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Introduction

S100 proteins are vertebrate-specific Ca2 +-binding proteins of

low molecular weight (10–12 kDa) with high sequence similari-
ty. They exist mostly as homodimers with subunits held to-

gether by non-covalent bonds. Each monomer contains two
helix-loop-helix EF-hand-type motifs to bind Ca2 + .[1, 2]

Our main focus is on S100A4, which is found in the cyto-

plasm, in the nucleus, and in the extracellular space. It has
gained increasing attention over recent decades because of its

metastasis-promoting properties, as well as its role in the
pathogenesis of rheumatoid arthritis and in fibrotic diseases.[3]

It has been shown that the expression level of S100A4 corre-
lates with the invasiveness of several cancer cell lines; a direct

role of S100A4 in tumor metastasis was demonstrated in

animal models. Clinical studies have revealed that S100A4
expression is a significant prognostic marker of aggressive

tumors associated with poor survival rate.[3–8] Therefore, atomic
level in-depth characterization of the interaction between

S100A4 and its target proteins is essential.
The structures of apo and Ca2 +-bound S100A4 have been

determined both by solution NMR spectroscopy and X-ray
crystallographic diffraction.[9–14] All the distinctive structural ele-
ments characteristic for S100 proteins are present: the pseudo-

EF hand near the N terminus (formed by helices H1 and H2,

which surround loop L1), a connecting “hinge” (L2) and the
canonical EF-hand close to the C terminus (L3 loop flanked by

helices H3 and H4). The two subunits are held together by an
“X-type” four-helix bundle comprising H1 and H4 from each

monomer. The apo form shows a closed conformation, but the

Ca2 +-bound form appears to be in an open conformation, with
a hydrophobic pocket formed by L2 and parts of H3 and H4.

Target proteins bind almost exclusively to the open state. The
main binding partners of S100A4 are cytoskeleton proteins

(nonmuscle myosin IIA, tropomyosin, F-actin),[15–17] signal pro-
teins (liprin b1),[18] transcription factor p53,[19] and the non-EF-
hand Ca2+- and lipid-binding annexin A2.[20]

Interaction of S100A4 with nonmuscle myosin IIA (NMIIA) is
thought to be associated with increased cell migration of
metastatic cells.[1] Previous studies have shown that S100A4
inhibits the assembly of nonmuscle myosin filaments and pro-

motes their disruption.[21, 22] S100A4 colocalizes with NMIIA at
the leading edge of migrating cells and regulates directional

motility through direct interaction with NMIIA.[23, 24] The

S100A4:NMIIA complex has remarkably high affinity (Kd&
0.1 nm),[25–27] and its 1:2 stoichiometric structure is unusually

asymmetric: a single NMIIA chain bridges the two identical
hydrophobic pockets, and hence the equivalence of the two

monomers is lost.[14, 25–27] The S100A4-binding region of NMIIA
comprises the C terminus of the coiled-coil dimer and part of

the nonhelical tailpiece.[25, 26]

Despite several structural studies and investigations of the
solution dynamics of the apo and Ca2+-bound forms in this

protein family (backbone dynamics data are available for apo
S100A1,[28, 29] S100A4,[30] S100A5,[31] S100A13,[32] S100A14,[33]

S100B,[34] and for Ca2+-bound S100A1,[35] S100A5,[31] S100B[36]

backbone dynamics data are available), only one study has

Dysregulation of Ca2+-binding S100 proteins plays important

role in various diseases. The asymmetric complex of Ca2 +

-bound S100A4 with nonmuscle myosin IIA has high stability
and highly increased Ca2 + affinity. Here we investigated the

possible causes of this allosteric effect by NMR spectroscopy.
Chemical shift-based secondary-structure analysis did not

show substantial changes for the complex. Backbone dynamics
revealed slow-timescale local motions in the H1 helices of
homodimeric S100A4; these were less pronounced in the com-

plex form and might be accompanied by an increase in dimer

stability. Different mobilities in the Ca2 +-coordinating EF-hand

sites indicate that they communicate by an allosteric mecha-
nism operating through changes in protein dynamics; this

must be responsible for the elevated Ca2 + affinity. These multi-
level changes in protein dynamics as conformational adapta-

tion allow S100A4 fine-tuning of its protein–protein interac-
tions inside the cell during Ca2 + signaling.
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investigated the changes in dynamic properties upon target
binding (S100B in complex with peptide TRTK).[37]

In order to understand the regulatory function of S100
family members, the structural and dynamics changes upon

Ca2 + and protein–ligand binding are highly important. The
“S100 dilemma” is that the Ca2 + affinity for most S100 proteins
is low (Kd>10 mm) ; therefore they might not be sufficiently sa-
turated to function as switches for Ca2 + signaling.[38] The di-
lemma might be solved by the fact that Ca2+ affinity increases

significantly in the presence of target proteins, as demonstrat-
ed for S100A1, S100B, and S100A4.[10, 39–42] On the other hand,
the low Ca2 + affinity could prevent a high concentration of
S100 protein from sequestering free Ca2+ in the cytoplasm.

Tight binding of NMIIA to S100A4 is thermodynamically linked
to nanomolar Ca2 + affinity in the protein complex. Conse-

quently these two proteins can partially interact even at basal

Ca2 + levels inside the cell, where the concentration is in the
micromolar range.[26, 39, 43] The increased Ca2 + affinity can be

explained by changes in either the structure or dynamics (or
both) of the S100A4:NMIIA complex compared to Ca2 +-bound

S100A4.
In order to obtain greater insight into the intramolecular

communications of S100A4 functional sites, we conducted a

comprehensive NMR spectroscopic investigation into the struc-
tural aspects and solution dynamics of 1) a 45-residue S100A4-

binding fragment of NMIIA, and 2) C-terminal-truncated
S100A4 in Ca2 +-bound form in complex with NMIIA.

Results and Discussion

Resonance assignments and secondary-structure
information

MPT is disordered with a transient a-helix in the central region.

MPT, the full binding region of NMIIA (residues 1893–1937 of
the heavy-chain sequence of NMIIA), forms a high-affinity

asymmetric complex with S100A4 dimers.[25] Of these 45 resi-

dues, crosspeaks of the first two could not be detected; all
others (excluding P1927 and P1931) appeared in the 1H,15N
HSQC spectrum at low temperatures (Figure 1 A). Signal disper-
sion of the 1H dimension was 0.6 ppm, in full accordance with

a lack of secondary structure. Moreover, several minor peaks
(~10 % signal intensity) appeared for residues preceding the

prolines. CC(CO)NH spectra revealed that both prolines in the

major form are in the trans configuration, on the basis of Cb@
Cg chemical shift differences (4.6 ppm for P1927, 4.7 ppm for

P1931). SSP values were calculated from the assigned chemical
shifts (Figure 1 B),[44] and these confirmed the fully disordered

character of MPT. One exception was the central core (D1908–
K1918), which presents larger values (>0.3), thus indicating

higher propensity for an a-helical structure. In full-length

NMIIA this region is part of the coiled-coil tail, but in the
S100A4:MPT crystal complex it forms an amphipathic a-helix

bridging the S100A4 dimer interface.[25, 26]

Temperature coefficients (ppb/K) were calculated from the

temperature dependence of the 1H chemical shifts derived
from HSQC spectra in the 288–310 K range. In the M1910–

R1922 region the values were smaller than the average value,

thus indicating that this is a more rigid part of the molecule

Figure 1. A) Assigned 1H,15N HSQC spectrum of MPT (residues 1893–1937 of NMIIA) measured at 700 MHz at 283 K. B) Calculated SSP scores along the amino
acid sequence. C) Reduced spectral density analysis at 283 K for all backbone residues. D) Reduced spectral density for residue A1907 at 283 K (blue), 288 K
(green), 293 K (orange), and 298 K (red).
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(the obtained slopes along the amino acid sequence are
shown in Figure S1 A in the Supporting Information). A com-

parison with the Eisenberg hydrophobicity index (Figure S1 B)
revealed that large temperature coefficients are characteristic

for regions with a more pronounced hydrophobic character
(L1926–V1930). This correlation indicates that a small hydro-

phobic core might form temporarily in the neighborhood of
proline residues; this might contribute to the adoption and ini-

tialization of a folded structure upon complex formation.

Comparison of free and MPT-bound S100A4dC structures. A C-
terminally 13 residues truncated form of Ca2 +-bound S100A4
(S100A4dC) was used, in order to avoid the aggregation ten-
dency of full-length S100A4. Previous studies indicated that

MPT binding is not affected by this C-terminal trunca-
tion.[14, 27, 43]

The 1H,15N HSQC spectrum of S100A4dC has well-dispersed

resonances, as expected for a folded protein. Backbone reso-
nance signals were assigned over M1–E88 (Figure 2), and the

assigned Ca, Cb, C’, N and HN chemical shift values were used
for SSP analysis (Figure 3 A). We defined an a-helical structure

for regions with SSP>0.5, thus 50 % of the conformational en-
semble is helical.[44] On this basis, the four helices are P4–S20

(H1), K31–L46 (H2), D51–S64 (H3), F72–M85 (H4). These results
are consistent with secondary structures determined by X-ray
crystallography (PDB IDs: 2Q91,[10] 3C1V,[11] 3CGA,[12] 4HSZ).[14]

Loops L1 (containing the pseudo EF1-hand) and L3 (canonical
EF2-hand) show some turn property, whereas the hinge loop

L2 appears unstructured.
The complex exhibited doubled peaks in the 1H,15N HSQC

spectrum, compared to free S100A4dC (Figure 2). The reason is

the asymmetry of the two monomer chains (A and B) because
of complex formation between the symmetric dimer and a sin-

gle MPT peptide. Our assignments for the complex remained
ambiguous for a few residues (M1–L5, E23–K28, and P43), thus

linking of these regions has some uncertainty. However, our
conclusions were strengthened by the assignments of Elliott

et al. , and in several ambiguous cases we relied on their

data.[26] The SSP analysis of the complex (Figure 3 A) revealed
four helical regions: H1 (P4–S20 in both chains), H2 (K31–T39

in both chains), H3 (D51–D63 in chain A, D51–L62 in chain B),

and H4 (F72–E88 in both chains). We note that even though
the overall structure is not considerably different from that of

the peptide-free S100A4dC, SSP values were lower for H2 in
both chains (R40–L46: 0.2–0.5), thus indicating a slight loosen-

ing of the structure. There were also slight increases in the SSP
values for H4 (M85–E88). For an in-depth examination of both
1H and 15N chemical shift changes, cumulative Dd values were

calculated for each residue [Eq. (1)]:[45]

Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½dðHcomplexÞ@dðHfreeÞA2 þ f0:1½dðNcomplexÞ@dðNfreeÞAg2

q
ð1Þ

The changes in chemical shift were higher in the C-terminal

region for both chains (Figure 3 B). The residues with the high-
est Dd (>0.35) were mostly at the canonical binding pockets

(L42, F45, L46, K48, M59, F78, S80, C81, A83, M84, N87, E88 in
chain A; L46, G47, F55, N61, L62, L79, A83, M84, N87, E88 in
chain B), as expected, but interestingly, complex formation also
significantly affected residues in H1 (D10, H17 in chain A; D10,

S14, H17 in chain B), although this region is further from the
interaction surface, and forms part of the dimer interface (Fig-
ure S3 A and B).

Analysis of 15N-NMR relaxation measurements

High mobility of MPT. Backbone dynamics can reveal inherent

helical motifs in disordered proteins. From the measured 15N

relaxation parameters (T1, T2 relaxation time constants and the
1H,15N heteronuclear NOE), reduced spectral density analysis

was used for the evaluation of dynamics (Figure 1 C).[46, 47] Resi-
dues with low J(0) values have the highest mobility; this was

obvious for both N- and C-terminal segments, whereas the
most rigid part of the molecule was the A1903–G1924 seg-

Figure 2. Assigned 1H,15N HSQC spectra of S100A4dC (red) and the complex
of S100A4dC with unlabeled MPT (blue) at 700 MHz and 300 K. The homodi-
mer becomes asymmetric upon MPT binding, thereby resulting in doubling
of resonances (e.g. , N68A and N68B are resonances of residue N68 in chains
A and B, respectively).

Figure 3. A) SSP scores of free S100A4dC (&) and MPT-bound S100A4dC (^
and ^: chains A and B, respectively) along the amino acid sequence. B) Cu-
mulative Dd chemical shift changes of S100A4dC peaks upon MPT binding
(& and & for chains A and B, respectively).

ChemBioChem 2016, 17, 1829 – 1838 www.chembiochem.org T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1831

Full Papers

http://www.chembiochem.org


ment. Temperature dependence of the relaxation parameters
(283–298 K) showed that all residues tend to have lower J(0) at

higher temperature; the system was highly dynamic at room
temperature (Figure S1C), as clearly observable for A1907

(Figure 1 D). Thus, as expected, MPT appears to be a highly dis-
ordered peptide prior to binding to S100A4dC at room tem-

perature.
H-exchange with the solvent can be monitored by the

CLEANEX approach.[48] H-exchange was effective in the R1912–

D1925 region (C-terminal part), in agreement with the hydro-
philic character of the molecule (Figure S2). The hydrophobic
region of the peptide remained hindered even at higher tem-
peratures.

Comparison of free and MPT-bound S100A4dC behavior. We
investigated backbone dynamics by measuring 15N relaxation

rates (1/T) at 300 K. For S100A4dC these were relatively uni-

form throughout the entire backbone (0.8–1.2 s@1 for R1, 15–
20 s@1 for R2, 15–22 for the R2/R1 ratio, and 0.7–0.9 for the
1H,15N NOE values; Tables S1, S3, Figure 4). All these relaxation
data show that apart from the N and C termini of the molecule

the hinge loop L2 has much higher mobility than other re-
gions. This correlates well with the behavior of other S100 pro-

teins: in Ca2 +-bound S100A5 a similar relaxation pattern in

terms of R1, R2, R2/R1, and 1H,15N NOE values was detected.[31] In
our case, however, H1 had an interesting behavior, with slight-

ly lower R1 and higher R2 values than the other helices, but no
noticeable difference in NOE data. This phenomenon is ex-

plained below by Lipari–Szabj model-free formalism.
For the S100A4dC:MPT complex the relaxation rates were

0.7–1.1 s@1 for R1, 14–21 s@1 for R2, 18–30 for the R2/R1 ratio,

and 0.7–0.9 for the 1H,15N NOE (Tables S2 and S3, Figure 4). As
a consequence of the asymmetric binding, differences could

be detected between the originally symmetric two subunits
(chains A and B), especially in regions L2, L3, and H3.

Protein dynamics analysis by Lipari–Szabj model-free
formalism

In order to detect motions on both pico/nanosecond and sub-

millisecond timescales and to be able to estimate thermody-

namic data, the relaxation results were further analyzed by the
extended Lipari–Szabj formalism method.[49–52] We used the

FAST-Modelfree[53] program[54, 55] with the measured R1, R2 and
1H,15N NOE values for each residue to fit the following parame-

ters : generalized order parameter (S2), global rotational correla-
tion time (tc), correlation time for internal motion (te) and the

exchange parameter (Rex) to describe chemical or conforma-

tional exchange processes.
The isotropy of the molecules was estimated from X-ray

structures with the program HYDROPRO.[56] The ratios of the
three eigenvalues of the rotational diffusion tensor were
1.30:1.15:1.00 for S100A4dC (PDB ID: 2Q91)[10] and
1.25:1.11:1.00 for the S100A4dC:MPT complex (PDB ID:

3ZWH).[25] As approximated rotational diffusion tensor anisotro-

py ratios (Dk/D? ) were in the 0.77–0.90 range, we concluded
that for both molecules the axially anisotropic approach can
be applied in dynamics analysis.

Throughout the calculations, amide N@H bond lengths were
set to 1.02 a, and @172 ppm was taken as the 15N chemical
shift anisotropy.[57] NMR structures (PDB ID: 2MRD for

Figure 4. 15N relaxation data of the Ca2+-bound S100A4dC (&) and the S100A4dC:MPT complex (^ and ^: chains A and B, respectively) at 300 K (R1, R2, R2/R1,
and 1H,15N NOE). Vertical lines delineate major secondary structure elements of S100A4.
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S100A4dC,[13] 2LNK for S100A4dC:MPT[26]) were used for rota-
tional diffusion tensor calculation; for the purpose of compari-

son with our results, residues 89–101 were deleted from the C-
terminal tail before fitting. Due to peak overlapping, the fol-

lowing residues were omitted from the calculation: M1, L9,
K35, M59, and L62 (S100A4dC), A8, K18, K35, F45, A53, D63,

E69, and I82 (S100A4dC:MPT chain A), and L38 and D67
(S100A4dC:MPT chain B). There was no assigned peak for H17

of chain B of the complex. No model could be fitted for resi-

dues S32, E52, and I82 (S100A4dC), G24 (S100A4dC:MPT
chain A) or D25, S32, and A53 (S100A4dC:MPT chain B; Tables

S4 and S5).
The calculated global rotational correlation time values were

11.31:0.01 ns (S100A4dC) and 13.42:0.03 ns (S100A4dC:
MPT). These data are in good agreement with the approximat-
ed values obtained from the R2/R1 ratios[58] (11.44 ns

(S100A4dC) and 13.35 ns (S100A4dC:MPT)) and with data ob-
tained for similarly sized proteins. Other S100 family members

showed 9.12–13.52 ns after recalculation to 300 K.[28–30, 34, 35, 59]

The calculated Dk/D? ratios were 0.91:0.01 (S100A4dC)

and 0.93:0.01 (S100A4dC:MPT) ; thus, our experimentally
obtained values were very close to the anisotropies calculated

in HYDROPRO (fitted parameters for each residue in Figure 5,

Tables S4 and S5).
The S2 order values (apart from the highly mobile N- and C-

terminal tails) were 0.46–0.97 and 0.41–0.96 for Ca2+- and pep-
tide-bound proteins, respectively. These data are in accordance

with the result of the structural observation: the whole mole-
cule (except the L2 hinge) had noticeable rigidity, both in the

absence and presence of the peptide ligand, and interestingly,

MPT binding did not substantially influence the global internal
mobility of the protein backbone. The same results were ob-

tained when comparing the relaxation derived S2 values with
the predicted values derived from chemical shifts by using the

random coil index (RCI ;[59] Figure 5 A). However, an interesting
and unexpected observation was the appearance of Rex values

for several residues in the peptide-free S100A4dC, mostly in H1

(Figure 5 C).
This indicates slow motions in H1 (micro- to millisecond

timescale), an interesting finding, as this is part of the X-type
H1–H4–H1’–H4’ bundle that stabilizes the dimer. Moreover,

upon complex formation this slow motion component disap-
peared (Figure 5 D), with only a few nonzero Rex residues in H1.

Fast internal mobility demonstrated by te values were found
not only in N- and C-terminal tails but also in the L2 loops,
thus indicating substantial flexibility of the hinge regions, both

in free S100A4dC and in the complex. We also tried to detect
the conformational exchange by CPMG relaxation dispersion

measurements, which report micro- to millisecond motions.
Values were obtained in H1, H4, and L2 (Figure 5 C). The dis-

crepancy between the measured and determined Rex contribu-

tions arises from the fact that different timescales were tested
by the two approaches. However, no Rex contribution was de-

tectable in the complex (data not shown), in accordance with
the Lipari–Szabj analysis. This means that H1 and H4 exhibit

slow conformational motion, which is restricted upon peptide
binding (Figure S3 C).

Thermodynamic aspects : entropic contribution from the back-
bone. The overall entropy change for a system upon complex
formation is given by the sum of the changes in conformation-

al, hydration, and rotational-translational entropies of the inter-
acting partners (S100A4dC and MPT) given by Equation (2):

DSoverall ¼ DSconf þ DShydr þ DSrot@trans ð2Þ

where DSconf is composed of entropy changes in the back-

bone and the side-chains [Eq. (3)]:

DSconf ¼ SDsbb
i þ SDssc

i ð3Þ

where Dsbb
i and Dssc

i are the entropy changes of the back-

bone and side-chain, respectively, of a particular residue. For
estimation of the S100A4dC value of Dsbb

i , the calculated gen-

eralized order parameters for individual N@H bonds were used

[Eq. (4)]:[61]

Dsi
bb ¼ R lnf½3@ð1þ 8Si,complexÞ1=2A=½3@ð1þ 8Si,freeÞ1=2Ag ð4Þ

where Dsbb
i is the conformational entropy change of one N@

H bond vector, Si is the square root of the fitted generalized

Figure 5. Fitted S2 and Rex parameters by Lipari–Szabj model-free analysis
for A) and C) S100A4dC (&) and B) and D) S100A4dC:MPT (^ and ^: values
for chains A and B, respectively). S2 order parameters predicted from RCI
values are shown as triangles in (A) and (B) ; &: measured Rex parameters
derived from CPMG measurements in (C).
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order parameter S2
i of the given bond vector of the individual

residue, and R is the universal gas constant (calculated values

for each secondary structure element in Figure S4 and Table 1).
The negative tendency was most pronounced for H1, thus indi-

cating that this is the region with substantially increased rigidi-
ty upon MPT-binding. The calculated overall SDsbb

i value was

@168.3 J mol@1 K@1; the negative sign predicts ordering of the
backbone after binding. In conclusion, the contribution from
S100A4dC conformational changes to the @TDSconf conforma-
tional entropic cost at 300 K was ++50.49 kJ mol@1. The experi-
mentally determined overall entropic contribution obtained
from ITC measurements for the same S100A4dC complex was
++17.2 kJ mol@1.[27] This means hydration and rotational–transla-

tional terms as well as all terms arising from S100A4 side
chains and from MPT must be considerably larger, in order to

compensate for the difference. This is not surprising given that

entropy values from different sources (conformational, hydra-
tion, rotational–translational) show a very wide range relative

to one another in other protein complexes.[62]

Comparison of dynamics among S100 proteins

The dynamics of several S100 proteins have been investigated
with the Lipari–Szabj model-free approach. Data are available
for apo-S100A1 in free form and modified by b-mercaptoetha-
nol,[28, 29] Ca2+-S100A1 and its homocysteine thionylated form

(Hcy),[35] apo-S100B,[34] and apo-S100A4.[30] We compared these
results with our data for Ca2 +-bound S100A4dC and the
S100A4dC:MPT complex.

For L1 and L3 accommodating EF1- and EF2-hands (S100A1
and S100A4), binding of Ca2 + resulted in significant increases

in rigidity, as determined from the averaged generalized order
parameters (Table 1), where a 0.2–0.3 increase in the corre-

sponding S2 values was detected. This is obviously a result of

formation of new bonds upon Ca2+ coordination in these re-
gions. Interestingly, apo-S100B already had high S2 values in

both L1 and L3, thus suggesting that these regions are as rigid
in Ca2 +-S100B as in the apo form. This can be explained by an

antiparallel alignment with hydrogen bonds of the two small
b-strands in the loops, thus bringing the EF1- and EF2-hands

together.[37] These structural elements are missing in apo-
S100A1 and apo-S100A4.

The hinge region (L2) is much more flexible in both apo and
Ca2 +-bound S100A4 than in any other S100 protein. This flexi-

bility is supported by the existence of fast timescale motions
reflected in the te values. Regarding the behavior of the four
helices, those of S100A1 were the most rigid, whereas S100B

had the most flexible helices (S100A4 was in between).
Slow-timescale motions characterized by the Rex conforma-

tional exchange parameter were detected for H1 residues in
apo- and Ca2 +-S100B, as well as in apo- and Ca2+-S100A4. The

most significant variation was observed in the S100A4 system.
In the apo form, the Rex contribution was mainly in the EF1-

hand, in the L2 loop, a few residues in the EF2-hand, and the

tail region (missing in S100A4dC).[30] In the Ca2 +-bound form
(our present study) these residues lack the Rex term, whereas

this motion was present in 25 % of the H1 residues. Moreover,
in the complex with MPT the residues characterized by Rex

were dramatically reduced (3.4 % in chain A; 9.1 % in chain B),
thus meaning restriction of this slow-timescale conformational

motion in the presence of the peptide. A similar disappearance

of Rex terms in the target-bound protein was observed for Ca2 +

-bound S100B when interacting with a 12-residue peptide

(TRTK).[37]

Comparative approach with protein dynamics and X-ray
crystallography B-factors suggests different behavior of the
EF-hands

Solution NMR studies reveal pico-/nanosecond timescale mo-
tions. These motions are also present in the solid (crystal)

state. Correlation of the NMR-derived order parameters (S2)

with the B-factor data obtained from X-ray crystal structures
has been attempted;[63] generally the lower the S2 value (i.e. ,

the more mobile the region), the higher the B factor. S2 values
can be calculated directly from relaxation data (as shown previ-

Table 1. Average generalized order parameters in various S100 proteins calculated for each structural element (helices H1–H4 and loops L1–L3) and for
Ca2+-coordinating residues in the EF hands.

Protein S100A4 S100A4-MPT S100A4 S100B S100A1 S100A1-bME S100A1 S100A1 S100A1-Hcy
chain A chain B

state Ca2+-bound Ca2+-bound Ca2+-bound apo apo apo apo apo Ca2+-bound Ca2+-bound
organism human human human murine human bovine bovine human human human

Ref. [30] [34] [28] [28] [29] [35] [35]

H1 helix 0.83 0.85 0.86 0.89 0.87 0.86 0.92 0.92 0.90 0.91
L1 loop 0.85 0.84 0.87 0.61 0.82 0.85 0.78 0.76 0.95 0.91
H2 helix 0.86 0.87 0.87 0.84 0.86 0.83 0.90 0.91 0.91 0.85
L2 loop (hinge) 0.52 0.53 0.63 0.63 0.84 0.86 0.85 0.87 0.82 0.58
H3 helix 0.85 0.84 0.82 0.77 0.84 0.95 0.91 0.87 0.88 0.84
L3 loop 0.85 0.87 0.84 0.57 0.78 0.90 0.82 0.75 0.82 0.88
H4 helix 0.86 0.88 0.87 0.91 0.87 0.90 0.93 0.92 0.95 0.95
EF 1 hand[a] 0.83 0.83 0.81 0.66 0.83 0.83 0.87 0.79 0.92 0.92
EF 2 hand[b] 0.84 0.94 0.85 0.60 0.78 0.87 0.90 0.81 0.95 0.89

[a] Ca2 +-binding residues: S20, E23, D25, K28 and E33 [b] Ca2+-binding residues: D63, N65, D67, E69, and E74.
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ously), and can also be predicted on the basis of chemical shift
values. S2 values obtained by these two NMR-based methods

for Ca2 +-bound S100A4dC are in Figure 5 A. Discrepancies are
evident in H1, as the values are distinct for residues represent-

ing slow conformational changes, thus suggesting that the
prediction approach cannot detect this property; differences

were also observed in the mobile regions. Analyzing the
changes in the NMR-based S2 values (Tables 1, S4 and S5) for
the Ca2 +-coordinating residues of the two EF-hands in free

and MPT-bound S100A4dC, we observed that the data were
similar for the EF1-hand in chain A, whereas S2 values in
chain B were lower (correlating with increased mobility). For
the EF2-hand an increase in S2 in chain A was observed, thus

indicating increased rigidity; almost no variation was detected
in chain B (Figure S3 C).

These findings correlate with the changes in B-factors for

PDB structures 3CGA and 3ZWH by the approach of Liriano
et al.[37] For each residue the B factors for all atoms were aver-

aged, and the resulting (specific) values of all amino acid resi-
dues were further averaged. Finally, the difference between

the specific and global average values was plotted against resi-
due number. The analysis showed that the EF1-hand of chain B

is more flexible in the complex, whereas this mobility increase

is only partial in the EF2-hand (Figure 6). On the other hand,
the EF2-hand of chain A is more rigid in the complex, and

there are only slight changes in the EF1-hand. These results
are consistent with conclusions obtained from NMR dynamics,

and the presented comparisons indicate that both methods
detect variations in the dynamic features of Ca2 +-binding resi-

dues, with a clear distinction between EF1- and EF2-hand

properties. This finding certainly contributes to an explanation
for the high Ca2 + affinity of MPT-bound S100A4. The higher

Ca2 + affinity of the S100B:TRTK complex (even though only
fivefold,[37] compared to 10 000-fold[26] for S100A4:NMIIA) corre-

lates with the decrease in the rigidity of the EF2-hand. In our
case, a similar mobility decrease in the Ca2 +-binding residues

in the EF2-hand of chain A was observed; moreover, there are
contributions from other detected dynamic features, such as

the disappearance of slow motions in the dimer interface (rep-
resented by Rex). Even though the changes in dynamics were

not dramatic, these multi-level allosteric effects were the only
observed differences in the properties of the complex com-

pared to peptide-free protein to account for the elevated Ca2 +

affinity.

Preformed a-helix in MPT can be important in the mecha-
nism of complex formation between S100A4 and NMIIA

Two main mechanisms have been proposed for the folding of

intrinsically disordered protein segments upon binding to a
folded partner protein: 1) the conformational selection model,
and 2) the induced-folding model.[64–66] Our results indicate

that during complex formation between S100A4 and MPT, the
first mechanism is more probable, as the inherent helicity of

the MPT central region is perfectly accommodated in the
S100A4 site formed by H3 and H4, prone to bind an a-helical

target of up to 16 residues.[14, 27, 43] Note that this helix is part of

the C-terminal coiled-coil of NMII tail, therefore it should be
“unzipped” to be available for S100A4 binding. The preformed

helix observed in MPT could mean that the coiled-coil helix
does not completely unfold during unzipping of the dimer

NMII tail, thus decreasing the entropic cost of complex forma-
tion and contributing to the extremely high affinity of the

complex (Kd&0.1 nm).[27] Comparing S100A4 binding to NMII
isoforms, we recently showed that the major determinant of

isoform-specific complex formation is A1907. In both NMIIA

and NMIIC, this residue is at the N-terminal end of the region
containing the nascent helix found in our present NMR studies,

a helix that forms a central modular element in the allosteric
interacting network of complex formation.[67]

Increased Ca2 ++ affinity of S100A4:NMIIA complex is induced
by dynamics rather than structural changes

It is well known that for many EF-hand proteins, Ca2 + binding

affinity is low unless bound to the biological target.[37, 68] The
Ca2 + affinity for most S100 proteins is in the micromolar range,
whereas in the presence of the interaction partner (TRTK-12
for S100B,[37] RyR for S100A1),[40] this value can increase up to

300-fold. In the case of S100A4, binding to NMIIA is accompa-
nied by an increase of at least four orders of magnitudes in
Ca2 + affinity (the microscopic Kd values for the EF2-hand are

5 mm and 0.5 nm, for apo and peptide-bound S100A4, respec-
tively).[26] The reasons and factors influencing the increased

Ca2 + affinity can be explained by three possible model mecha-
nisms.[37]

In model 1 (the most straightforward), discrete structural

changes have the effect of changing from a weaker Ca2+ co-
ordination geometry to a more optimal one. Our structural

observations based on the chemical shifts showed no change
for either EF-hand, and this was reinforced by the very similar

average order parameter values for L1 and L3 (Table 1). More-
over, the X-ray structures show no detectable changes in the

Figure 6. Normalized B-factors calculated according to Liriano et al.[37] for
X-ray structures: A) S100A4 (PDB ID: 3CGA);[12] * and *: chains A and B,
respectively; B) S100A4:MPT (PDB ID: 3ZWH);[25] * and *: chains A and B,
respectively. EF1- and EF2-hands are boxed.
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Ca2 +-coordination sphere (Figure S5). In the case of S100B, no
structural changes were detected either; however, dynamic

motions in the EF2-hand Ca2+-coordinating residues were sta-
bilized upon TRTK-12 binding.

Model 2 is based on a pre-equilibrium between closed (prior
to Ca2 + binding) and open (Ca2 +-bound) states. Earlier studies
showed no evidence of MPT binding in the absence of Ca2+ .[10]

Backbone dynamics studies conducted on murine apo-
S100A4[30] showed slow conformational motions characterized

by Rex values in several parts of the EF1-hand region but barely
in the EF2-hand (also in L2 and at the C terminus, which is
missing in our deletion mutant). Upon Ca2 + binding, both H4
and L2 were affected. The dynamics of the Ca2 +-bound pro-

tein, however, did not exhibit any slow motion at the Ca2 +-co-
ordination sites. This implies that the pre-equilibrium model is

unlikely to apply in this case either. Our results for S100A4dC

showed no Rex values in the Ca2 + binding positions; they were
mostly in H1. These results indicate that there is no chemical

exchange between the open and close states for the Ca2 +

-bound protein prior to target binding.

Model 3 (“target binding and functional folding”)[1, 37] is
based on pre-equilibrium conformational averaging between

Ca2 + binding states with different affinities in the absence of

the peptide target. This is a conformational selection-type
mechanism: induced-fit transition from a closed (apo) to an

open (Ca2 +-bound) state, where binding of the interaction
partner shifts the open state towards higher-affinity Ca2 +-bind-

ing substates with attenuated dynamic features throughout
the protein. Even though our analysis did not conclude slow-

timescale motions in the EF hands, the slow conformational

motion of H1 disappeared in the MPT-bound form, the H2 con-
tent slightly decreased, the H4 content slightly increased, and

the structure loosened for L2; finally, target binding made the
whole backbone slightly more rigid (as evidenced by the de-

crease in conformational entropy). Therefore we conclude this
model is the best suited to explain the observed changes in

dynamics.

Changes in dynamics of H1 can contribute to increased
dimer stability of the complex

Based on the SSP scores, the major secondary-structure ele-
ments of S100A4 were conserved upon MPT binding. The

changes mostly affected H2, the structure of which loosened

significantly, and a small extension of H4 was detected. The
most pronounced chemical shift variations were concentrated

at the binding region, as expected, but interestingly, residues
at the inward-facing part of H1 also showed significant varia-

tion. As H1 is not directly involved in peptide binding, pertur-
bations in the environment are a consequence of allosteric

conformational variations when the peptide ligand binds. This

particular behavior of H1 is supported by the dynamic meas-
urements, as slow conformational motions were found in free

S100A4dC but not in the complex. A plausible explanation
based on relaxation data is that the complex is characterized

by a more-rigid structure, thereby causing loss of conforma-
tional exchange. Significant changes in chemical shifts were

detected in this region as well. Our analysis shows that com-
plex formation affects not only the binding site of S100A4 but

also other structural elements (specifically, H1 in the X-type
four-helix bundle subunit interface), by an allosteric mecha-

nism. Changes in the dynamic properties of H1 might be asso-
ciated with a change in S100A4 dimer stability, which is

thought to be relatively low (Kd = 4 mm).[69] Because Ca2 + bind-
ing promotes dimerization,[69] thermodynamic coupling also re-
quires an increase in dimer stability upon target binding, and

changes in the dynamics of some H1 residues could provide
a mechanism for this allosteric regulation. Alternatively, H1 ri-
gidity together with variations in mobility of the EF-hands
could contribute to the increased stability and the increased
Ca2 + affinity of peptide-bound S100A4. Rex was also detected
in H1 of S100B, and this was eliminated upon target peptide

binding;[37] however, this dynamic change is unlikely to affect

dimer stability, which is very high even in the peptide-free pro-
tein (Kd<1 nm).[70]

Conclusion

We have shown that no significant structural alteration occurs

upon complex formation of Ca2 +-bound S100A4dC with the
NMIIA peptide MPT; therefore, changes in protein dynamics

are concluded to be the only reasons to explain the large in-
crease in Ca2 + affinity in the presence of the interacting part-

ner, and possibly also an increase in dimer stability. These

changes were detected both globally and locally : the back-
bone of S100A4 becomes slightly more ordered and, locally,

the contribution of H1 is significant, as evidenced by the disap-
pearance of slow conformational exchange upon complex for-

mation. This effect is surprising considering that H1 is far from
the peptide-interacting surface. A decrease in the dynamics of

H1 might also contribute to dimer stabilization in the complex.

Ca2 +-binding residues of EF1- and EF2-hands show altered
dynamics in the two identical chains of the homodimer, as

a result of the asymmetric binding of MPT. Increased mobility
of the EF1-hand in chain B and rigidity of the EF2-hand in

chain A was observed.
In summary, the functional sites of this small Ca2+-binding

protein apparently communicate with each other by an alloste-
ric network that operates with multilevel changes in protein

dynamics. We propose that these changes in dynamics contrib-
ute significantly to the conformational adaption that enables
the vertebrate-specific S100A4 to fine-tune protein–protein in-
teractions, similarly to dynamics changes suggested previously
for target recognition in calmodulin.[71, 72]

Our results are in agreement with findings for the S100B
family member. Ca2 +-bound S100B also exhibits dynamics on

multiple timescales, and these are eliminated upon binding of

an interaction partner. The target-bound conformation is more
stable and more rigid, and this contributes to the increase in

Ca2 + affinity. This information is crucial to developing and test-
ing therapeutic inhibitors, which must also mimic the stabiliz-

ing effect of the protein-interaction partners on conformational
dynamics.[73]
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Experimental Section

Protein expression and purification: His-tagged human S100A4
(UniProt accession no. P26447) and the 45-residue NMIIA (UniProt
accession no. P35579) fragment R1893Y–K1937 were expressed
and purified as previously described.[25] The expression of 13C- and/
or 15N-labeled proteins was modified as follows. Escherichia coli
BL21(DE3) cells carrying the plasmid encoding S100A4dC or NMIIA
fragment were grown in lysogeny broth (LB, 1 L) at 37 8C until the
OD600 reached 0.8. The cells were harvested by centrifugation,
washed thoroughly with sterile phosphate-buffered saline solution
(PBS) and resuspended in PBS (1 L) supplemented with 15NH4Cl
(1 g) and/or 13C-glucose (2 g), CaCl2 (0.1 mm), and MgSO4 (2 mm).
After shaking for 30 min at 37 8C, protein expression was induced
with IPTG (0.5 mm) for 4 h at 37 8C.

NMR experiments: Measurements were performed on an Avance
III 700 MHz spectrometer (Bruker) equipped with a z-gradient
5 mm probe-head, an Avance III 900 MHz spectrometer equipped
with a cryoprobe, and an Avance 700 MHz spectrometer with a
TXO cryoprobe, operating at 700.13, 898.56, and 700.06 MHz, re-
spectively (1H), 176.06, 225.94, and 176.03 MHz, respectively (13C),
and 70.94, 91.05, and 70.93 MHz, respectively (15N). The tempera-
ture range for MPT studies was 283–310 K, and temperature was
calibrated by standard glycol and methanol solutions. Typical com-
position of the NMR sample for MPT backbone and side-chain
assignment was: 15N- or 13C-/15N-labeled protein (1 mm), 2-(N-mor-
pholino)ethansulfonic acid (MES) buffer (10 mm, pH 5.4–6.2), NaCl
(20 mm), TCEP (tris-(2-carboxyethyl)phospine hydrochloride;
10 mm), NaN3 (3 mm), and D2O (10 %). For S100A4dC the composi-
tion was similar, but with CaCl2 (10 mm). The MPT:S100A4dC sam-
ples contained unlabeled MPT (2 mm), and 13C-/15N-labeled
S100A4dC (1 mm). All chemical shifts were referenced to the inter-
nal DSS resonance; 13C,15N chemical shifts were referenced indirect-
ly from the corresponding gyromagnetic ratios according to IUPAC
convention.

Sequence-specific assignment of HN, N, C’, Ca, Cb and further side-
chain resonances was done on the basis of HNCA, HN(CO)CA,
HNCACB, (H)CC(CO)NH, HNCO, HSQC-TOCSY, HSQC-NOESY (700
and 900 MHz), BEST-HNCACB (900 MHz), CON, CACO (700 MHz
TXO) measurements. MPT temperature dependence was assessed
from the 1H,15N HSQC spectra. MPT was investigated at 283 K; char-
acterization of S100A4dC and the complex was performed at
300 K. All spectra were processed with TOPSPIN and analyzed in
CARA (ETH Zerich, http://wiki.cara.nmr.ch/)[74] and SPARKY.[75] The
assigned chemical shifts have been deposited in the Biological
Magnetic Resonance Data Bank (entries 25992 (MPT), 25136
(S100A4dC), 25208 (S100A4dC:MPT)).

For dynamics studies, T1, T2, steady-state heteronuclear 1H,15N NOE,
CLEANEX, and relaxation dispersion measurements on
[15N]S100A4dC and unlabeled MPT–[15N]S100A4dC complex were
measured on the Avance III 700 MHz spectrometer with standard
Bruker pulse sequences at 300 K. A typical spectrum was recorded
over 0.005–2.8 s for T1 and 0.017–0.508 s for T2. The longitudinal
(R1) and transverse (R2) relaxation rates were determined by fitting
the crosspeak intensities as a function of the delay to a single-ex-
ponential decay in SPARKY.[75] Heteronuclear NOE values were ob-
tained from the ratio of the peak intensities of saturated and unsa-
turated crosspeaks, and CLEANEX evaluation was done in a similar
manner. Relaxation dispersion spectra were recorded as a series of
14 2 D data sets with B1 field strengths nCPMG in the 25–1000 Hz
range, with repeat experiments at 200 and 800 Hz. A reference

spectrum omitting the CPMG interval was also recorded. Data anal-
ysis was performed with Dynamics center software (Bruker).

Backbone relaxation data were further analyzed by the FAST-Mod-
elfree[53] (Facile Analysis and Statistical Testing for Modelfree), the
automated version of Modelfree 4.2 software.[54, 55]
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