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The EF-hand protein S100A2 is a cell cycle regulator involved in tumorigenesis, acting through regulation of the p53 activation state. Metal ionfree S100A2 is homodimeric and contains two Ca2+-binding sites and two
Zn2+-binding sites per subunit, whereby the Zn2+ ion binding to one of
the sites is coordinated by residues from two homodimers. The effect of
selective binding of these metal ions was investigated using site-speciﬁc
mutants which lacked one or both zinc sites. CD analysis of secondary
structure changes on metallation showed that Zn2+ binding was associated
with a decrease in the secondary structure content, whereas Ca2+ had the
opposite effect in two of the three S100A2 mutants studied. The energy of
unfolding (DGU) of the apo wild-type S100A2 was determined to be
89.9 kJÆmol)1, and the apparent midpoint transition temperature (T app
m ) was
58.4 C. In addition, a detailed study of the urea and thermal unfolding of
the S100A2 mutants in different metallation states (apo, Zn2+ and Ca2+)
was performed. Thermal denaturation experiments showed that Zn2+ acts
as a destabilizer and Ca2+ as a stabilizer of the protein conformation. This
suggests a synergistic effect between metal binding, protein stability and
S100A2 biological activity, according to which Ca2+ activates and stabilizes the protein, the opposite being observed on Zn2+ binding.

S100A2 is a member of the S100 protein family, the
largest subgroup within the superfamily of Ca2+-binding EF-hand proteins. Human S100A2 is a 22 kDa
homodimer, expressed mainly in the kidney, liver,
heart and skeletal muscle [1]. Notably, the cellular
localization of S100A2 is restricted to the nucleus [2,3].
S100A2 is a tumour suppressor protein [4], which is
down-regulated by promoter hypermethylation in
breast and prostate cancer [5,6]. Its tumour suppressor
activity is directly linked to p53, which is activated by
binding of S100A2, in a Ca2+-dependent manner [7]
[Kd(Ca2+)  100 lm]. Each S100A2 protomer is composed of two tandem Ca2+-binding helix–loop–helix
EF-hands [8], the N-terminal one of which has a consensus sequence that is speciﬁc to S100 proteins
(Scheme 1). As in other cases, the binding of Ca2+ to

S100 proteins induces structural changes: helix III
rotates by approximately 90, exposing an interhelical
hydrophobic protein interaction site [9–11]. Zn2+ ions
bind in two surface sites [12]. Site 1 has higher afﬁnity
and is composed of Cys21 and probably His17, Gln22
and a solvent molecule. The Zn2+ in site 2 is tetracoordinated by Cys2 from two bridged S100A2 dimers.
Both Ca2+ and Zn2+ are able to bind simultaneously
to S100A2, as two Ca2+-binding events are detected
when titrating the Zn2+-saturated protein [12]. Within
the S100 family, Zn2+ has a unique role in S100A2,
whose molecular basis remains to be established: (a)
Zn2+ binding is not common to all family members
and S100A2 exhibits the second highest Zn2+ afﬁnity
(Kd = 25 nm; close to S100A3, with Kd = 4 nm [13]),
making S100A2 a more sensitive sensor for Zn2+ than

Abbreviations
Cm, denaturant midpoint transition concentration; T app
m , apparent midpoint transition temperature; DGU, unfolding free energy.
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stability, we have investigated the effects of metal ions
on the wild-type protein and on mutants lacking one
or both Zn2+-binding sites. A detailed knowledge on
how Zn2+ ions modulate the conformation and stability of S100A2 will contribute to a better understanding of the regulation of protein function by metal ions,
in particular as a putative Zn2+ sensor.
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Scheme 1. S100A2 subunit topology, including the location of
cysteines and other Zn2+-coordinating residues [8,12]. Boxes represent a-helices and arrows represent b-strands.

for Ca2+; (b) Zn2+ binding to the low-afﬁnity Cys2
site triggers dimer dimerization, which is exclusive to
S100A2; (c) physiologically relevant Zn2+ concentrations decrease the Ca2+ afﬁnity on binding to the same
Cys2 site [12]. Indeed, Zn2+-loaded S100A2 is unlikely
to activate p53, as physiological free Ca2+ concentrations do not exceed 100–300 lm [14–16], and Kd(Ca2+)
is higher than 800 lm [12]. However, this down-regulation of S100A2 at the post-translational level remains
to be determined experimentally.
In order to further explore the interplay between
Zn2+ and Ca2+ binding to S100A2 and to address
how metallation affects the protein conformation and
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In order to investigate the effect of Ca2+ and Zn2+
ions on the structure of S100A2, two previously characterized mutants [12] were studied, together with the
wild-type protein. Cysteine residues, which are part of
the two S100A2 Zn2+ sites (Scheme 1), were replaced
by serine residues in mutants C2S and DCys (all four
cysteines in each subunit were replaced by serine).
Therefore, each mutant has a different number of
available Zn2+ sites: S100A2-wt has two sites,
S100A2-C2S only preserves one high-afﬁnity site and
S100A2-DCys is devoid of speciﬁc Zn2+ sites. These
mutations do not affect Ca2+ afﬁnity [12], thus allowing the analysis of the role of Zn2+ on binding to the
available sites.
These S100A2 mutants were investigated in the apo
and holo forms corresponding to different metallated
states at 25 C using far-UV CD (Fig. 1). The CD
spectra of all protein preparations are typical of
a-helix proteins, with local minima at 208 and 222 nm
and local maxima at 195 and 215 nm, in agreement
with the DCys-S100A2 crystal structure [8] and other
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Fig. 1. CD spectra of S100A2 wt (A), C2S (B) and DCys (C) in several metal load conditions.
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structural data [12,17–20]. This observation also corroborates previous results, indicating that the cysteine
replacements do not affect the overall protein fold [12].
Binding of Zn2+ to S100A2-wt and S100A2-DCys
does not elicit signiﬁcant secondary structure changes
(Fig. 1A,C). In the latter case, this is justiﬁed by the
absence of Zn2+ sites, although the far-UV CD spectrum is sensitive to nonspeciﬁc Zn2+ binding to this
mutant (data not shown). However, Zn2+ binding to
the S100A2-C2S mutant produces a concentrationdependent decrease in secondary structure (Fig. 1B) on
addition of one and two Zn2+ equivalents, respectively. Binding of Ca2+ to S100A2-wt and S100A2DCys results in an increase in the a-helical content
(Fig. 1A,C). An opposite effect is observed in the
S100A2-C2S mutant (Fig. 1B). The greatest increase in
secondary structure occurs when both Ca2+ and Zn2+
are added to the wild-type protein (Fig. 1A).
In order to investigate the possibility that the
observed variations in secondary structure resulting
from metallation with Ca2+ and Zn2+ are caused by a
change in the oligomeric state of the proteins or aggregation, we carried out dynamic light scattering studies.
We detected average molecular diameters of around
5–5.5 nm, irrespective of mutation or metal load up to
stoichiometric metal binding, consistent with the structure of apo S100A2 [8]. However, tetramerization
occurs at higher zinc to protein ratios [12]. The
slightly larger diameter of S100A2-wt + 2 Eq. Zn2+
(6.4 nm) could be suggestive of partial tetramerization
(Fig. S1).
Chemical stability of holo and apo S100A2
proteins
The conformational stability of S100A2-wt and
mutants, in the apo and distinct metallated states, was
investigated by performing urea denaturation experiments. For all proteins, the far-UV CD spectra
obtained at increasing urea concentrations denoted a
transition from a-helix to random conformations,
apparently via intermediate b-sheet structures
(Fig. 2A).
To extract thermodynamic information from protein
denaturation curves, the unfolding mechanism needs to
be known. For single-domain dimeric proteins, such as
S100A2, this process may be hypothesized to comprise
two steps: the dissociation of the native dimer into
folded monomers, which, in turn, undergo denaturation. However, the chemical denaturation of S100A2
could be rationalized using a simple two-state unfolding mechanism, where the unfolding of the folded
dimer (F2) yields denatured monomer (U) directly:
1778

F2 $ 2U

ð1Þ

This mechanism is supported by several criteria: (a)
no intermediate species were detected in any of the
denaturation curves (Fig. 2); (b) the denaturant midpoint transition concentration (Cm) of apo S100A2-wt
and S100A2-DCys increased with protein concentration
(not shown); and (c) the denaturation curves of the
latter mutant, obtained by CD and intrinsic tyrosine
ﬂuorescence, were superimposable (not shown) [21].
Accordingly, the mechanism in Eqn (1) was employed
to derive the thermodynamic parameters, using the formalism established by Grant et al. [22] (Fig. 2B–D;
Tables 1 and 2).
A two-state unfolding mechanism has also been
reported for human S100B [23] and porcine S100A12
[24]. All stability parameters extracted from denaturation curves (Fig. 3B–D; Tables 1 and 2) were found
to be within the typical range for small dimeric
proteins [25] and, in particular, in accordance with
thermodynamic data reported on human S100B [23]
and porcine S100A12 [24].
The unfolding free energy (DGU) value of apo
S100A2-wt was 89.9 kJÆmol)1 and S100A2-C2S and
S100A2-DCys were destabilized by )2.3 and )5.8
kJÆmol)1 with respect to the wild-type (Table 1). The
data suggest identical unfolding mechanisms for all
three apo proteins, as neither the transition cooperativity (m index) nor the shape of the far-UV CD
spectra at different urea concentrations (not shown)
was signiﬁcantly affected. Thus, meaningful information on the thermodynamic stability of the Ca2+- and
Zn2+-loaded mutants can be retrieved from the analysis of metallation effects within the background of
the same mutation (Table 2). With the exception of
Zn2+-loaded S100A2-DCys, which is devoid of Zn2+
sites, the metallated states exhibit a decreased cooperativity of the unfolding transition. This suggests that,
in such cases, the amount of surface area being
exposed during urea unfolding is lower than in the
apo state, and ⁄ or that metal binding increases the
subpopulations of native protein with slightly
different conformations.
However, occupation of the metal sites by Zn2+ or
Ca2+ ions has a distinct effect on protein stability.
Metallation of the high-afﬁnity Zn2+ site of S100A2C2S has a destabilizing effect of )3.9 kJÆmol)1,
whereas the same stoichiometric Zn2+ amount destabilizes the wild-type protein by )14.2 kJÆmol)1. This
large destabilization probably arises from residual
binding of Zn2+ to the low-afﬁnity site, which is
known to promote the exposure of hydrophobic
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Fig. 2. CD-monitored urea chemical denaturation curves of S100A2. Representative spectra of Ca2+-loaded S100A2-wt at increasing urea
concentration (0–7.5 M), as indicated by the arrow (A). Displacement: 0.1 M)1Æcm)1. Denaturation curves of wt (B), C2S (C) and S100A2-DCys
(D) in several metal load conditions.

Table 1. Thermodynamic stability parameters for the apo S100A2
variants.
Apo

wt
C2S
DCys
a

[Urea]1 ⁄ 2
(M)

DGU
(kJÆmol)1)

m (kJÆmol ÆM )

DDGUa
(kJÆmol)1)

4.7
4.5
4.2

89.9
78.9
71.8

13.0
11.2
10.3

–
)2.3
)5.8

)1

)1

DDGU = D[Urea]1 ⁄ 2 · maverage [36].

surfaces [12]. In contrast, binding of Ca2+ stabilizes
the mutants by +0.8 or +2.4 kJÆmol)1, but destabilizes
the wild-type protein by )5.2 kJÆmol)1. Some point
mutations are known to exert long-range effects in

S100 proteins because of their effect in hydrogen bond
networks [26]. It is reasonable to hypothesize that the
same applies to the S100A2 mutants under study. The
lower unfolding cooperativity of the Ca2+-loaded samples suggests a concurrent opening of the EF-hands,
resulting in a decreased exposure of the surface area
during unfolding.
Thermal stability of holo and apo S100A2
proteins
We have complemented the chemical denaturation
study by performing analogous temperature-induced
unfolding assays. For all proteins, increasing the temperature results in a progressive a-helix to random coil
transition (Fig. 3A). No notorious protein precipita-
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Table 2. Thermodynamic stability parameters for the S100A2 variants in the apo, Zn2+ (1 : 1) and Ca2+ (10 : 1) metallated states.
S100A2-wt

S100A2-C2S

S100A2-DCys

[Urea]1 ⁄ 2 DGU
m (kJÆ
DDGUa
[Urea]1 ⁄ 2 DGU (kJÆ m (kJÆ
DDGUa
[Urea]1 ⁄ 2 DGU (kJÆ m (kJÆ
DDGUa
(M)
(kJÆmol)1) mol)1ÆM)1) (kJÆmol)1) (M)
mol)1ÆM)1) (kJÆmol)1) (M)
mol)1ÆM)1) (kJÆmol)1)
mol)1)
mol)1)
Apo
4.7
+Zn2+ 2.5
+Ca2+ 3.9

89.9
35.1
40.3

13.0
3.5
2.9

–
)14.2
)5.2

4.5
4.0
4.8

78.9
50.1
62.4

11.2
5.3
7.0

–
)3.9
+2.4

4.2
4.1
4.3

71.8
68.2
51.8

10.3
9.7
5.3

–
)0.8
+0.8

a

DDGU = D[Urea]1 ⁄ 2 · maverage [36].
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Fig. 3. CD-monitored thermal denaturation of S100A2. Representative spectra of apo S100A2-wt at increasing temperatures (25–85 C), as
indicated by the arrow (A). Displacement: 1.2 M)1Æcm)1. The spectra of the native and denatured form are representative for all thermal
denaturations. Thermal denaturation curves of wt (B), C2S (C) and S100A2-DCys (D) in several metal load conditions.

tion was observed, suggesting that other non-reversible
modiﬁcations may occur at high temperatures. This
differed from urea unfolding, precluding a detailed
thermodynamic analysis, and is suggestive of distinct
pathways for chemical and thermal unfolding. Never1780

theless, a comparison of the apparent midpoint transition temperature (T app
m ), obtained for the different
metallated states, is very informative with respect to
the effect of each metal on the stability of each protein
mutant (Table 3).
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Table 3. Apparent Tm values determined from CD-monitored thermal denaturation curves of S100A2 variants. The aggregation of S100A2DCys incubated with 2 Eq. Zn2+ occurs during the temperature ramp. n.d., not determined.
T app
m (C)
Apo

+Zn2+ (1 : 1)

+Zn2+ (2 : 1)

+Ca2+ (10 : 1)

wt
C2S

58.4
66.6

56.6
53.9

56.6
50.6

DCys

59.5

58.1

Aggregates

68.1
 42
> 80
 75
> 85

Apo S100A2-wt and S100A2-DCys have very similar
T app
m values of 58.4 and 59.5 C, respectively, which are
lower than the T app
m value of 66.6 C of S100A2-C2S.
The outlying behaviour of apo S100A2-C2S may result
from long-range mutation effects [26], which are not
observed in the other mutants. Considering these
aspects, the relevant comparisons will relate to differences observed on selective metallation, within the
same mutant.
Interestingly, Ca2+ and Zn2+ metallation showed
antagonistic effects in thermal stability (Fig. 3B–D).
Zn2+ ions had a destabilizing effect, which was concentration dependent in S100A2-C2S, in agreement
with the observed decrease in secondary structure
content. The destabilization arose from the metalinduced conformational change, because no kinetic
distortions affected the Zn2+-induced conformational
destabilization. Binding of Zn2+ to the unfolded state
could have caused a shift in the equilibrium, but this
effect is only signiﬁcant at a large excess of Zn2+
[27], which was not the case in our experiments
(a maximum of one or two Zn2+ equivalents was
used). In addition, the kinetics of thermal denaturation did not vary signiﬁcantly between apo and
Zn2+-loaded S100A2-C2S (see Experimental procedures). The Ca2+-loaded proteins exhibited an
value, although the mutants had at
increased T app
m
least one unfolding intermediate in the denaturation
curves. The increased stability of Ca2+-loaded
proteins probably resides in the electrostatic compensation at the negatively charged Ca2+-binding sites.
The opposite effect of the two metals on thermal
stability prompted us to study Ca2+ and Zn2+ ions in
combination. In S100A2-wt, where all binding sites are
available, metal ion effects are dominated by the Ca2+
contribution. Indeed, an intermediate stability with
respect to Zn2+ destabilization (DT app
m = )1.8 C) and
=
+9.7
C)
was determined
Ca2+ stabilization (DT app
m
when Zn2+ and Ca2+ were combined (DT app
m =
+6.6 C) (Fig. 4B).
It can be hypothesized that the two thermal transitions of Ca2+-loaded S100A2-C2S correspond to the

+Zn2+ +Ca2+ (1 : 10 : 1)
65.0
n.d.
 65
> 81

+Zn2+ +Ca2+ (2 : 10 : 1)
n.d.
76.8
Aggregates

unfolding of different structural regions, the transition
at approximately 42 C (Fig. 3C) corresponding to
unfolding at the N-terminal EF-hand, as it is stabilized
by Zn2+ binding at the adjacent site 1 (Scheme 1).
Such stabilization is not observed in S100A2-DCys
(Fig. 3D), which has no speciﬁc Zn2+ sites. In this
case, nonspeciﬁc Zn2+ binding is likely to result in
destabilization without changing the shape of the denaturation curve.
Complementary to the CD experiments, the thermal
denaturation of S100A2-DCys was followed by FT-IR.
The absorbance change at the amide I (1600–
1700 cm)1) and amide II (1500–1600 cm)1) bands was
used to probe the unfolding, monitoring secondary
structure elements. As shown above, this mutant does
not bind Zn2+, so we carried out a study of the apo
and Ca2+-loaded forms of DCys-S100A. In both
conditions, denaturation consisted of transition from
a-helical ( 1650 and 1550 cm)1) to random (1525
cm)1) and b-structures ( 1622 cm)1) (Fig. 4A,C). The
latter vibration is associated with intermolecular
b-sheets and aggregation. The formation of insoluble
b-sheet-containing aggregates is most certainly an
important contributor to the irreversibility of the thermal denaturation. The denaturation curves of the
above-mentioned structural elements are compatible
with the CD results, and further corroborate a twostate unfolding process. All secondary structure
elements of apo S100A2-DCys exhibit similar proﬁles,
with T app
m ranging from 67 to 71 C. The unfolding of
the secondary structure elements of Ca2+-loaded
S100A2-DCys also occurs simultaneously, and at
T app
m > 80 C. Again, a very good agreement with the
far-UV CD data is observed.

Conclusions
In this work, we have characterized how the conformation and stability of S100A2 are inﬂuenced by the
speciﬁc metal ions Zn2+ and Ca2+. In particular, considering the unique role of Zn2+ in S100A2, we have
dissected the contribution arising from Zn2+ binding
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Fig. 4. Attenuated total reflectance FT-IR-monitored thermal denaturation of S100A2-DCys in the apo (A, B) and Ca2+-loaded (C, D) forms.
Representative difference spectra at increasing temperature (20–94 C), as indicated by the arrows (A and C). Thermal denaturation curves
for the apo (B) and Ca2+-loaded (D) proteins are derived from the second-derivative trend with temperature.

using two mutants, with selective disruption of the
low- and high-afﬁnity Zn2+-binding sites, as models.
We have observed that the S100A2 conformation is
sensitive to the metallation state, and that the rearrangements resulting from metal binding preserve the
overall fold of the protein. Chemical denaturation suggests that both Zn2+- and Ca2+-associated conformational changes facilitate the accessibility of urea to the
protein core, leading to destabilization. Thermal denaturation suggests that Zn2+ and Ca2+ regulate protein
thermal stability antagonistically, Zn2+ being a destabilizer and Ca2+ a stabilizer. Similarly, Ca2+ stabilizes
and Cu2+ destabilizes S100A13 towards thermal perturbation [28]. Other studies highlight distinct regulatory mechanisms of S100 proteins by metal ions. For
example, Ca2+ was shown to stabilize human S100B
towards denaturation by guanidinium hydrochloride
1782

[22], and porcine S100A12 was shown to be stabilized
by Ca2+ and Zn2+ towards thermal denaturation [24].
The behaviour of Zn2+–Ca2+-loaded S100A2 in the
thermal unfolding experiments indicates that Ca2+
can at least partially revert the conformational destabilization triggered by Zn2+ binding to the high-afﬁnity
site.
These effects of metal ions on S100A2 folding and
stability contribute to a better understanding of the
Ca2+- and Zn2+-dependent regulation of the protein.
In the Ca2+-loaded state, S100A2 binds and activates
p53 [7]. However, Zn2+ negatively regulates the afﬁnity of S100A2 for Ca2+ binding [12], which might
disable the Ca2+ signal, resulting in a blockage of
p53 activation. The mechanism of how Zn2+ may
decrease the Ca2+ afﬁnity remained unresolved in
our previous study [12]. The results of the present
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work reveal that the decrease in Ca2+ afﬁnity
through Zn2+ is presumably a result of the general
destabilization of the protein. Further contributions
might come from the exposure of a hydrophobic
surface on Zn2+ binding [12], making additional
exposure of the hydrophobic surface induced by
Ca2+ less favourable.
Zn2+ binding to close homologues of S100A2, such
as S100A3 [13] and S100A4 (G. Fritz and M. Koch,
unpublished data), also occurs mainly via cysteine residues. It remains to be shown whether Zn2+ binding to
S100A3 and S100A4 also results in a decrease in protein stability. In S100A3, Zn2+ binding causes the loss
of approximately 40% of the a-helical structure [13],
supporting destabilization of the protein. In contrast
with S100A2, other S100 proteins, such as S100A12
and S100B, display an increased Ca2+ afﬁnity on
Zn2+ binding [29,30]. Future investigations might
show whether, in these S100 proteins, Zn2+ increases
the conformational stability, thereby facilitating the
Ca2+ conformational change.
Together, the data presented here provide new
insights into the mechanism of Zn2+- and Ca2+dependent activation of S100 proteins. The antagonistic effect of Zn2+ and Ca2+ in the control of
S100A2 stability provides a molecular rationale for
the action of both metal ions. Our results allow the
formulation of the following hypothesis: in tissues
expressing S100A2, the Zn2+ imbalance which arises
in some cancers may contribute to enhanced cell
proliferation through destabilization of S100A2. This
mechanism would impair the interaction with p53,
and disrupt subsequent downstream cell cycle regulation. Indeed, Zn2+ transporters are upregulated in
breast carcinoma and pancreatic tumours [31,32]
leading to elevated Zn2+ levels [33–35], which may
impair Ca2+ binding to S100A2 [12]. Current work
in our laboratories will allow the testing of this
hypothesis.

Experimental procedures
Proteins
Wild-type human S100A2 and mutants C2S and DCys
(C2S-C21S-C86S-C93S) were expressed in Escherichia coli
and puriﬁed to homogeneity, as described elsewhere [12];
2 mm Tris ⁄ HCl, pH 7.0, was used throughout. All solutions
were prepared in Chelex (Sigma, Steinheim, Germany)-treated water and buffers were oxygen free. It is noteworthy
that previous studies have determined that the cysteine to
serine substitutions do not compromise the overall fold
[12,18].
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Preparation of apo and metal ion-loaded mutants
The proteins containing cysteines were reduced prior to all
experiments, as described elsewhere [12], and quantiﬁed
spectrophotometrically (e275,wt = 3050 m)1Æcm)1, e280,C2S =
3105 m)1Æcm)1 and e280,DCys = 2980 m)1Æcm)1). Zn2+ was
added as one or two molar equivalents to the S100A2
monomer in order to ﬁll only the high-afﬁnity or both sites.
Ca2+ was added as 10 molar equivalents. Metal chloride
salts were used (Fluka, Steinheim, Germany). For CD and
ﬂuorescence measurements in the presence of metals, the
protein samples were equilibrated for 1 h at 4 C after the
addition of the metal.

CD spectroscopy
CD measurements were recorded in a Jasco J-815 spectropolarimeter equipped with a Peltier-controlled thermostatic
cell support. Thermal denaturation experiments were carried out by increasing the temperature from 25 to 95 C at
a heating rate of 1 CÆmin)1. Changes in the CD signal at
222 nm were plotted as a function of temperature, and T app
m
was determined from ﬁtting to single or the sum of two sigmoidal curves. The protein concentration was 0.1 mgÆmL)1.
Thermal denaturation was irreversible. However, no kinetically controlled steps affected protein unfolding, as T app
m
was independent of the heating rate for S100A2-DCys (not
shown), as observed in a system undergoing reversible
unfolding. Therefore, the determined T app
m values are those
of a pseudo-equilibrium and are suitable for comparative
purposes between the mutants studied.
The thermal denaturation kinetics (25–65 C temperature
jumps) of the single Zn2+ site mutant S100A2-C2S were
investigated in the apo and Zn2+-loaded (1 : 1) state, following the decay of the CD signal at 225 nm. This mutant
preserves Zn2+ site 1, present in all S100A2 mutants, and
does not tetramerize because it lacks site 2. The protein
concentration was 0.2 mgÆmL)1.

Fluorescence spectroscopy
Intrinsic tyrosine ﬂuorescence measurements were performed on a Varian (Palo Alto, CA, USA) Cary Eclipse
instrument. The temperature was kept at 25 C by a
Peltier-controlled thermostatic cell support. Emission
spectra on 275 nm excitation were recorded using 10 nm
excitation and emission slits.

Attenuated total reflectance FT-IR spectroscopy
Attenuated total reﬂectance FT-IR measurements were
performed in a Bruker (Ettlingen, Germany) IFS 66 ⁄ S spectrometer equipped with a nitrogen-cooled MCT detector
using a thermostatically controlled Harrick (Ossining, NY,

FEBS Journal 276 (2009) 1776–1786 ª 2009 The Authors Journal compilation ª 2009 FEBS

1783

Conformation and stability of S100A2

H. M. Botelho et al.

USA) BioATRcell II. Spectra were acquired at 4 cm)1 resolution. Difference spectra were calculated after vector normalization of the absorbance in the amide I–amide II region.
Different metallated forms of S100A2 mutants were prepared by in situ dialysis using the manufacturer’s accessory.
Apo protein samples ( 10 mgÆmL)1) were dialysed at 20 C
against 5 mm Tris ⁄ HCl, pH 7, 23 mm NaCl. Ten molar
equivalents of Ca2+ were added to the same buffer with the
NaCl concentration adjusted to equalize the ionic strength.
Thermal denaturation experiments involved increasing
the cell temperature from 20 to 94 C. The heating rate was
discontinuous (average  1.3CÆmin)1) as a result of stepwise spectrum acquisition (every 2 C; acquisition time,
1 min). Denaturation curves were obtained by plotting
spectra second-derivative values at local maxima or minima
as a function of temperature.

Chemical denaturation
Protein unfolding was studied by monitoring the variation in CD at 222 nm, or ﬂuorescence intensity at
305 nm, at 25C, as a function of urea concentration.
Fresh urea (Riedel-de Haën, Seelze, Germany) solutions
were used for every assay and the rigorous concentration
was determined using refractive index measurements [36].
Apo or metallated protein samples (0.1 mgÆmL)1) were
incubated for 2 h at room temperature for complete
chemical denaturation. The inﬂuence of protein concentration on Cm was assessed in the 0.08–0.25 mgÆmL)1
range. Denaturation was reversible for all cases, as urea
dilution of the completely denatured protein yielded
protein with native state spectra.

Dynamic light scattering
The molecular diameters of S100A2 mutants in different
metallation conditions (0.1 mgÆmL)1) were assessed using a
Malvern Instruments (Malvern, UK) Zetasizer Nano ZS
instrument equipped with a 633 nm laser. The temperature
was kept at 25 C using a Peltier-controlled thermostatic
cell support. Before each measurement, samples were ﬁltered through a 0.22 lm membrane. For each time measurement, the backscattered light (173) from fourteen 10 s
accumulations was averaged. The results were analysed
with Malvern Instruments DTS software using a multimodal ﬁt with quadratic weighting and 0.01 regularizer.
Size results are from the Mie theory-derived volume distribution of sizes. When available, error bars are the standard
deviations from at least three replicate measurements.
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Supporting information
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Fig. S1. Molecular diameter of the apo and metallated
S100A2 variants as assessed by dynamic light
scattering.
This supplementary material can be found in the
online version of this article.
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Figure S1: Molecular diameter of the apo and metallated S100A2 variants as assessed
by DLS. When available, results are average ± standard deviation of at least 3
replicate measurements. Sizes are derived from the volume-averaged distribution of
sizes. There is no measurement of S100A2-ΔCys +2 Eq Zn2+ because the protein
aggregates.

