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A B S T R A C T

S100 proteins constitute a large subfamily of the EF-hand superfamily of calcium binding proteins. They possess
one classical EF-hand Ca2+-binding domain and an atypical EF-hand domain. Most of the S100 proteins form
stable symmetric homodimers. An analysis of literature data on S100 proteins showed that their physiological
concentrations could be much lower than dissociation constants of their dimeric forms. It means that just
monomeric forms of these proteins are important for their functioning. In the present work, thermal dena-
turation of apo-S100P protein monitored by intrinsic tyrosine fluorescence has been studied at various protein
concentrations within the region from 0.04–10 μM. A transition from the dimeric to monomeric form results in a
decrease in protein thermal stability shifting the mid-transition temperature from 85 to 75 °C. Monomeric S100P
immobilized on the surface of a sensor chip of a surface plasmon resonance instrument forms calcium dependent
1 to 1 complexes with human interleukin-11 (equilibrium dissociation constant 1.2 nM). In contrast, im-
mobilized interleukin-11 binds two molecules of dimeric S100P with dissociation constants of 32 nM and
288 nM. Since effective dissociation constant of dimeric S100P protein is very low (0.5 μM as evaluated from our
data) the sensitivity of the existing physical methods does not allow carrying out a detailed study of S100P
monomer properties. For this reason, we have used molecular dynamics methods to evaluate structural changes
in S100P upon its transition from the dimeric to monomeric state. 80-ns molecular dynamics simulations of
kinetics of formation of S100P, S100B and S100A11 monomers from the corresponding dimers have been carried
out. It was found that during the transition from the homo-dimer to monomer form, the three S100 monomer
structures undergo the following changes: (1) the helices in the four-helix bundles within each monomer rotate
in order to shield the exposed non-polar residues; (2) almost all lost contacts at the dimer interface are sub-
stituted with equivalent and newly formed interactions inside each monomer, and new stabilizing interactions
are formed; and (3) all monomers recreate functional hydrophobic cores. The results of the present study show
that both dimeric and monomeric forms of S100 proteins can be functional.

1. Introduction

S100 proteins constitute a large subfamily of the superfamily of EF-
hand calcium binding proteins [1,2]. All the proteins within this su-
perfamily have a common structural domain (EF-hand) consisting of a
Ca2+-binding loop flanked by two α-helices [1–3]. S100 proteins are

the smallest members of the EF-hand superfamily and their molecules
consist of only two EF-hand domains. Acidic amino acid residues within
the Ca2+-binding loop provide ligands for Ca2+ binding in a penta-
gonal, bipyramidal fashion. The C-terminal EF-hand of S100 s is cano-
nical and binds calcium with dissociation constant, Kd ≈10 to 50 μM
[1]. The N-terminal EF-loop has two more residues (14 instead of 12) in
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comparison with the canonical EF-hand and many of its ligands for
calcium are backbone carbonyl oxygen atoms rather than oxygens of
side chain Asp or Glu residues as is typically found in the canonical EF-
hand [4]. Most of the S100 proteins form stable symmetric homo-
dimers.

S100 proteins regulate many intracellular and extracellular activ-
ities including protein phosphorylation and enzyme activity, gene
transcription, dynamics of cytoskeleton components, and cell pro-
liferation and differentiation [1,2].

An analysis of literature data on S100 proteins showed that their
physiological concentrations in serum could be much lower than dis-
sociation constants of their dimeric forms (see Table 1S) [40–46]. One
can assume that in some cases, when S100 proteins perform some
functions in extracellular medium, monomeric forms of these proteins
can to be important for their functioning. For this reason, in order to
reveal functional properties of these proteins one should study the
structure and properties of their monomeric states, which is hard to do
because of very low values (sometimes in nanomolar range) of dis-
sociation constants of S100 dimers. Monomeric S100 proteins are
formed at very low protein concentrations (less than 10−8 M) and it
does not allow studying them by most physical and chemical methods.
For this reason in order to study character of conformation changes
induced by dissociation of S100 dimers into monomers one can use
molecular dynamics methods.

For our studies we have chosen one of the members of the S100
family S100P, a 95-amino-acid protein first extracted from placenta
[5,6]. Expression of S100P was found in various cancer cell lines and
there is accumulating evidence that it is overexpressed in a number of
solid tumors. S100P protein seems to play a significant role in the de-
velopment and progression of various cancers [1], [2]. Increased levels
of S100P have been observed in multiple tumor cell lines and breast,
pancreas, lung and ovary carcinomas [7]. A number of microarray and
immunohistochemical studies have shown that S100P transcription and
protein expression correlate with characteristic features of malignant
phenotype in various types of tissues [8].

S100P protein has two Ca2+-binding sites; one with high affinity
(canonical) (Kd 1.6 μM) and the other one with lower affinity (non-
canonical) (Kd 800 μM) [5]. The secondary structure of the S100P
protein is insignificantly affected by the binding of calcium but its
tertiary structure is altered considerably resulting in an exposure of
hydrophobic surfaces [9,10] and this is related to dimer formation [11].
These conformational changes activate the protein and render a con-
formation that is capable of binding other proteins.

S100P exists as a homodimer formed by non-covalent interactions
between large hydrophobic areas of monomers [12]. Koltzscher and
Gerke [13] identified conserved hydrophobic amino acid residues in-
volved in dimerization of S100 P. Using an indirect method, they found
that F15 is crucially important for dimerization since its substitution by
alanine abolishes the dimerization. Our results obtained by a direct
point mutation method showed that this is not true [14]. According to
the data of Koltzscher and Gerke [13], I11, I12, or F89 need to be re-
placed by a less hydrophopic residue in both subunits of S100P for
serious disturbance of the dimerization. Zhang et al. [12] showed that
the association kinetics of S100P dimer is faster in the presence of
calcium than in their absence, whereas its dissociation rate constant is
independent of calcium. Equilibrium dissociation constant values for
S100P dimers are 64 nM and 2.5 μM in the presence and in the absence
of calcium ions, respectively.

In the present work, we studied dissociation of the S100P dimers
into monomers by experimental and molecular dynamics methods and
found that the structure and physical properties of S100P protein in
monomeric and dimeric form are essentially different.

2. Materials and methods

2.1. Materials

ProteOnTM GLH Sensor Chip and Amine Coupling Kit were from
Bio-Rad Laboratories. Biology grade HEPES, ultra-grade H3BO3 and
BioUltra-grade glycine were from Calbiochem, Fluka, and Sigma-
Aldrich Co, respectively. Ultra-pure grade Tris, high pure-grade PMSF
and ultra-pure grade Tricine were purchased from Amresco.
Biotechnology grade DTT was bought from DiaM (Moscow, Russia).
USP grade sodium chloride, molecular mass markers for SDS-PAGE,
were from Helicon (Moscow, Russia). Sephadex G-25 was product of
Pharmacia LKB. Ultra-grade EDTA and EGTA were from Sigma-Aldrich
Co. Other chemicals were reagent grade or higher.

All buffers and other solutions were prepared using ultrapure water
(Millipore Simplicity 185 system). Plastic or quartz ware was used in-
stead of glassware, to avoid contamination of protein samples with
Ca2+. Thermo SnakeSkin dialysis tubing (3.5 kDa MWCO) was used for
dialysis of protein solutions.

2.2. Methods

2.2.1. Expression and purification of recombinant IL-11 and S100P
Recombinant human IL-11 (rWT IL-11) and human S100P were

prepared as previously described [15]. Protein concentrations were
measured spectrophotometrically using molar extinction coefficients at
280 nm calculated according to [16]: 17,990 M−1 cm−1 and 2980
M−1 cm−1, for rWT IL-11 and S100P, respectively.

2.2.2. Preparation of apo-protein
The purification of human S100P samples from calcium ions was

performed using the Sephadex G-25 gel filtration method [17]. A
sample of 4–5mg of lyophilized human S100P was dissolved in 10mM
HEPES-KOH, 20mM EDTA, pH 8.0 and loaded onto 1.0× 20 cm Se-
phadex G-25 column equilibrated with 10mM HEPES-KOH, 20mM
EDTA, pH 8.0. Elution rate was 0.2 ml/min.

2.2.3. Fluorescence measurements
Fluorescence studies were carried out on a Cary Eclipse spectro-

fluorimeter (Varian, Inc.) equipped with a Peltier controlled cell holder.
Quartz cells with pathlength of 10mm were used. All spectra were
corrected for spectral sensitivity of the instrument. Spectrofluorimetric
temperature scans were performed stepwise allowing the sample to
equilibrate at each temperature. The average heating rate was 1 °C/
min. Temperature was monitored inside the cell. Excitation wavelength
was 270 nm. Spectra were recorded from 290 nm to 370 nm. Protein
concentration in fluorescent measurements was from 10 μM to 20 nM.
All manipulations with the protein were carried out only in quartz and
plastic tubes. The prepared protein solutions were kept over 10 h
at+ 4 °C. Before measurements, the protein solution was transferred
into a fluorescent cell and degassed using degassing station (TA
Instruments) for 10min with constant stirring. Mid-temperature of
thermally induced transitions for each protein concentration was de-
termined as the average of the mid-temperature thermal transitions
monitored by fluorescence intensities at 300, 306 and 330 nm. Mid-
temperatures of the thermal transitions for various protein concentra-
tions in the region from 0.04–10 μM were obtained by the method
described by Permyakov, [18,19].

2.2.4. Evaluation of dissociation constant of S100P dimers
The scheme of protein dimerization is:

P ↔ D (I)

where P is monomer and D is dimer. Let S is an experimentally de-
termined parameter proportional to the population of P
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S = αp×Sp + (1 - αp)×SD; αp = [P]/P0 (1)

where αp is a portion of the protein in the monomeric state, SP and SD
are values of S corresponding to the pure P and D forms, respectively, P0
is a total monomer concentration.

Equilibrium dimerization constant:

K = [D]/[P]2 (2)

Then,

[D] = K×[P]2 (3)

Let’s put [D] to the material balance equation:

P0 = [P] + 2[D] (4)

P0 = [P] + 2K×[P]2 (5)

2K×[P]2 + [P] – P0=0 (6)

[P] = [(1+ 8 K×P0)1/2-1]/4 K (7)

If we have an experimental dependence of S on P0 we can evaluate
dissociation constant K fitting the theoretical Eq. (1) to the experi-
mental data by means of variation of the fitting parameters K, SP and
SD.

2.2.5. Scanning calorimetry measurements
The scanning calorimetry studies were carried out on a Nano DSC

microcalorimeter (TA Instruments) at a 1 K/min heating rate and excess
pressure of 4 bar (20mM Glycin-KOH, pH 9.2, 1 mM EGTA buffer for
apo-state of rWT human S100P; 20mM H3BO3-KOH, pH 8.3, 1 mM
CaCl2 buffer for Ca2+-loaded state of rWT human S100P). S100P con-
centrations were 1.5–2mg/ml. The protein specific heat capacity (Cp)
was calculated as described by Privalov and Potekhin [20]. The partial
molar volume of S100P and specific heat capacity of the fully unfolded
protein were estimated according to Hackel et al. [21] and Makhatadze
et al. [22], respectively. The temperature dependence of Cp was ana-
lyzed according to either the cooperative two-state model:

n∙N ↔ n∙D (II)

where N and D denote native and denatured protein states, respectively;
n is a number of molecules involved in the transition (cooperativity of
thermal transition). The experimental data were fitted by theoretical
curves using Microcal OriginPro 8.0 (OriginLab Corporation,
Northampton, MA, USA) software [23]. The heat capacity change ac-
companying transition (ΔCp) was supposed to be independent of tem-
perature. ΔCp, mid-transition temperature (T0), enthalpy of protein
denaturation at temperature T0 (ΔH0), and n for the model [II] were
used as fitting parameters (in some cases n was set to 1).

2.2.6. Surface plasmon resonance studies
Surface plasmon resonance (SPR) measurements were performed at

25 °C using ProteOn™ XPR36 protein interaction array system and
ProteOn GLH sensor chip (Bio-Rad Laboratories, Inc.). Ligand (40 μg/
ml human rWT S100P in 10mM sodium acetate, pH 4.5 buffer) was
immobilized on the chip surface (up to 10,000 resonance units, RUs) by
amine coupling, according to the manufacturer’s instructions. The re-
maining activated amine groups on the chip surface were blocked by
1M ethanolamine solution. In order to obtain immobilized S100P
monomer the sensor chip with the immobilized S100P dimer was
treated by passage of 0.5% SDS water solution for 50 s and then by
10mM sodium acetate, pH 4.5 buffer. Analyte (human rWT IL-11,
69 nM to 553 nM) in running buffer (10mM HEPES, 150mM NaCl,
0.01% TWEEN 20, pH 7,4 buffer with 1mM CaCl2) was flowed over the
chip at 30 μl/min for 350 s, followed by flushing the chip with the
running buffer for 2400 s. The double-referenced SPR sensograms were
globally fitted according to the single site binding scheme (Langmuir):

+ ↔

k
L A LA

k
;

a

d (III)

where ka and kd refer to kinetic association and dissociation constants,
respectively. Constants were evaluated using ProteOn Manager™ v.3.1
software (Bio-Rad Laboratories, Inc.). The sensor chip surface was re-
generated by passage of 0.5% SDS water solution for 50 s.

2.2.7. Molecular dynamics simulations
The A and B chains of the best representative conformer 15 of apo-

S100P from PDB entry 1OZO [24] were taken for the molecular dy-
namics simulations using GROMACS software package, version 4.5.4
[25]. These chains were placed in a cubic box of 5.5 nm length using the
‘editconf’ tool, and solvated with the “SPC” (Simple Point Charge) [26]
water model, using the ‘genbox’ tool. We made all our simulations in
the presence of 0.2 M NaCl. Seventeen Na+ ions and 12 Cl− ions were
added to replace initial SPC waters in all directions, using the ‘genion’
tool. The final system was initially minimized with 500 steps (1 ps)
using the steepest descent algorithm followed by 25,000 steps (50 ps) of
the solvent relaxation at 300 K. Temperature (300 K) and pressure
(1 atm) were controlled with the Berendsen weak coupling algorithm
[27]. Simulation time was 80 ns. Electrostatic interactions were calcu-
lated using the Particle-Mesh-Ewald (PME) algorithm [28], a Fourier
grid spacing of 0.12 nm and fourth order spline interpolation. Co-
ordinates were recorded every picosecond. The final coordinates of the
simulation of monomers and root mean square fluctuations (RMSF)
were analyzed using tools available within the GROMACS package.
Molecular simulations of structural rearrangements in the A and B
chains of the apo-S100B and apo-S100A11 (PDB entries 1CFP (model 1)
[29] and 1NSH (model 1) [30], respectively, have been also carried out.
The cubic box was generated with volume 6.5×6.5× 6.5 nm3 in both
cases. Randomly chosen water molecules were then replaced by the
neutralizing 30 ions of Na+ and 16 ions of Cl− in S100B, and 30 ions of
Na+ and 30 ions of Cl− in S100A11. All other parameters of the si-
mulation protocol were similar to those of S100 P. Interacting surfaces
and atomic contacts were calculated using the Contacts of Structural
Units (CSU) software [31].

3. Results and discussion

Fig. 1 shows temperature dependencies of specific heat capacities of
apo- and Ca2+-bound states for rWT S100P calculated from differential
scanning calorimetry data. The heat sorption peaks correspond to the

Fig. 1. Temperature dependencies of specific heat capacities of apo- and Ca2+-
bound states of rWT S100P calculated from DSC data. Dashed line: apo-rWT
S100P, 20mM Glycin-KOH, 1mM EGTA pH 9.2; 1.98mg/ml. Solid line: Ca2+-
loaded rWT S100P, 20mM H3BO3-KOH, 1mM CaCl2, pH 8.3; 1.54mg/ml.
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thermally induced unfolding transitions in the protein. In the absence of
calcium ions, the peak is located at about 84 °C. The negative peak at
higher temperatures corresponds to strong aggregation processes,
which distort the heat sorption curve. The binding of calcium shifts the
heat sorption peak toward higher temperatures up to 105 °C. The
scanning microcalorimetry method requires the use of rather high
protein concentration: 1.5–2mg/ml in our measurements (72–96 μM).
Taking into consideration very low dissociation constant of S100P di-
mers (nanomolar range) both in apo- and Ca2+-loaded states one can
conclude that in our measurements the protein was in the dimeric state.
At the same time, we would like to study a monomeric state of S100P
protein. For this purpose, we should use more sensitive physical
method, for example, intrinsic fluorescence method. Unfortunately,
S100P protein does not contain tryptophan residues, but contains two
tyrosine residues, fluorescence of which can be used for temperature
unfolding measurements [19].

Fig. 2A shows normalized temperature dependencies of intrinsic
tyrosine fluorescence at 306 nm for two different concentrations of apo-
S100P protein (0.04 and 10 μM). The increase in temperature results in
common smooth thermal quenching of tyrosine fluorescence but a de-
flection from it at elevated temperatures reflects a thermal unfolding
transition in the protein [19]. The decrease in protein concentration
shifts the thermal transition toward lower temperatures. This shift
seems to reflect a dissociation of S100P dimers into monomers. Mid-
temperatures of the thermal transitions for various protein concentra-
tions in the region from 0.04–10 μM were obtained by the method
described in [19,18]. The dependence of mid-temperature of the

thermal transition on logarithm of protein concentration is shown in
Fig. 2B. The figure shows that the transition from the dimeric to
monomeric form of S100P results in a decrease in protein thermal
stability shifting the mid-transition temperature from 85 to 75 °C. An
effective dissociation constant of S100P dimers evaluated from these
data is about 0.5 μM.

We have studied interactions of monomeric form of S100P protein
with recombinant interleukin-11 (IL-11) by surface plasmon resonance
spectroscopy. Interleukin-11 (IL-11) is a multifunctional hematopoietic
cytokine expressed by epithelial cells, fibroblasts and leukocytes
[32–34]. IL-11 and S100P are oncoproteins co-expressed in many types
of cancers [35,8]. Recently we found that interleukin-11 interacts with
S100P in a calcium dependent manner [15]. We revealed that IL-11 and
S100P can form both 1:1 and higher order complexes with two dis-
sociation constants of 32 nM and 288 nM, which were assigned to
monomeric and oligomeric forms of S100P, respectively [15]. In the
present work, S100P protein was immobilized on the surface of a sensor
chip by amine coupling and treated by 0.5% SDS to break dimers. As an
analyte (running in a liquid phase) we used IL-11. It was found that in
the presence of calcium, equilibrium dissociation constant of the com-
plex S100P - IL-11 is about 1.2 nM (Fig. 3, Table 1), which is 30–280
times lower than the constant we measured earlier for dimeric S100P
(32 and 288 nM). Moreover, in contrast to the bimodal interaction
observed when S100P was an analyte, the interaction of IL-11 with the
monomeric S100P can be described by the 1:1 binding scheme, which
shows homogenity of the immobilized sample. These results clearly
show that IL-11 has only one S100P-binding site and the interaction of
monomeric S100P with IL-11 differs from that for oligomeric form. This
result is in a good agreement with our recent study of the interaction of
S100P with human serum albumin. We showed that this interaction is
also calcium-dependent and occurs only with monomeric S100P [36].

Unfortunately, the sensitivity of the existing physical and chemical
methods does not allow a detailed study of S100P monomer properties
at concentrations less than 10−7 M. For this reason, we have used
molecular dynamics methods to evaluate structural changes in S100P
upon its transition from dimeric to monomeric state.

Currently, Protein Data Bank (PDB; www.rcsb.org, [37] contains
two structures of the S100P protein: the NMR structure of the ligand-
free S100P homodimer (PDB code 1OZO [24],) and the crystal structure
of the calcium-bound S100P monomer (PDB code 1J55 [12];). The
homodimer structure of S100P was chosen for the molecular dynamics
analysis. Fig. 4 shows ribbon representation of the S100P homodimer in
solution, containing two symmetric apo-S100P subunits with four-helix
bundles in each of them (conformer 15 in ensemble 1OZO). The two

Fig. 2. a – Temperature dependencies of normalized intrinsic tyrosine fluor-
escence at 306 nm for two different concentrations of apo-S100P protein. b –
The dependence of mid-temperature of thermal transition in S100P protein
upon logarithm of protein concentration. 10mM HEPES-KOH, 1mM EDTA, pH
7.3. Excitation wavelength was 270 nm.

Fig. 3. Kinetics of the interaction of rWT S100P with IL-11 at 25 °C, monitored
by SPR spectroscopy (immobilization of S100P on the sensor chip surface by
amine coupling). 10mM HEPES, 150mM NaCl, 0.05% TWEEN 20, pH 7.4
buffer with 1mM CaCl2. Blue curves are experimental, while black curves are
theoretical, calculated according to the single site binding scheme (1) (see
Table 1 for the fitting parameters).
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monomers interact with each other in an antiparallel manner with the
creation of a “mixed” four helices bundle, constructed from helices I
and IV from chain A, and helices I’ and IV’ from chain B at the interface.
The four helices bundle at the homodimer interface is stabilized by
three main inter-domain clusters consisting of mostly non-polar re-
sidues: a cluster between antiparallel helices I and I’; a cluster between
antiparallel helices IV and IV’; and a large cluster between the I/I’ helix
pair positioned across the IV/IV’ helix pair, where helix I interacts with
helix IV’ and, at the same time, helix I’ interacts with helix IV. Other
additional inter-domain contacts within the homo-dimer include in-
teractions between the positively charged amino terminus of helix I and
the negatively-charged carboxylic terminus of helix II’, and symme-
trically, between the positively charged amino terminus of helix I’ and
the negatively charged carboxylic terminus of helix II. Separation of the
homodimer into two monomers removes all inter-domain interactions
between helices at the dimer interface and leaves all non-polar surfaces
of separated helices exposed to the solvent.

The separated S100 monomers are able to exist as globular proteins,
if they readjust their conformation to shield hydrophobic surfaces from
the solvent and to substitute the lost contacts by new ones. In order to
study changes in the conformation of monomers after the separation,

we carried out 80-ns kinetic simulations of structural changes for the
two apo-S100P monomers in solution. All molecular dynamics simu-
lations were carried out using GROMACS software package [25]. Fig. 5
shows a superposition of the coordinates of the apo-S100P monomer (A
chain) before and after the 80-ns simulation. The simulation shows that,
indeed, the four helices bundles within each monomer do change their
conformations in order to shield the exposed non-polar residues from
the solvent. The most noticeable change in the monomer structure is the
change in the orientation of helix I/I’ with respect to the rest of the
bundle. In the separated monomer, the position of the helix I is close to
the position of the helix I’ in the dimer structure, thus mimicking in-
teractions between helices I’ and IV at the dimer interface (shown in red
on Fig. 5). In the apo-S100P monomer before simulation, the hydro-
phobic amino acids of the N-terminal portion of the helix I do not in-
teract with the hydrophobic amino acids of the C-terminal part of helix
IV. After the simulation, the interface between the N-terminal half of
helix I and the C-terminal half of helix IV is stabilized by different, but
mostly non-polar interactions involving amino acids Glu5, Met8 and
Ile12 from helix I and Ala79, Thr82 and His86 from helix IV (Fig. 6).
After the simulation, the resulting structure has an additional hydrogen
bond between Glu5 and Ser83, which provides an additional stabili-
zation of the contact interface. Moreover, molecular dynamics calcu-
lations show that after the monomer separation the lost contacts at the
dimer interface are reformed inside each monomer with equivalent new
interactions. Indeed, before simulation, amino acids Glu5, Met8 and
Ile12, which belong to helix I in chain A, interact with Val78, Thr82 and
His86 from helix IV’ (chain B), and Glu5 (helix I, chain A) forms a
hydrogen bond with Ser85 (helix IV’, chain B) (Fig. 7). After the si-
mulation, helix I (chain A) approaches the position of helix I’ (chain B),
and the same amino acids Glu5, Met8 and Ile12 of helix I (chain A)
interact with Ala79, Thr82 and His86 of helix IV (chain A), while Glu5
(helix I, chain A) forms a hydrogen bond with Ser83 (helix IV, chain A)
(Figs. 5 and 6). As a result, all interactions that stabilized the

Table 1
Parameters of the interaction between rWT S100P and IL-11 computed ac-
cording to the single site binding scheme (1) on the base of SPR data (see
Fig. 3).

Analyte
\Parameter

ka, M−1 s−1 kd, s−1 Kd, nM Rmax, RU χ2

Human
rWT
IL11

(7.71 ± 0.06)
× 103

(9.79 ± 0.33)
× 10−6

1.27 ± 0.03 264 4.33

Fig. 4. Ribbon representation of the original NMR structure of the ligand-free
S100P homodimer (PDB code 1OZO; [27]) in solution prior to molecular dy-
namics simulation procedures. The two monomers are shown in red and blue.
Helices are numbered according to the 1OZO file. The “Linker” and “Linker’”
designations show the loops, which join two EF-hand motifs in each of the two
monomers, respectively.

Fig. 5. Structural alignment of the S100P monomers before (blue) and after
(black) the 80 ns molecular dynamics simulation. In order to compare positions
of the helices I and I’ before and after the simulation, position of the helix I’
from the second S100P monomer before the simulation (red) is also shown.
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interdomain interface in the S100P homodimer are reformed in each
separated monomer after the structural rearrangement. Finally, the
molecular dynamics simulation showed that the contact area between
helices I and IV’ of the S100P homo-dimer is 345 Å2 and it coincides
with the area between helices I and IV of the resulting S100P monomer
after the simulation, 387 Å2. It shows that separated S100P monomer in
the solution tries to rearrange its structure to mimic conformational
settings of the four-helix bundle characteristic for its homodimer.

To analyze how far the rearranged simulated S100P monomer de-
viates from the starting structure, we used the GROMACS ‘g_rmsf’ tool.
This tool computes the Root Mean Square Fluctuation (RMSF), i.e.
standard deviation of atomic positions of the multitude of the molecular
dynamics results with respect to the starting conformation Fig. 8 [25].
The RMSF results show that the N-terminal part of helix I and the C-
terminal part of helix IV have maximal flexibility, which is consistent
with the data presented above.

Earlier we showed that all EF-hand calcium-binding domains con-
tain a highly-conserved three-residue aromatic structural motif, which
consists of one amino acid from the C-terminus of helix I and two amino
acids from the N-terminus of helix IV [38]. These conserved amino
acids in S100P are Phe15, Phe71 and Phe74, and the results of the

present study show that they display the lowest flexibility (Figs. 6 and
8), which is in line with our earlier suggestions [38].

Thus, the molecular dynamics simulations show that the separated
S100P monomer can have a compact globular structure. The main
change of the 3D structure of the separated S100P monomer is a rota-
tion of its helix I with respect to helix IV. The axis of such rotation can
go through the conserved aromatic cluster (Phe15, Phe71 and Phe74 in
S100P), which is a universal feature of all EF-hand domains [38]. In the
resulting monomeric structure after the 80-ns simulation, an interface
between helices I and IV contains the same set of interacting hydro-
phobic amino acids as the interface between helices I and IV’ (from two
different monomers) in the original homodimer structure before the
simulation. The results of the simulation for the chain B of the homo-
dimer are the same as for the chain A (data not shown). Similar results
were obtained also for S100B and S100A11 proteins.

For molecular dynamics calculations, we have chosen the structure
of bovine S100B in the calcium-free state (PDB Code: 1CFP; model 1;
chain A [29]. Conformational changes in the separated S100B monomer
during the 80-ns molecular dynamics simulation involve the entire
structure, but similarly to S100P, the most pronounced changes occur in
the relative orientation of helices I and IV. Similarly to S100P, in
S100B, rotation of helix I around helix IV results in changes in the
aromatic cluster, Phe14 (helix I), Phe70 (helix IV) and Phe73 (helix IV),
which was shown to be conserved in all EF-hand calcium-binding do-
mains [38]. Rotation of helices I and IV causes an appearance of a new
non-polar interface, including the aliphatic portion of the side-chain of
Glu2, and the side-chains of Leu3, Val7, Ile11 (all from helix I) and the
side-chains of Val77, Thr81 and Phe87 (all from helix IV). In the S100B
homodimer, the same set of hydrophobic amino acids, Leu3, Val7 and
Ile11, forms the dimer interface and interacts with the equivalent
amino acids, Val77, Thr81 and Phe 87 from helix IV’ (chain B).

Fig. 6. A network of non-polar interactions between Helices I and IV stabilize
the monomer structure of the S100P protein after the 80 ns molecular dynamics
simulation.

Fig. 7. Cluster of interacting non-polar residues between Helices I and IV’
stabilize the apo-S100P homodimer structure before the 80 ns molecular dy-
namics simulation.
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Moreover, an aromatic cluster between helices I and IV’ of the homo-
dimer (Phe14, Phe87 and Phe88) is formed in the S100B monomer
(Phe14, Phe70 and Phe73). Thus, an analysis of the changes, which
occur during the 80-ns molecular dynamics simulation shows formation
of a hydrophobic core of the S100B monomeric protein. The helices I
and IV are rearranged to fully mimic all lost non-polar interactions in
the dimer interface. Moreover, similar to S100P, a new contact is
formed between Glu2 and Phe87.

The contact area between helices I and IV’ of the S100B homodimer
and the area between helices I and IV of the S100B monomer after the
80-ns simulation do also coincide (434 Å2 in the dimer and 421 Å2 in
the monomer, respectively). Similar to S100P, the RMSF calculations
show that after the 80-ns molecular dynamics simulation, the axis of the
conserved hydrophobic cluster Phe14, Phe70 and Phe73 remains im-
mobile, while the rest of helices I and IV change their relative con-
formation. These results are also consistent with the changes in S100P.

We also made similar molecular dynamics calculations for the third
known apo-S100 dimer, S100A11 (PDB code: 1NSH, conformer 1; [30].
Initial conditions and settings for the S100A11 set of calculations were
also similar to those described above for S100P and S100В. Molecular
dynamics calculations during 80 ns time interval showed conforma-
tional rearrangement of helices I and IV identical to those seen in S100P
and S100В. Particularly, in S100A11 we observed convergence of the
two helices following the rotation around the axis going through the
conserved aromatic cluster Phe17, Phe73 and Phe76, with the resulting
formation of a new hydrophobic interface between helices I and IV. The
amino acid content of the hydrophobic interface between helices I and
IV is the same as the one between helices I and IV’ in the apo-S100A11
dimer. However, in S100A11, the size of the interface between helices I
and IV significantly increases as a result of 80-ns simulation: 469 Å2 in
the monomer versus 369 Å2 in the dimer, which suggests a tighter
structure of S100A11 in comparison to those of S100P and S100B.

Molecular dynamics results shown above are in line with the
structural data obtained earlier in the work on oxidative labeling and
mass spectrometry of S100A11 protein at pH 2 [39]. In this work, the
authors showed that at pH 2 the monomer compensates the loss of
intermolecular contacts between helices I and IV by formation of new
intramolecular contacts. Particularly, it was demonstrated that the
hydrophobic amino acids Leu13, Ile14 and Val16 from helix I and
amino acids Leu77 and Ile80 from helix IV are packed against each
other in the structure of acid-denatured monomeric S100A11 [39].
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