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Abstract S100A5 is a calcium binding protein of the
S100 family, with one canonical and one S100-specific EF-
hand motif per subunit. Although its function is still
unknown, it has recently been reported to be one of the
S100 proteins able to interact with the receptor for
advanced glycation end products. The homodimeric solu-
tion structures of S100AS5 in both the apo and the
calcium(II)-loaded forms have been obtained, and show a
conformational rearrangement upon calcium binding. This
rearrangement involves, in particular, the hinge loop
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connecting the N-terminal and the C-terminal EF-hand
domains, the reorientation of helix III with respect to helix
IV, as common to several S100 proteins, and the elongation
of helix IV. The details of the structural changes are
important because they must be related to the different
functions, still largely unknown, of the different members
of the S100 family. For the first time for a full-length S100
protein, relaxation measurements were performed on
both the apo and the calcium-bound forms. A quite large
mobility was observed in the hinge loop, which is not
quenched in the calcium form. The structural differences
resulting upon calcium binding change the global shape
and the distribution of hydrophobic and charged residues of
the S100A5 homodimer in a modest but significantly dif-
ferent manner with respect to the closest homologues
S100A4 and S100A6.

Keywords Calcium binding proteins -
Calcium-induced conformational rearrangements -
EF-hand proteins - Protein dynamics - S100AS5

Introduction

S$100 proteins have been found to be implicated in a Ca®"-
dependent (and, in some cases, Zn>*- or Cu**-dependent)
regulation of a variety of intracellular and extracellular
activities, and several biological targets have been identi-
fied for the different proteins [1]. A large variability in the
sequence is observed within the protein family, which is
responsible for the modulation of the shape and the nature
of the binding surface. This modulation is needed to bind
different targets, although the overall fold of most members
of the family is very similar. The structures available for
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S100-target peptide adducts actually display a remarkable
lack of uniformity in the orientation of the target [2].
Furthermore, individual S100 proteins can bind different
targets in different ways [3].

Several S100 protein structures are available, solved
either in solution or in the solid state. Together with
S100A4 and S100A6, S100AS5, the function of which is
still unknown [4], belongs to a well-defined subset of the
S100 family showing high homology [5]. The structures
of S100A4 and S100A6 are available [6, 7], whereas that of
S100AS5 is not. We report here the solution structures of
S100AS5 in both the apo and the calcium(II)-bound states,
and compare these structures with those of its closest
homologues and of other S100 proteins.

The expression level of S100A5 was demonstrated
by immunohistochemical analyses to be restricted to a
few specific cells [8], i.e., in the olfactory bulb, in the
brainstem, and in the spinal trigeminal tract, analogously
to S100A3 and differently from other S100 proteins such
as S100A6 and S100B. Marked modifications of the
levels of expression of different S100 proteins (including
S100A5 and S100A6) occur in connection with the pro-
gression of astrocytic tumor malignancy [9]. It was found
that totally resected WHO grade I meningiomas with high
levels of SIO0AS either did not recur or recurred later
than those with low S100AS levels [9]. In this respect, the
recently found interaction with the receptor for advanced
glycation end products, well known to be involved in
tumor outgrowth, may acquire further biological rele-
vance [10].

Most S100 proteins are encoded by genes located in the
same chromosome 1q21, with the exception of genes
encoding S100B (located on chromosome 21q22), calbin-
din Dgy (also called S100G, located on chromosome Xp22)
and S100P (located on chromosome 4p16) [11]. Interest-
ingly, S100A1, S100A3, S1004, S100AS5, S100A6,
S100A8, S100A9, S100A12, and S100A13 genes are all
mapped within a short distance. It is widely appreciated
that colocalization of genes may imply coexpression of the
proteins [12, 13], and in the case of S100 proteins this
probably correlates with the observation of functional
heterodimers and possibly with concerted functions [13].

All S100 proteins are constituted by two EF-hand
motifs, highly conserved helix—loop-helix structural
domains that can each bind a calcium(II) ion. Canonical
EF-hand proteins have calcium binding loops constituted
by 12 residues; S100 proteins are a subgroup where the N-
terminal EF-hand loop is constituted by 14 residues [1, 4,
14]. The N-terminal EF-hand comprises helix I, the S100-
specific calcium binding loop I, and helix II, which is
separated by a flexible linker, called “hinge loop,” from
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the C-terminal EF-hand, which comprises helix III, cal-
cium binding loop II, and helix IV.

Calcium(II) binding is an important mechanism in cells
because calcium(II) is toxic at elevated levels to cellular
metabolism, and therefore its influx and efflux in the
cytosol must be controlled and kept at submicromolar
resting levels [15]. Furthermore, calcium(Il) ions play a
central role in cell signaling. Calcium(II) binding to EF-
hand proteins in fact induces in most cases conformational
changes that correlate with binding of target proteins/
enzymes involved in a wide variety of cellular processes.
The helices in the EF-hand motifs can have an almost
antiparallel arrangement, called “closed conformation,” or
an almost orthogonal arrangement, called “open confor-
mation,” depending on the presence of bound calcium [16—
22]. The latter conformation exposes large hydrophobic
clefts on the protein surface, which acts as a binding region
for a variety of targets.

Proteins undergoing changes in the orientation of the
helices of each EF-hand motif upon calcium(II) binding are
generally functionally related to activation of target pro-
teins, whereas proteins not undergoing conformational
changes have the function of calcium buffer and transport
[23]. In most cases, S100 proteins undergo smaller struc-
tural changes upon calcium(Il) binding in the N-terminal
domain and larger changes in the C-terminal domain [2],
although not as large as those observed for the EF-hand
protein calmodulin [24].

All S100 structures determined to date (with the excep-
tion of that of calbindin D) show that these proteins exist as
homodimers, heterodimers, or tetramers [14]. Most of the
S100 proteins are homodimers. The dimer interface consists
of helices I (I') and IV (IV’) of each subunit arranged in a
X-type four-helix bundle, in both the apo and the calcium-
bound states [14]. Calcium binding results in minor altera-
tions of the backbone conformation of calcium binding loop
I but causes helix III to reorient and form a more open
structure with respect to the apo state. As a result, the
hydrophobic residues of helices III and IV in the C-terminal
EF-hand are more exposed, thus facilitating the interaction
with target proteins. The solution structures obtained here for
the apo and calcium(II)-bound forms of S100A5 show that
the same behavior applies to this protein, and provide the
details of the exposed surface and charge distribution
responsible for its possible interactions. Despite the high
homology, S100A4, S100AS, and S100A6 show modest but
significant differences in the pattern of hydrophobic/hydro-
philic/charged residues exposed upon calcium binding. The
present data thus provide a further example of the diversity
of the exposed protein surface, which is likely to be reflected
in a diversity in target proteins.
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Materials and methods
Sample preparation

Untagged human S/00A5 was cloned into the Ndel and
BamHI sites of the expression vector pET2la. The
recombinant plasmid was transformed into Escherichia
coli BL21 Gold cells. For the production of '*N-labeled or
3C- and ""N-labeled S100AS5, cultures were grown in
minimal medium using '*C-glucose and/or '*N-ammonium
sulfate as the sole carbon and nitrogen source, respec-
tively. Cells were grown at 310 K to an optical density at
600 nm of 0.6 and growth was induced with 1 mM iso-
propyl p-p-thiogalactopyranoside. After induction, the
temperature was reduced to 298 K and the culture was
grown overnight. Cells were harvested by centrifugation at
15,000g for 15 min and resuspended in lysis buffer
[20 mM tris(hydroxymethyl)aminomethane (Tris)-HC1 pH
7.5, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
2 mM dithiothreitol (DTT)]. Cell lysis was performed by
sonicating with eight bursts of 30 s each. The suspension
was ultracentrifuged at 200,000g for 30 min. The cleared
lysate was precipitated by slowly adding ammonium sul-
fate to 30% and centrifuging at 15,000g for 20 min. The
supernatant was brought to 2 mM CaCl,, applied to a
phenyl Sepharose column equilibrated with 20 mM Tris—
HCL, pH 7.5, 2 mM CaCl,. The unbound proteins were
washed out from the column with the same buffer. SI00AS
was then eluted with 20 mM Tris-HCI, pH 7.5, 5 mM
EDTA. The eluate was concentrated and applied to a
Superdex 75 column equilibrated with 30 mM 2-morpho-
linoethanesulfonic acid, pH 6.5, 100 mM NaCl, 5 mM
DTT. The fractions containing SI00AS were pooled and
washed with excess EDTA to remove all metal ions. The
yield of S1I00A5 was 20 mg L™" of culture.

NMR spectroscopy and structure determination

All NMR experiments for assignments were performed at
298 K using a Bruker 500 MHz spectrometer equipped
with a cryoprobe. Apo and Ca,-S100AS samples (0.4 mM)
were °C- and ISN—labeled, in 30 mM 2-morpholinoetha-
nesulfonic acid, 100 mM NaCl, and 5 mM DTT buffer
(pH 6.5), containing 10% D,O. Sequential assignments
of the backbone resonance were achieved via HNCO,
HNCA, CBCA(CO)NH, and HNCACB spectra. Side-chain
assignments were performed through 3D (h)CCH total
correlation spectroscopy, HBHA(CBCACO)HN together
with "*C nuclear Overhauser effect spectroscopy (NOESY)
heteronuclear single quantum coherence (HSQC), and '°N-
NOESY-HSQC experiments. Proton—proton distance
restraints were derived from the analysis of 2D NOESY,
N-NOESY-HSQC, and '>C-NOESY-HSQC spectra

acquired using a Bruker 900 MHz spectrometer equipped
with a cryoprobe. The spectra were processed using
TOPSPIN and analyzed with CARA [25]. The secondary
structure elements were predicted from the chemical shift
index and the backbone dihedral angles were obtained from
TALOS [26], accordingly. The structures were calculated
using the program CYANA-2.0 [27]. The two subunits in
the dimeric structure were linked together through a chain
of dummy atoms with zero van der Waals radii. The cal-
cium(II) ions were included in the calculation of the cal-
cium-loaded form by adding new residues in the amino
acid sequence. Four chains of dummy atoms with zero van
der Waals radii, that can freely penetrate into the protein,
each of them ending with one atom with a radius of 1.8 A,
which mimics the calcium ion, were included for this
purpose. Protein ligand atoms were linked to the metal
ion through upper distance limits of 3 A, according to the
structure of S100A13.

The best 30 structures out of the calculated 350 struc-
tures of the CYANA family were then subjected to
restrained energy minimization with AMBER 10 [28].
Nuclear Overhauser effect (NOE) and torsion angle
restraints were applied with force constants of 50 kcal
mol™' A=2 and 32 kcal mol ! rad™2, respectively. The
program PROCHECK-NMR [29] was used to evaluate the
quality of the structures.

Relaxation measurements

ISN-Rl, R,, and steady-state heteronuclear '"H-'>N NOEs
were measured with a 700 MHz spectrometer using stan-
dard pulse sequences [30, 31], at 298 K. The longitudinal
(R;) and transverse (R,) relaxation rates were determined
by fitting the cross-peak intensities as a function of the
delay to a single-exponential decay through the standard
routines of the Sparky software program [32]. The hetero-
nuclear NOE values were obtained from the ratio of the
peak height for 'H-saturated and unsaturated spectra. The
heteronuclear NOE values and their errors were estimated
by calculating the mean ratio and the standard error from
the available data sets. Ry, R,, and NOE values were
obtained for 67 and 71 out of the 92 assigned backbone “H
resonances for the apo and the calcium forms, respectively.
Estimates of the reorientation time were then calculated
with the model-free approach [33]. Theoretical predictions
of NH, R, and R, values for apo-S100A5 and Ca,-S100AS5
were calculated by using the HYDRONMR software
program [34].

Metal binding detection

The binding of apo-S100A5 to Ca?* was monitored by
following the changes in the chemical shifts of the protein
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NMR peaks in the 'H-">N-HSQC spectra upon titration of
the apoprotein with calcium ions. The chemical shift per-
turbation between the free and bound states was obtained
for each residue by calculating the composite chemical
shifts according to Eq. 1:

AS% + (Adn/5)*

S(HN) = : ,

(1)
where Ady and Ady are the differences in chemical shifts
between the bound and free states of the amide protons and
of the nitrogen atoms, respectively.

Accession numbers

Atomic coordinates, structural restraints, and resonance
assignments of apo-S100A5 and Ca,-S100AS5 have been
deposited in the Protein Data Bank (codes 2KAX and
2KAY) and BioMagResBank (codes 16033 and 16034).

Results
Resonance assignment

The 'H-'">N-HSQC of S100A5 in both the apo and the
calcium forms show well-dispersed resonances, as expec-
ted for a regularly folded protein. The backbone resonance
signals were assigned from residue Glu-2 to residue Tyr-83
and from residue Phe-87 to residue Lys-92 in the apo form,
and from residue Glu-2 to residue Lys-92 with the excep-
tion of Cys-43 in the calcium form. The corresponding
assignments are deposited in BioMagResBank together
with the "H-"*C-"°N assignments of the side chain reso-
nances. The types of NMR spectra used for the assignments
are described in “Materials and methods™.

Ca”* titration of apo-S100A5

The binding of calcium(II) to apo-S100AS5 was monitored
by following the changes in the 'H-'>N-HSQC NMR
spectrum of '’N-labeled apo-SI00A5 upon addition of
increasing amounts of calcium(Il). New peaks appeared in
the spectrum during the titration corresponding to the cal-
cium(Il)-bound S100AS5 form. The intensity of the new
peaks increased on increasing the Ca”" to apo-S100A5
ratio. When a 2:1 ratio (with respect to the protein subunit
concentration) was reached, the original peaks, corre-
sponding to the apo form, disappeared. Such behavior is
indicative of a slow exchange regime, i.e., the exchange
rate between the metal-free and the metal-bound forms is
much smaller than the chemical shift difference between
the two forms. Figure 1 shows the chemical shift changes
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Fig. 1 Composite chemical shift perturbation (CSP), as defined in
Eq. 1, of apo-S100AS5 upon calcium(Il) binding. The horizontal line
indicates the average value

on passing from the apo to the calcium forms of S100AS.
The residues undergoing the largest changes in chemical
shifts are located in the Ca®* binding loops of the two EF-
hand motifs, as expected, and also in the C-terminus.
However, significant differences occur throughout the
protein, thus indicating that a significant conformational
change occurs on passing from the apo form to the calcium
form.

The findings of the Ca”" titration experiments are con-
sistent with previous measurements, which provided dis-
sociation constants for the binding of the first and second
calcium(II) ions in the submillimolar and submicromolar
range, respectively, and a strong positive cooperativity [8].
As already pointed out [8], the affinity of calcium(II) for
S100AS is among the highest in the whole S100 family.

Relaxation measurements

The relaxation parameters for apo and calcium-loaded
S100AS are shown in Fig. 2. Such measurements indicate
that the protein is dimeric in both forms. The reorientation
times corresponding to the observed relaxation rates were
in fact calculated to be 12.6 & 1.0 and 13.5 £ 1.8 ns for
the apo and calcium-loaded forms, respectively, in agree-
ment with the molecular weight and the reorientation times
observed for other S100 homodimers [35-39].

In both apo-S100AS and Ca,-S100AS, the relaxation
rate measurements show large mobility on a time scale
shorter than the reorientation time (R; increases, R,
decreases, the NOE decreases) in the hinge loop and for the
last residues at the C-terminus, thus indicating that such
regions may be largely unstructured. Occurrence of motion
is also detected form some other residues of the calcium
binding loops (21, 26, 27, 61-63 in the apo form; 25, 27, 30
in the calcium form).
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Fig. 2 Sequential plot of the experimental relaxation parameters of apo and Ca>**-S100A5. The values calculated by HYDRONMR are shown as

bars. NOE nuclear Overhauser effect

In the apoprotein, motion on a slower time scale
(microseconds to millisecons) was observed for some resi-
dues localized at the beginning of helix III (Asp-50 and
Ile-52), at the end of helix IV (Tyr-83), and at the C-
terminus (Phe-87), as indicated by the significantly larger
R, value (for Ile-52, in particular, R, is 52 s7! compared
with an average value of about 20 s~ observed for helix
residues). This mobility may originate from backbone
amide conformational exchange and/or side-chain rotation.
Since the time scale for the conformational exchange
(microseconds to milliseconds) is sizably shorter than the
mixing time (100 ms) of the NOESY spectra, the confor-
mational reorientations of these residues may cause 'H—'H-
NOEs to be observed between nuclei of the side chains of
such residues and residues located in quite different posi-
tions (see later). Upon calcium binding, residues in the
slow motion regime are not observed any more. However,
calcium binding does not reduce the fast motion detected

for residues in the hinge loop, the observed 'H-'"N-NOE
being even smaller than in the apo form (the average
"H-'">N-NOE in the hinge loop is 0.60 and 0.40 for the apo
and calcium forms, respectively).

Solution structures of apo and Ca*"-bound SI00AS

The solution structures of the human S100AS in the apo
and calcium-loaded forms were obtained. A total of 2,752
and 2,530 meaningful upper distance limits per dimer,
including 184 and 190 intersubunit upper distance limits
for the apo and the calcium forms, respectively, were used
(Tables 1, 2). Few NOE patterns were detected for residues
in the hinge loop and at the C-terminus, consistent with the
observed mobility of such regions. In the calcium form, the
Ca>* ions were restrained to be within 3 A from the oXy-
gen ligand atoms (O of Ser-20, Glu-23, Ser-25, Thr-28 and
OE1, OE2 of Glu-33 for the first binding site, and OD1 of
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Table 1 Structural restraints and statistical analysis of apo-S100A5

Table 2 Structural restraints and statistical analysis of Ca,-S100AS5

Structural restraints

Structural restraints

NOE upper distance limits

NOE upper distance limits

Intrasubunit 1,284 Intrasubunit 1,170
Intraresidue 358 Intraresidue 380
Interresidue Interresidue

Sequential (Ii —jl = 1) 395 Sequential (Ii —jl = 1) 325

Medium range (Ii — jl < 4) 320 Medium range (li — jl < 4) 280

Long range (li — jl >5) 211 Long range (li — jl > 5) 185
Intersubunit 184 Intersubunit 190
Dihedral angle restraints Dihedral angle restraints

® 96 ® 120

1] 96 1] 120
Statistical analysis Statistical analysis

Family Mean Family Mean

RMS violations per meaningful distance restraints (A)

0.0183 £ 0.0028 0.0178
0.0179 £ 0.0025 0.0176
0.0149 +£ 0.0023 0.0093
0.0090 +£ 0.0020 0.0087
RMS violations per meaningful dihedral angle restraints (°)

Intraresidue
Sequential
Medium range

Long range

@ 4.87 £ 1.23 4.00
v 4.04 £ 1.42 2.82
Average number of restraints per residue  14.96 14.96
Average number of violations per conformer
@ 6.93 £ 2.00 8.00
W 6.63 £ 2.20 4.00
NOE violations between 0.1 and 0.3 A 9.40 £ 2.59 8.0
NOE violations larger than 0.3 A 0 0
Average RMSD from the mean (A)
Backbone 1.00 & 0.09*

0.78 £ 0.09°

Heavy 1.47 £ 0.09*

1.25 £ 0.09°

Residual CYANA target function (Az) 1.18 £ 0.31

Structural analysis

82.74/88.1° 92.6
13.2°/10.0° 6.6
Residues in generously allowed regions (%) 2.2%0.9° 0.0
1.9%1.0° 0.8

Residues in most favorable regions (%)
Residues in allowed regions (%)

Residues in disallowed regions (%)

RMS violations per meaningful distance restraints (A)

0.0106 £ 0.0027 0.0123
0.0092 £ 0.0016 0.0077
0.0085 £ 0.0018 0.0083
0.0056 £ 0.0018 0.0053
RMS violations per meaningful dihedral angle restraints (°)

Intraresidue
Sequential
Medium range

Long range

Phi 1.97 £ 0.23 1.6246
Psi 0.63 £+ 0.42 0.5218
Average number of restraints per residue  13.75 13.75
Average number of violations per conformer
@ 9.74 + 1.76 9.0
V] 1.83 +£1.23 2.0
NOE violations between 0.1 and 0.3 A 4.03 £1.93 6.0
NOE violations larger than 0.3 A 0 0
Average RMSD from the mean (A)
Backbone 0.93 + 0.11*

0.83 £ 0.10°
Heavy 1.40 £+ 0.10*

1.29 £ 0.09°
Residual CYANA target function (Az) 0.31 £ 0.03

Structural analysis

Residues in most favorable regions (%) 86.0%/90.4° 90.7

Residues in allowed regions (%) 11.2%7.5° 9.3
Residues in generously allowed regions (%) 1.9/ 1.5° 0.0
Residues in disallowed regions (%) 0.9%0.6" 0.0

NOE nuclear Overhauser effect, RMS root mean square, RMSD root
mean square deviation

? RMS deviation values were calculated in the sequence range 3-82

® RMS deviation values were calculated excluding flexible loop 41-52
of both subunits

Asp-60, Asn-62, OD1, OD2 of Asp-64, O of Glu-66, and
OEl, OE2 of Glu-71 for the second binding site). No
symmetry constraint was used.
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% RMSD values were calculated in the sequence range 3-90

® RMSD values were calculated excluding flexible loop 41-49 of both
subunits

The calculated families of structures are shown in
Fig. 3. In both forms, the eight individual helices of the
two EF-hand motifs of each subunit present in the dimeric
structure are very well defined; the four calcium binding
loops are less well defined, whereas the linker regions



J Biol Inorg Chem (2009) 14:1097-1107

1103

between the two EF-hand calcium binding domains are
poorly defined. These results are in line with what was
previously found for other EF-hand proteins [36, 40]. Each
calcium binding loop contains a short antiparallel § strand.

The root mean square deviation (RMSD) from the mean
subunit structure for the structured regions of the protein
is 0.73 £ 0.10 A (backbone) and 1.22 + 0.09 A (heavy
atoms) for apo-S100AS5 (residues 3-40, 53-82) and
0.71 = 0.09 A (backbone) and 1.20 + 0.07 A (heavy
atoms) for Ca,-SI100A5 (residues 3-40, 50-90). The
RMSD from the mean dimeric structure for the structured
regions of the protein is 0.78 £ 0.09 A (backbone) and
1.25 + 0.09 A (heavy atoms) for apo-S100AS5 (residues 3—
40, 53-82 of both subunits) and 0.83 £ 0.10 A (backbone)
and 1.29 + 0.09 A (heavy atoms) for Ca,-S100AS5 (resi-
dues 3-40, 50-90 of both subunits). More than 95% of the
residues (including those in the poorly defined regions) in
all structures were located in the allowed regions of the
Ramachandran plot. The conformational and energetic
analyses of both structures are reported in Tables 1 and 2.

a apoS100A5

I 11 B4

Fig. 3 Stereoview of the families of the solution structures of the
S100AS subunit in the apo and calcium(Il)-loaded forms (a) and
ribbon representation of the homodimer mean structures (b) obtained
after restrained energy minimization

The relaxation rates were then calculated using HY-
DRONMR [34] and the minimized mean structures
obtained, and are reported in Fig. 2 as bars. An overall
agreement is observed between calculated and experi-
mental values for the residues located on the protein heli-
ces; on the other hand, the differences between calculated
and observed values make it easier to appreciate the pres-
ence of mobility in some residues of the loops.

In both the apo and the calcium-loaded forms, S100AS5
forms homodimers owing to the interactions between
helices I and I’ and between helices IV and IV’ of the two
subunits. There is a symmetry relationship between the
subunits consisting in a twofold rotational axis passing
through the dimer interface approximately perpendicular to
helix I and helix I and parallel to helix IV and helix TV’. At
the dimer interface, residues in the hinge loop between
helix II and helix III make contacts with residues near the
N-terminus of helix I of the other subunit. Residues Phe-
69, Lys-70, Ser-73, and Cys-80 in helix IV also make
several contacts with helix I’ and helix IV’ of the other
subunit. All these interactions align helix I and helix IV in
opposite directions to helix I’ and helix IV’, respectively, in
the dimer.

Discussion

The overall structures of both the apo and the calcium(II)-
loaded forms of S100AS are in good agreement with those
obtained for other S100 proteins, such as SI00A1, S100A4,
S100A6, S100AS8, S100A12, S100A13, or S100B [6, 39,
41]. The comparison of the apo and calcium-loaded
S100AS structures shows that the N-terminal EF-hands
(residues 5—41) are similar to one another (the backbone
RMSD is 2.0 A), thus indicating that there is no large
conformational rearrangement upon calcium binding. In
contrast, the C-terminal EF-hand (residues 49-82) under-
goes a major conformational change upon calcium binding,
the backbone RMSD between the two forms increasing to
4.2 A. This conformational rearrangement includes a quite
different orientation of helix III and nonnegligible changes
in helix IV and in the hinge loop (Fig. 4). These rea-
rrangements upon calcium binding are similar to those
observed for other S100 proteins [5, 6, 39, 42, 43], with
the exception of S100A10, which is known to have a
“calcium-ready state” in both the N-terminal and the
C-terminal EF-hands although it does not bind calcium(II)
[4]. In apo-S100A6 (1K9P) and apo-S100A13 (1YUR), for
instance, helix III is almost antiparallel to helix IV, but
opens by 30-40° upon calcium binding (1K9K and 1YUT).
The same degree of opening is observed in other EF-hand
proteins, such as calmodulin [21], not belonging to the
S100 family. In SI00AS the angle between helices III and
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Ca,-S100A5
i

po &
( =)
W sl AN

Apo-S100A5

(

Fig. 4 Major structural differences upon calcium binding: the
different angle between helices III (enclosed in circles) and IV, and
the longer o-helical structure of helix IV

IV changes from 168° to 118° on passing from the apo to
the calcium-bound form, so the two helices are almost
perpendicular in the latter form.

Analogously to most S100 proteins, helices IV and IV’
in the apo form tend to be antiparallel (forming an angle of
152°), whereas they form an angle of about 130° in the
calcium-bound form, while helices I and I’ form a similar
angle (147-142°) in both forms.

Structural changes within the EF-hand family can be
monitored through a principal component analysis of the
six interhelix angles representing the reciprocal orienta-
tion of the four helices [21]. It was shown that the EF-hand
proteins can be clustered according to subgroups and
metal content using the first two principal components,
which concentrate the information distributed throughout
the six interhelix angles. The values of the first two
principal components also permit us to identify whether
S100 proteins have a structure typical of the apo or the
calcium-loaded form. The principal component values
were thus calculated for the two forms of S100AS, and
were plotted together with the values previously calcu-
lated for the S100 proteins (Fig. 5), and with the values
relative to other S100 proteins deposited in the Protein
Data Bank in the meantime, by using the same coefficients
for the interhelix angles (calculated with the program
MOLMOL) reported by Babini et al. [21]. The figure
shows that ST00AS is regularly positioned with respect to
the other S100 proteins in both the apo and the calcium-
loaded forms, thus pointing to the occurrence of similar
structures, and thus of similar overall rearrangement upon
calcium(II) binding. It is to be noted that the only two
S100 proteins not regularly placed are calbindin Dy, and
S100A10 in the apo form.

The concomitant 50° reorientation of helix III with
respect to helix IV and the reorientation and translation of
helices IV and IV’ in S100A5 upon calcium(II) binding
result in an increased solvent-exposed surface of the hinge
loop and of some positively charged residues of helix II
and helix III in the calcium-loaded form. In fact, several
hydrophobic residues on helix IIT (Ile-52, Leu 55, Met-56,
and Leu-59), helix II (Ile-38), and helix IV (Phe-75,
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Fig. 5 Principal component plot for the S100 proteins derived from
principal components analysis of the six interhelix angles [21].
Apoproteins (S1I00A1, SI00A2, SI00A3, S100A4, S100AS5, S100A6,
S100A10, S100A11, S100A13, S100B, calbindin Do) are indicated
with open circles and calcium-loaded proteins (S100A1, S100A4,
S100AS5, S100A6, S1I00A7, S100A8, S100A9, S100A12, S100A13,
S100B, calbindin Dg, S100P) are indicated with solid circles. The
two open symbols not regularly placed with respect to the others
correspond to calbindin Do, and SI00A10 in the apo form. The data
are based on the structural information reported in the supporting
information in [21] as well as on more recent structural information
reported in the electronic supplementary material

Met-78, Tyr-83) are constrained in a hydrophobic cluster in
apo-S100AS, which is loosened upon calcium(Il) binding.
On the other hand, calcium binding results in a decrease in
the exposure of the metal ligand residues Asp-60, Asn-62,
Asp-64, and Glu-71 in the C-terminal calcium binding
loop. Similarly to what was found for other S100 proteins,
the structural differences induced by calcium(II) binding in
the homodimer thus lead to an exposure of two symmet-
rically positioned clefts, defined by helix III, helix IV, the
hinge loop, and the last C-terminal residues, where target
proteins can be accommodated [14].

In the apo form, residue Ile-52 was identified by relaxation
measurements to experience mobility on the millisecond to
microsecond time scale. The side chain of this residue
experiences NOE contacts with both Met-56 and Tyr-83,
which are positioned in opposite directions. As anticipated in
“Relaxation measurements,” this may be due to the occur-
rence of conformational exchange, and these data thus indi-
cate that the side chain of Ile-52 can rotate along an axis
perpendicular to helix III, so a conformational exchange is
also affecting the backbone amide group. As a consequence,
the residues forming a hydrophobic patch with Ile-52, and
particularly the ones localized on the protein surface such as
residue Tyr-83, may also experience sizable mobility on the
side-chain and/or backbone atoms.

The slow time scale motion detected for residues Ile-52
and Tyr-83 in the apo form is absent in the calcium form,
as a consequence of the conformational rearrangement of
both helix III and helix IV. In the apo form, in fact, the
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Apo-S100A5

Fig. 6 Electrostatic surface representation of the SI00AS dimer

aromatic ring of Tyr-83 of each subunit participates in a
hydrophobic cluster including the side chains of residues
Leu-44, Met-47, Ile-52, and Leu-79 of the same subunit. As
already noted [6], calcium binding overcomes the hydro-
phobic interactions that keep this cluster together, so the side
chain of Tyr-83 changes orientation and forms new hydro-
phobic contacts with the side chains of Leu-9, Val-13, and
Thr-14 of helix I of the other subunit of the dimeric structure.
This rotation is experimentally confirmed by the 'H-'H-
NOE:s observed between Tyr-83 and residues Leu-44, Lys-
48, Ile-52, and Leu-79 of the same subunit in the apo form
and with residues Leu-9, Thr-10, and Val-13 of the other
subunit in the calcium(Il) form. The loosening of the
hydrophobic cluster including Leu-44 and Met-47 may be
responsible for the larger fast motion deduced for the hinge
loop residues from the lower 'H~'"N-NOE values measured
for the calcium form with respect to the apo form.

Another difference between apo-S100A5 and Ca,-
S100AS is that the C-terminal helix IV is shorter in the apo
form. This very same difference has already been observed
for S100A6 and S100B [6, 40, 44]. This is due to the
unwinding of helix IV in apo-S100AS5 at Tyr-83. The dif-
ferent orientation of the side chain of Tyr-83 is in fact
responsible for a break in the a-helical structure, being
consistent with a regularly formed o« helix only in the
calcium-loaded form [6].

The hydrophobic residues at the extreme C-terminus
(Phe-87 and Leu-88) are important for stabilizing both the
apo-S100AS and the Ca,-S100A5 homodimer. However,
these residues form a hydrophobic cluster with different
partners. In the apo form, they are in contact with Leu-27 in
the first calcium binding loop of the other subunit, whereas
in the calcium form they have hydrophobic interactions
with Val-13 and Thr-14 of helix I of the other subunit.

Analogously to relaxation studies of apo-S100B and
apo-S100A4 [35, 37], relaxation studies indicate that
helices I and IV are quite rigid, whereas helix III is
somewhat more flexible. On the other hand, in S100AS5 the
loop experiencing a very large mobility is only the hinge
loop, whereas in S100A4 both the hinge loop and the
calcium binding loops are quite mobile, and in S100B the
mobility of the calcium binding loops is even larger than
that of the hinge loop [35, 37]. A larger mobility for the
hinge loop with respect to the calcium binding loops was
also observed for S100A1 [36].

The combination of the structural differences results in a
change of the global shape and distribution of surface
charges of the SI00A5 homodimer upon calcium binding
(Fig. 6), whereas no major differences in motion are seen
in the two forms. The change in the shape of the protein on
passing from the apo to the calcium-loaded form is com-
mon to most S100 proteins [14, 39]. On the other hand, the
change in the charge distribution seems to depend largely
on the particular S100 protein [45]. S100AS5 shows a
number of charged residues, both positive and negative, on
the protein surface in both the apo and the calcium-loaded
forms. Interestingly, upon calcium binding, some more
exposed positive residues (Lys-48, Lys-57) are moved
away from the inner part of the opened cleft, which
becomes slightly more hydrophobic, and the negative
electrostatic surface is smaller and more clustered around
the calcium binding sites. Other S100 proteins show a
different change in the surface charge and hydrophobic
distribution upon calcium binding: for instance, in SI00A6
a larger increase of the hydrophobic surface was observed;
in S100B a larger negative charged surface is exposed; in
S100A4 the large hydrophobic surface present in the apo
form remains exposed also upon calcium binding; in
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S100A5

Fig. 7 Electrostatic surface representation of the reported ligand
binding area typical of S100 proteins, for S100A4 (2Q91), S100A5
(present work), and S100A6 (1K9K)

S100A13 the charge distribution remains as large as in the
apo form, but appears quite different. Overall, the present
data provide a further example of the diversity of the
exposed protein surface upon calcium(Il) binding, which is
likely to be reflected in a diversity in target protein(s).

S100A4, S100AS, and S100A6 are the most closely
related S100 proteins according to phylogenetic trees
constructed on the basis of multiple sequence alignments of
S100 proteins [5]. Upon calcium binding, in all these
proteins the opened cleft exposes hydrophobic residues,
and positive residues become more exposed in the hinge
loop and at the end of the third helix, i.e., in the typical
protein target binding region. S1I00A6 also shows some
more exposed negative charges at the end of the third helix.
The charged groups surrounding the hydrophobic patch, as
well as the shape of the surface, are however distinctly
different for these proteins in the calcium-bound form
(Fig. 7). Such differences observed for S100A4 and
S100A6 reflect their different target specificity [46]. This
suggests that the function of SIO0AS may also be different
from that of the other two proteins, and especially from that
of S100A6, owing to the different charge pattern.
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