduction (Fig. 4D) [13]. Further
the distinction can be made for ST00A6-RAGE V domain complex
from the previous reports [13,33], as this interaction signifies the
role of dimeric form S100A6 [32] having symmetrical binding
interface with RAGE V domain compared to higher order oligo-
meric form of S100B associating with RAGE V domain. These con-
clusions will add impetus to the current literature, signifying the
importance of S100A6 induced cell proliferation on RAGE receptor
activation, triggered by generation of reactive oxygen species (ROS)
which further involve activation of PI 3-kinase/AKT and NF-kB
transcription factor [9]. These findings provide a better under-
standing of the role of S100A6 in RAGE signaling, thus helping to
develop future therapeutic strategies to ameliorate RAGE related
diseases [36].
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