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Biological context

S100 proteins, named according to their solubility in
100 % ammonium sulfate, are low molecular weight Ca’*-
binding proteins (9-13 kDa) solely found in vertebrates
(Donato 2001). Currently, the S100 family constitutes more
than 20 members that are expressed in several tissues and
cell types for both intracellular and extracellular functions
(Eckert et al. 2004). Most S100 proteins exist in their native
conformation as homodimer through non-covalent interac-
tions (Potts et al. 1995). Calcium binding is essential for
S100 proteins adopting a conformation with hydrophobic
regions exposed for regulating a wide range of important
cellular processes via protein—protein interactions (Smith
and Shaw 1998). S100 calcium-binding protein Al2
(S100A12), also known as calgranulin C, expressed in
neutrophils belongs to a subset of the S100 family elevated
in the serum of patients with chronic inflammatory diseases
(Foell et al. 2004; Guignard et al. 1995), including Kawa-
saki disease, Crohn’s disease, atherosclerosis, rheumatoid
arthritis and cystic fibrosis (Foell et al. 2007), and therefore
has been considered as an emerging biomarker for the
inflammatory response. According to the crystal structures,
S100A12 exists as both dimer and hexamer in the presence
of 200 mM CaCl, (Moroz et al. 2002). Zinc interactions can
efficiently induce the hexamerization of Ca”’"-loaded
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S100A12 (Moroz et al. 2009a), which have been considered
as an important oligomeric state for SI00A12 binding tar-
gets (Xie et al. 2007). So far, two target proteins, including
RAGE (Receptor for Advanced Glycation Endproducts)
and SIP (Siah-1-interacting protein), have been reported
interacting with human S100A12 (Filipek et al. 2002,
Hofmann et al. 1999, Xie et al. 2007). However, most of
studies are focus on the interaction of SI00A12 with RAGE
(Scheiber-Camoretti et al. 2013); it’s still not clear whether
the S100A12 protein in dimer form possesses specific-
interaction with SIP. In the present study, we have
accomplished the 'H, '°N and '*C resonance assignments
and determined the structure of human Ca**-bound
S100A12 dimer at low calcium concentration (5 mM) using
a variety of NMR techniques. Moreover, comparisons
between the solution and crystal structures of human
S100A12 are described in detail in the present study.

Methods and results
Protein expression and purification

The recombinant human S100A12 composed of 92 amino
acids was constructed into vector pET21b and expressed as
protein without purification tag in E. coli BL21-CodonPlus.
Isotopically 'N- and 'SN/!*C-labeled SI00A12 proteins
were prepared by growing E. coli in M9 minimal media,
supplemented 'NH,CI and "*Cg-p-glucose or '*Cg-p-glu-
cose. 0.5 mM isopropylthio-B-p-galactoside (IPTG) was
added for the induction of protein expression, when the
ODg¢go of culture reached 0.6-0.8 at 37 °C. The culture
with an additional 15 h incubation at 37 °C and 200 rpm
shaking was harvested by centrifugation at 6,000 rpm and
4 °C for 20 min. The cell pellets were resuspended by pH
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8.0 buffer containing 20 mM Tris. The cell lysis was per-
formed by using a French press. After 30 min of centri-
fugation at 16,000 rpm and 4 °C, the S100A12 protein
expressed in soluble form was loaded onto a HiPrep 16/60
Q XL column (GE Healthcare) and purified with a linear
gradient of 0-200 mM NaCl in pH 8.0 buffer. The fraction
of elution was further purified by HiPrep 16/60 Phenyl FF
column equilibrium with 50 mM Tris buffer (pH7.5) con-
taining 150 mM NaCl and 5 mM CaCl,. The target protein
was washed and eluted with buffers consisting of 50 mM
Tris, 100 mM NaCl and 0-5 mM EDTA (pH 7.5). The
protein with ~95 % purity was exchanged against pH 6.5
buffer (10 mM Hepes, 100 mM NaCl and 0.02 % (w/v)
NaN;) using a HiPrep 26/10 desalting column (GE
Healthcare). The purity and identity of human S100A12
were first checked by SDS-PAGE analysis and then con-
firmed by ESI mass spectroscopy.

NMR spectroscopy

All NMR experiments were acquired at 37 °C on Varian
NMR 700 MHz spectrometer equipped with triple reso-
nance cryogenic probes. I mM of '*N and "*N/'*C-labeled
protein samples were prepared in 10 mM Hepes buffer (pH
6.5), 100 mM NaCl, 5 mM CaCl,, 10 % D,O and 0.02 %
(w/v) NaNj3. Samples for the measurement of intermolec-
ular NOEs were prepared by refolding of denatured
""N/"*C-labeled and unlabeled S100A12 mixture at 1:1
molar ratio. Sequence specific assignments of the poly-
peptide backbone were made from 'TH-N HSQC, HNCA,
HN(CO)CA, HNCO, HN(CA)CO, CBCA(CO)NH and
HNCACB spectra. Side chain resonances were assigned
from the combined information content of the '*N-edited
NOESY-HSQC, 'H-'>C HSQC, ')C-edited NOESY-
HSQC, HCCH-TOCSY and HBHA(CO)NH. All NMR
signals were referenced to 'H resonance of the 2,2-dime-
thyl-2-silapentane-5-sulfonate. All 3D NOE experiments
were acquired with a mixing time of 150 ms. NMR data
were processed using software Vnmr] and analyzed by
software SPARKY (T. D. Goddard and D. G. Kneller,
SPARKY 3.114, University of California, San Francisco).

Structure calculation

The solution structures of SI00A12 dimer were calculated
by software ARIA 2.3 employing C2 symmetry parameters
with a simulated annealing (SA) approach and then fol-
lowed by a refinement procedure (Rieping et al. 2007). The
NOE distance restraints applied for structure determination
were extracted from '"N-edited NOESY-HSQC, 3C_edited
NOESY-HSQC and Bc F1-filtered, F3-edited NOESY-
HSQC spectra. The angle restraints including phi (¢) and
psi () torsion angles of protein backbone were predicted
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empirically using the TALOS software program (Cornile-
scu et al. 1999). Hydrogen-bonds were introduced as a pair
of distance restraints based on NOE analysis in combina-
tion with the prediction of protein secondary structural
elements using software CSI (Wishart and Sykes 1994).
Non-bonded interactions were calculated by PARAL-
LHDG force field. Torsion angle dynamics (TAD) was
employed for the energy minimization in structure calcu-
lation. The initial-folded structures of dimeric protein were
generated based on manually-assigned intramolecular and
intermolecular NOEs. The unambiguous and ambiguous
NOE restraints derived from outputs of previous ARIA run
were analyzed and utilized as inputs for the next structure
calculation. Lower ambiguous cutoff parameters and slow-
cooling standard SA protocols were used in refinement
steps of structure calculations. The structures with lowest
overall energies were further calculated followed by water
refinement in ARIA. The quality of calculated conformers
was checked by analyzing the violations using MOLMOL
and PROCHECK software programs (Koradi et al. 1996;
Laskowski et al. 1996).

Structure determination of human S100A12

The molecular state of recombinant human SI00A12 was
identified as dimer in solution (Xie et al. 2007). The
N-"H HSQC spectra of human S100A12 at pH 6.5
contain a single set of well-dispersed NMR resonances,
indicating that the SI00A12 protein forming homodimer is
well-structured (red peaks in Fig. 1a). Addition of 5 mM
EDTA results in a significant chemical-shift change of
"N-"H signals (blue peaks in Fig. la), suggesting that the
purified SI00A12 protein adopts a different conformation
in the presence of calcium. The 'H, N and 13C resonances
of human Ca*"-S100A12 at pH 6.5 and 37 °C have been
completely assigned and deposited in the BMRB under
accession number 19293.

The solution structure of Ca**-loaded S100A12 dimer
was calculated with 2,169 experimental and empirical
NMR restraints, including 1,989 NOE distance restraints,
36 hydrogen-bond distance restraints and 144 dihedral
angle restraints, based on the distance geometry and energy
minimization approaches used in ARIA-CNS. The super-
imposition of backbone traces for the ensemble of 20
lowest energy conformers selected from 200 calculated
structures is shown in Fig. 1b, revealing a good agreement
among applied NMR restraints. Table 1 shows a summary
of structure statistics for the human Ca®"-bound S100A12
dimer. The root-mean-square-deviation (RMSD) values for
the backbone atoms in structured regions and whole protein
of 20 best structures were calculated to be 0.48 £ 0.12 and
1.46 + 0.33 A, respectively. The large RMSD of full-
length protein is mainly due to the poorly defined loop
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Fig. 1 a '"H-">N HSQC spectra of Ca>*-loaded S100A12 without
(red) and with (blue) 5 mM EDTA acquired at pH 6.5 and 37 °C.
b Superimposition of the backbone atoms of 20 final structures for the
human Ca*"-S100A12 dimer (green and cyan). The N- and C-ter-
minal ends of subunits in green and cyan are labeled in black and
blue, respectively. ¢ Ribbon representation of the tertiary structure of
human Ca?*-S100A12 dimer. The secondary structure elements are

regions in human Ca*"-S100A12 dimer. The Ramachan-
dran plot analysis shows that 80.2 % of residues are in the
most favored region, 17.4 % in the additionally allowed
region, 1.2 % in the generously allowed region and 1.2 %
of residues are in the disallowed regions. The residues
located in the disallowed regions of Ramachandran plot are
due to lake of dihedral angle restraints during the structure
determination. The NMR restraints and coordinates of 20
best structures of the SI00A12 dimer have been deposited
in the Protein Data Bank with ID 2M9G.

Overview of the solution structure of human
Ca”**-bound S100A12 dimer

The NMR structures of human S100A12 adopt a dimeric
conformation in solution (Fig. 1b). 29 residues in protomer
are involved in the dimer interface with an area of
1,525 ;\2, encompassing 8 hydrogen bonds and 304 non-

(B)

(D)

labeled using the same color codes in (b). Loops connecting H1-H2,
H3-H4 and EF hands are labeled as L1, L3 and L2, respectively.
d Surface charge distribution of human Ca>"-S100A12 dimer shown
as a 180° rotation of the view in (c¢). The surfaces with negative
charge, positive charge and hydrophobic are colored in red, blue and
white, respectively

bonded contacts. Each subunit comprises four o-helixes
(H1, a.a. 6-18; H2, a.a. 30-41; H3, a.a. 51-61; and H4, a.a.
71-87) and one helix-like segment (H2', a.a. 42-44) in a
H1-H2-H2'-H3-H4 topology (Fig. 1¢) and two EF-hand
motifs (EF-1 and EF-2) connected by loop L2, the so-called
“hinge” region (Fig. 1c). Compare to the crystal structure
of S100A12 determined with 200 mM CaCl, (PDB ID:
1E8A, Fig. 2a) (Moroz et al. 2001), the solution structures
of SI00A12 retain a similar structural fold with 1.12 A of
backbone RMSD (Table 2), revealing an “open” confor-
mation between helixes H3 and H4 with interhelical angles
0 = 53.7° and @ = —102.9° smaller than those found in
PDB 1E8A (0 =55.6° and ¢ = —108.7°, Table 2).
Moreover, in our structure, an additional short helix-like
segment H2', the extension of helix H2 with kink, was
observed forming in loop L2, possibly due to the hydro-
phobic interactions between the hinge region and helix H4
composed of residues Leu41, Ile* s Ilego, Ala®! and Ala®*. A
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Table 1 Structural statistics of human calcium-bound S100A12

Number of NMR restraints per protomer

Intraresidual NOEs (|i — j = 0]) 342
Sequential NOEs (]i — j = 1|) 230
Short-range NOEs (|3 > 1 — j > 2|) 173
Medium-range NOEs (|5 > i — j > 4]) 69
Long-range NOEs (|i — j > 5|) 103
Intermolecular NOEs 68
Hydrogen bonds 36
Dihedral angles 144
CNS energies (kcal mol™')?
Eotal —6,499.39 + 268.33
Epond 50.57 £ 3.17
Eangle 287.28 + 19.41
Eimpr 501.72 £+ 56.45
Edihea 957.98 £ 11.17
Evaw —866.03 £ 32.75
Eelec —7,430.92 £ 266.58
R.M.S.D. from experimental constraints
Distances (A) 0.037 £ 0.010
Dihedral angles (deg.) 1.09 £ 0.10
R.M.S.D. from mean structure
Backbone in structured region (/&)b 0.48 + 0.12
Heavy atoms in structured region (10\)b 0.98 £+ 0.10
Backbone in whole protein (10%) 1.46 £+ 0.33
Heavy atoms in whole protein (A) 2.16 £ 0.28
Ramachandran plot
Most favored region (%) 80.2
Additionally allowed (%) 17.4
Generously allowed (%) 1.2
Disallowed (%) 1.2

* The NOE and dihedral angle potentials were calculated with force
constants of 50 kcal mol™' A2 and 200 kcal mol™' rad?,
respectively

® Residues in the structured regions: 618, 3044, 51-61, 71-87

similar result was also found in the X-ray structure of
Ca’"-free S1I00A12 (PDB ID: 2WCE, Fig. 2b) (Moroz
et al. 2009a), which has a 2.56 A backbone RMSD to the
solution structure and forms a longer H2' (a.a. 42-48) by
extended hydrophobic contacts among residues Leu*',
Ile48, Alagl, Ala®* and Ala® due to a “closed” confor-
mation with 6 = 19.4° and ¢ = 128.5° between helixes
H3 and H4 (Table 2). Furthermore, the C-terminal loop
(His*®~Glu®?) invisible in PDB 1E8A adopts an orientation
in contact with the hinge region and helix H4 in the NMR
solution structure (Fig. 2a), which blocks the active sites in
S100 proteins, revealing an “incompletely open” confor-
mation for the S100A12 protein at low calcium concen-
tration (5 mM). Interestingly, the crystal structures of Zn*"
and Ca*"/Cu’"-bound S100A12 (PDB ID: 2WCB and
10DB, Fig. 2c, d) (Moroz et al. 2003, Moroz et al. 2009a),
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which show 1.79 and 1.30 A backbone RMSDs to the
NMR structure, respectively (Table 2), indicate that zinc
and copper share the same binding site on human S100A12
and their interactions are able to reorient the C-terminal
loops of both apo- and Ca”*"-loaded S100A12 and extend
the length of helix H4 from His®® to His®®. Our data,
together with the results reported previously, suggest that
zinc/copper interactions lead to the Ca*"-loaded S100A12
adopting a “completely open” structure with larger in-
terhelical angles between helixes H3 and H4 (8 = 57.6°
and @ = —106.4°, Table 2) for target recognition. In
contrast to the contribution of Zn*"-induced hexameriza-
tion of Ca*"-S100A12 to binding to RAGE (Moroz et al.
2009b), our finding raises the possibility that the Zn**/
Cu?*-induced conformation changes, which move the
C-terminal loop from blocking the target-binding sites in
Ca’"-S100A12 and extend the length of helix H4, could
also play an important role in the enhancement of binding
affinity to the target protein RAGE.

In addition, the results of amino-acid alignment indicate
that the side chains of residues involved in the calcium
binding of human S100A12, including Glu** in EF-1 and
Asp62, Asn64, Asp66 and Glu”? in EF-2, are well-conserved
among six mammalian species with sequence identity from
64 to 73 % (Fig. 2e). In contract to the Ca*"-binding loop
(L3) in EF-2, loop L1 lacks negatively charged surfaces for
the calcium coordination in EF-1 (Fig. 1d), which mainly
consists of the backbone carbonyl groups of Ser'?, Lys*?,
His** and Thr*’ with a single acidic residue Glu™. Inter-
estingly, in conjunction with the data reported in Xie et al.
(2007), addition of 5 mM CaCl, to apo-S100A12 results in
the "H-'>N HSQC cross-peaks corresponding to segments
Met'-Glu® and Ser'’-Ser” line-broadening and poorly
defined in the solution structures of S100A12 with large
RMSD values (1.77 + 0.60 and 2.64 + 0.76 A, respec-
tively), implying that the calcium binding process in EF-1
occurs on an intermediate NMR timescale. Our data report
for the first time that the interaction of calcium at low
concentrations can considerably increase the flexibility of
the N-terminal regions of SI00A12 with a shorter helix H1,
which are putative binding sites for S100 targets. Further-
more, our finding also suggests that the EF-1 motif of
S100A12 possesses a much weaker Ca*"-binding affinity
than EF-2, confirming the reported results (Dell’ Angelica
et al. 1994).

Interestingly, the zinc coordination by conserved resi-
dues His'®, Asp®®, His*® and His*® between protomers of
S100A12 could result in an enhancement of Ca**-binding
affinity by 1,500 folds (Dell’ Angelica et al. 1994). How-
ever, the mechanism is not clear so far. In the present
study, the solution structures of SIO0A12 reveal that the
flexible Ca?*-binding loop in EF-1 might be stabilized by
the zinc interaction with residue Asp26, as the observation
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Fig. 2 a Comparison of the solution structure of human S100A12
(blue) with the X-ray crystal structures in Ca’*-bound form (red,
PDB ID: 1E8A), b Ca>*-free form (green, PDB ID: 2WCE), ¢ Zn>*-
bound form (violet, PDB ID: 2WCB) and d Ca**/Cu®*-bound form
(yellow, PDB ID: 10DB). The results show that the solution structure
of human S100A12 dimer adopts an “incompletely open” confor-
mation and further zinc/copper interactions result in a completely
“open” structure formation. e Amino acid sequence alignments of

10 20 30 40 50 60 70 80 90
Homo sapiens MTKLEEHLEGIVNIFHQYSVRKGHFDTLSKGELKQLLTKELANT IKNIKDKAVIDEIFQGLDANQDEQVDFQEFISLVATALKAAHYHTHKE
Equus caballus MTKLEDHLEGVINIFHQYSARVGHFDTLSKGELKQLITRELANSIKNTKDKAT IDQIFODLDADKDGQVSENEFVVLVCKVLKTAHEDIHKE
Pteropus alecto MTKLEEYLEGIINIFHQYSVRVGNFDTLSKGELKQLITKELATTIKNTKDQPTVDKIFQELDADRDGQVNENEFASLVAQVLKTAHVNIHKE
Canis lupus MTKLEDHLEGIVDVFHRYSARVGHPDTLSKGEMKQL I IRELPNTLKNTKDOATVDKLFQDLDADKDGQVNENEF ISLVSVVLDTSHKNTHKE
Sus scrofa MTKLEDHLEGI INIFHQYSVRLGHYDTLIKRELKQLITKELPNTLKNTKDQGT IDKIFONLDANQDEQVSFKEFVVLVTDVLITAHDNIHKE
Oryctolagus cuniculus MTKLEDHLEGTTNIFEQY§VRIG§YQILSKCELKKLITTELVNTIKNTKDQATVDRIFRDLQEQGQHQVDFKEFLSLLASVLVTAEENIEKE

proteins in S100A12 family. The identities/similarities of SI00A12
are scaled from 73/85 to 64/82 %. Residues involved in calcium and
zinc/copper coordination of human S100A 12 are marked with red and
green asterisks, respectively, revealing well-conserved metal-binding
sites for function. f Close-up stereo view of the metal-binding sites
found in PDB 10DB. The Ca®"-binding residues in EF-1 and EF-2
are labeled green and red, respectively. Residues labeled in blue
represent the Cu®>*/Zn**-binding sites between protomers

Table 2 Comparison of the solution and crystal structures of human S100A12

Protein state EF-2 angles®

Backbone RMSD to PDB

: : : 2MYG (A)
N-terminal coordinate of second helix 0 (°) o (°)
Ca**-bound form” —8.087, —0.993, —5.792 53.747 —102.932 -
Ca*"-bound form® —8.368, —2.881, —6.657 55.633 —108.740 1.16
Apo form® 8.978, —10.700, —1.206 19.397 128.505 2.56
Zn**-bound form® —8.601, 4.383, —4.643 18.195 93.680 1.79
Ca*>*/Cu*"-bound form® —9.002, —4.198, —5.784 57.552 —106.412 1.30

# The EF-hand angles between helixes H3 and H4 in S100A12 were calculated by the Vector Geometry Mapping (VGM) program using PDB

1DMO as reference structure (Yap et al. 2002)
® PDB ID: 2M9G
° PDB ID: 1ESA
4 PDB ID: 2WCE
¢ PDB ID: 2WCB
f PDB ID: 10DB
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shown in Fig. 2f, which is located at loop L1 forming a
regulating link between the functions of SI00A12 binding
to zinc/copper and calcium. However, how zinc/copper
interactions alter the function of Ca**-S100A12 binding to
various targets remain open questions.
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