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Abstract

The S100 proteins are a family of dimeric calcium binding proteins that function in response to
changing calcium levels. Several S100 binding proteins have been identified however, the exact
biological functions of the S100 proteins are largely unknown as there are several factors which
modulate their functions. To address these issues, the specificity of binding of representative
members of the human S100 proteins to short N-terminal peptides of annexin I (Anl) and annexin |1
(Anll) was investigated under controlled experimental conditions. Anl and Anll have been shown
previously to interact with S100A11 and S100A10, respectively. This provided a unique opportunity
to determine their binding specificity with the other members of the human S100 protein family. It
was found that the Anl binds S100A6 or S100A11 while the Anll binds S100A10 or SI00A11. This
is the first report of the interaction between S100A6 and Anl. The fact that Anl and Anll bind to
selected members of the S100 protein family shows that these interactions are specific and that the
mode of binding is different to that of calmodulin, as it was found not to bind Anl or Anll. From the
analysis of the thermodynamics of interactions the binding seems to be entropically driven. It was
found that both Anl and Anll undergo a coil-to-helix transition upon binding to their respective
binding partners. The observation that there is an overlap in functionality is not surprising due to
considerable sequence homology between S100 protein family members. In fact, the functional
overlap can explain previous failures of S100 knockout constructs to show any detectable changes
in phenotype despite numerous implications of these proteins in important cellular processes.

The S100 protein family has attracted significant interest due to their role in responding to
changing calcium levels in the cell (for review see (1-5)). These proteins have been implicated
to play roles in the regulation of several key cellular processes ranging from cytoskeleton
dynamics to apoptosis (6,7). However, the understanding of the biological role of S100 proteins
is far from comprehensive. In part, this is a result of the possible overlap in their function,
which makes traditional approaches such as gene knockout ineffective.
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The proteins of the S100 family generally exist as homodimers, with two EF-hand calcium
binding motifs per monomer (1). Upon calcium binding, S100 proteins undergo a
conformational change which exposes a region on the surface of the protein which has been
shown to be responsible for binding several target proteins or peptides (1,8). There have been
several reports on identifying proteins which interact with the S100 proteins providing some
insight into their function (for review see (1)). It is generally suggested that the interactions
between S100 proteins and their target proteins are specific due to observations that only certain
members of the S100 protein family were found to interact with specific target proteins.
However, in many cases these observations are based mainly on interactions screened for under
cellular environments which are difficult to define and control. This makes it difficult to
identify additional S100 members which might also interact with the target protein, as only the
interacting partners with the highest affinity will be identified. In addition, there are several
other factors that can modulate the function of the S100 proteins. These include changing
calcium levels in the cells, the presence of other divalent cations, such as zinc and copper,
which have been shown to bind at positions distant from the calcium binding site (for review
see (9)), tissue specific expression of certain members of the S100 family (10) and post-
translational modification of target proteins (8).

For some of the interactions between the S100 proteins and their target proteins, relatively
short peptide regions of the target protein have been found to retain the ability to bind the S100
target protein (for example see (11,12)). Several crystal structures of the S100-peptide
complexes have shown that these peptides all bind in the same region which is generally
exposed upon calcium binding (13-15).

The fact that short peptides retain the ability to bind S100 proteins provides a unique
opportunity to determine whether the S100 proteins can discriminately bind these peptides,
which would allow for further insight into the degree of S100 specificity and thus their
functions. The question of binding specificity is highlighted by the interaction of SI00A10
with an N-terminal peptide of the annexin Il protein (Anll), and the interaction of S100A11
with the N-terminal peptide of the annexin | protein (Anl). It was initially shown that these
binding partners do not show cross-reactivity i.e. SL00A10 binds Anll but not Anl, and
S100A11 binds Anl but not Anll (15). However, in a more recent study (16), it was suggested
that SI00A11 does show cross reactivity as it was shown to interact with Anll. Even though
these interactions might be specific in the case of S1I00A10 and S100A11, could these short
peptides bind to any of the other members of the S100 protein family? To address this question,
sixteen members of the human S100 proteins, which represent a pool of biologically relevant
variants, and calmodulin were screened for binding with Anl and Anll using several
biophysical methods.

Materials and methods

Peptide purification

Annexin | peptide (Anl; amino acid sequence: Ac-AMVSEFLKQAWEFIE) and Annexin Il
peptide (Anll; amino acid sequence: Ac-STVHEILSKLSLEGY), both with their N-termini
acetylated, were synthesized using standard Fmoc chemistry at the Penn State College of
Medicine Macromolecular Core Facility. The Anl and Anll peptide sequences are the same
sequences as those used by Rety et al (14). In addition, a Tyr residue was introduced at the C-
terminus of the Anll peptide to allow for quantification using UV absorbance spectroscopy. It
is not expected that this residue would alter the binding specificity or affinity as it has been
shown that it is the N-terminal region of the peptide which determines binding. In addition, in
the crystal structure of the S100A10-Anll complex, the C-terminal region of the Anll peptide
does not have well defined electron density which suggests that that region of the peptide is
not highly ordered which could also indicate that this region is not important for binding to
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S100A10 (14). The peptides were purified using C18 reverse phase HPLC using a 0-100%
acetonitrile gradient in the presence of 30 mM ammonium acetate pH 5.5 for Anl or in the
presence of 0.065-0.05% TFA for Anll. The fractions containing peptide were subjected to
three cycles of Iyophilization/resuspension in Milli-Q water to remove residual TFA, or
ammonium acetate. The molecular mass of the peptides were confirmed using MALDI-TOF
and were found to be 1,741.2 Daand 1,717.7 Da for Anl and Anll, respectively. The molecular
masses are in excellent agreement with the expected molecular weights of 1,741.0 Da and
1,717.9 Da for Anl and Anll, respectively based on their amino acid compositions and N-
terminal acetylation. Peptide concentrations were determined using the molar extinction
coefficients at 280 nm (2ggnm) Of 5,500 M~ cm™1 and 1,490 M1 cm™1 for Anl and Anll,
respectively.

Analytical equilibrium ultracentrifugation

Analytical equilibrium ultracentrifugation experiments were performed on Anl and Anll to
determine their oligomeric states using a Beckman XLA centrifuge at 4°C at 35,000 rpm in 20
mM Tris, 1 mM Tris (2-Carboxyethyl) phosphine hydrochloride (TCEP), 0.2 mM EDTA, pH
7.5 in the absence or presence of 5 mM calcium. The samples were considered to be at
equilibrium when there was no difference between three consecutive radial distribution scans,
with 6 hours between each scan. The data was fitted using non-linear regression software
(NLREG) to the following equation, which describes the radial distribution of a single species
at equilibrium:

2
W —
Cr=Cryexp| 3 M(1 = Tp)(” = ro?) W)

where C, is the peptide concentration at radius r, Cy, is the concentration of monomeric peptide
at ro, w is the angular velocity, R is the gas constant equal to 8.134 x 107 erg/(mol-K), T is the
temperature in Kelvin, M is the monomer molecular mass, v is the partial specific volume of
the peptide (which is 0.748 cm®/g and 0.745 cm3/g for Anl and Anll, respectively (17)), and
p is the density of the solvent. From the fitted data, the molecular mass of Anl and Anll was
found to be 1.9 + 0.07 kDa and 1.9 + 0.16 kDa, respectively. These molecular masses are
consistent with the ones expected from amino acid composition of monomeric peptides.

Cloning of S100A6, S100A10 and S100A11

S100A6, S100A10 and S100A11 were cloned from Matched cDNA Pairs library (Clontech;
Palo Alto, CA, USA). The oligonucleotides used to PCR amplify the cDNA fragments for both
proteins were based on their cDNA sequences complementary to the 5’ and 3’ ends. The PCR
product for SL00A10 was inserted into the expression vector pGIA, using Sphl and Pstl
restriction endonucleases, and the S100A6 and S100A11 cDNA was inserted into the pVEX
expression vector, using the Ndel and Pstl restriction endonucleases. Both pVEX and pGIA
expression vectors are under the control of the T7 promoter and confer ampicillin resistance.
Mutations on the S100A6 protein that introduce Y73F, Y84S and Y 73F/Y84S substitutions
were made using the QuikChange approach. The DNA sequences were confirmed using an
ABI 3130XL Capillary sequencer.

Protein purification

Sixteen representative members of the human S100 protein family (for S100 nomenclature
used see (18)) - SI00A1, S100A2, S100A3, S100A4, S100A5, S100A7, S100A8, S100A9,
S100A12, S100A13, S100B, S100P, S100Z — as well as calmodulin were expressed and

purified as described (19-21). Protein expression was performed using E. coli BL21 (DE3)
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cells as the protein expression is under the control of a T7 promoter. Cells were grown at 37 °
C in 2xYT media in the presence of 100 ug/ml ampicillin to an optical density at 600 nm of
approximately 1 unit when Isopropyl p-D-1-thiogalactopyranoside was added to a final
concentration of 1 mM to induce protein expression. Protein expression was allowed to
continue for 4 hours at 37 °C and 225 rpm, after which the cells were harvested by centrifugation
at 5000 x g at 4 °C for 40 minutes. The cells were resuspended in 50 mM Tris, 0.2 mM EDTA,
pH 7.5 and stored at —20 °C. After thawing, the cells were lysed using a French pressure cell,
after which 3 mM dithiothreitol (DTT) and 5 mM calcium was added, and the cellular debris
removed by centrifugation at 16 000 x g at 4° C for 45 minutes. The supernatant was loaded
onto a Phenyl-Sepharose column equilibrated with 20 mM Tris, 0.2 MM EDTA, 5 mM calcium,
3mMDTT, pH 7.5 and washed with 15 column volumes of the same buffer to remove unbound
proteins. Proteins were eluted using 20 mM Tris, 3mM DTT, 5 mM EGTA, pH 7.5 buffer and
fractions containing the protein of interest were passed through a G-75 Sephadex column
equilibrated with 20 mM Tris, 0.2 mM EDTA, 5 mM calcium, 3 mM DTT, pH 7.5. For
S100A10, 8 M urea was used for elution instead of EGTA and the fractions containing the
protein of interest were refolded by dialyzing the samples against 20 mM Tris, 3mM DTT,
0.2 mM EDTA, pH 7.5 buffer, after which the protein was passed through a Sephadex G-75
column. The purity of the fractions containing the protein of interest was assessed using SDS-
PAGE. In the cases where the protein of interest was not sufficiently pure, the samples were
further purified using C18 reverse phase HPLC with a 0-100% acetonitrile gradient in the
presence of 0.065—0.05 % TFA and the purity determined using SDS-PAGE. After the proteins
were found to be pure (greater than 95 %), the proteins were dialyzed against double-deionized
water with 0.001 % ammonium hydroxide, lyophilized and stored at —20°C.

Intrinsic Trp fluorescence experiments

Steady state fluorescence experiments were performed using a FluoroMax spectrofluorimeter.
The Anl peptide contains a Trp residue which, based on the crystal structure of the Anl-
S100A11 complex, becomes buried in a hydrophobic region upon binding to SI00A11 (15).
Thus changes in Trp-fluorescence emission intensity and/or emission maximum can be used
to monitor interactions between the Anl and the S100 proteins. The experiments were
performed at a constant temperature, 25°C, which was maintained using a thermostated cell
holder and a circulating water bath. The buffer used was 20 mM Tris, 0.2 mM EDTA, 3 mM
DTT pH 7.5, with 5 mM calcium (CaCl,) or, as a control, in the absence of calcium. The Trp
residue in Anl was selectively excited at 295 nm and the emission monitored from 305-400
nm. The initial concentration of Anl in the fluorescence cell was 2 uM. Small aliquots of
concentrated protein solution, in the assay buffer, were added stepwise. The final concentration
of protein was 10 uM resulting in a final protein to peptide ratio of 5:1 at the end of titration.
For the S100 proteins which contain Trp residues in their sequence (S100A1, S100A3, S100A8,
S100A9 and S100A13) concentrated volumes of Anl was added to 2 uM protein until the ratio
of peptide to protein was 5:1. The titration data was corrected for by subtracting the emission
spectra for protein added to buffer, in the absence of peptide.

The molar extinction coefficients at 280 nm (g2gonm) Used to determine the protein
concentrations are as follows: S100A1 - 8,480 M~1 cm™1; S100A2 - 2,980 M~1 cm~1; S100A3
- 14,440 M1 cm™1; S100A4 - 2,980 M1 cm™1; S100A5 - 4,470 M~1 cm™1; S100A6 - 4,470
M1 cecm™1; S100A7 - 4,470 M1 cm™1; S100A8 - 11,460 M1 cm~1; S100A9 - 6,990 M1
cm~1; S100A10 - 2,980 M1 cm™1; S100A11 - 4,470 M1 ecm™1; S100A12 - 2,980 M1
cm~1: S100A13-6,990 M1 cm~1; S100B - 1,490 M1 cm~1; S100P - 2,980 M~ cm~L; S100Z
-2,980 M~ cm~1and calmodulin - 2,980 M~1 cm™1. These values were calculated as described
in (22).
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Far-UV Circular Dichroism

The far-UV CD spectra (260-200 nm) of free Anl and Anll was measured on a Jasco-715
spectropolarimeter in a 1 mm light path length cuvette. Measurements were done under three
different conditions: buffer A was 20 mM Tris, 3mM DTT, 0.2 mM EDTA pH 7.5; buffer B
was same as buffer A with additional 5 mM calcium, buffer C same as buffer B in the presence
of 30% TFE. Peptide concentrations were 0.017 mg/ml, which corresponds to approximately
30 uM for each peptide. The ellipticity values (®) for the peptides were corrected by subtracting
the corresponding values for buffer only and converted to mean residue ellipticity, [®] using
the following expression:

[@]=0-MR/(10-1-c) (2)

where MR is the mean molecular mass of the amino acids in each peptide (124 Da for Anl and
114 Da for Anll), | is the light path length in centimeters and c is the peptide concentration in
mg/ml. The fraction helicity, fy, was determined as:

[@l - [@].

Ju=
[G], - [0]. 3.

where [@]22; is the experimentally determined ellipticity at 222 nm, [®]¢ is the ellipticity of
the fully coiled state, and [@]y is the ellipticity of the fully helical state. The ellipticity of the
fully coiled state [®]¢ has a temperature dependence described by (23):

[0].=640-45-T (4)

where T is the temperature in degrees Celsius. The ellipticity of the fully helical state, [®]n,
for a protein or peptide consisting of N, residues, has a temperature dependence described by
(23):

2,
[©],=(-40,000+250 - T') - (1 - VS)

r

(5)

To determine whether Anl and Anll form helical structures in the presence of their binding
partners (i.e. SI00A11, S100A10 and S100A6), far-UV CD spectra were measured from 250
nm to 200 nm for 10 uM protein in the presence of 50 uM Anl or 50 uM Anll, in binding buffer
containing 5 mM calcium. The difference spectra, Ogjs, were determined as follows:

®dl'ff:®c0mp - (®pep+®pro/) ®)
where ©comp, Opep and Opt are the ellipticities measured for the protein-peptide complex,

free peptide and free protein, respectively. Using equation (2), @gis was converted to mean
residue ellipticity assuming that the protein binding sites are saturated with bound peptide.

Isothermal titration calorimetry experiments

Isothermal titration calorimetry (ITC) experiments were performed on a VP-ITC instrument

(Microcal Inc. Northampton, MA) as described in (24) and (25). The ITC experiments were

performed in 20 mM Tris, 0.2 MM EDTA, 1 mM TCEP, pH 7.5 without calcium or with 5 mM
calcium. To minimize differences in buffer composition, protein and peptide samples were
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dialyzed simultaneously with three buffer changes at 4°C. For the screening of binding between
Anll and the S100 family members, as well as calmodulin, 2 pL of approximately 0.75 mM
Anll was injected into the sample cell containing approximately 20-25 uM protein. Since the
heat of binding strongly depends on temperature, the experiments were performed at 10°C and
25°C to ensure that the heat of binding can be observed. Heats of peptide dilution were
determined by performing 2 pL peptide injections into buffer and were found to be
insignificant. In cases when large heat effects, indicative of binding events, were observed, the
titration was allowed to continue until saturation was achieved. In cases when no heat effect
was observed, the titration was terminated after 5 injections.

ITC experiments were performed for the protein-peptide binding partners at 5 different
temperatures. Due to limitations of Anl solubility, all titrations performed with Anl were
performed by having the peptide in the cell and the protein in the syringe. Heats of dilution
were less than 1% of the total heat when compared with a protein-peptide titration.

The heat of the reaction, Q, was obtained by integrating the peak after each injection of either
peptide or protein into the cell, using scripts provided by the VP-ITC manufacturer (26). The
heat of the reaction, after each injection, is related to the calorimetric enthalpy of binding
AHca1, and the other thermodynamic parameters in a model dependent way (26). For a
homodimeric system, the two simplest models that were considered are as follows:

Two identical (per dimer) binding sites model—

A a2 4 - [syringe],
n-[cell],

n-lcelll;- AH.q -V,
2

0=

(7.)
where

[syringe], N [ syringe],
n-lcelll, n-K,-|[cell], (8)

A=1+

n=2 is the stoichiometry of the peptide-protein complex, K; is the association constant,
[cell]; is the concentration of solute in the ITC cell with a volume V,, and [syringe]; is the total
concentration of injectant.

Two sequential binding sites model (per dimer)—

AH_q1 - K - [ syringe],~(AHean +AHeap) - K - Ky - [ syringe),”
1+ syringe], - K1 +1+K; - K; - [ syringe],? 9)

where K4 and K are the association constants for binding to sites one and two, and AH¢y1 and
AHcq12 are the calorimetric enthalpies for binding to sites one and two, respectively.

Structure based calculation of ACp

Structure-based calculation of thermodynamic parameters frequently allows validation of
structural models (27). These calculations are usually based on changes in accessible surface
area, ASA. To determine the total change in accessible surface upon binding (AASAqt), the
ASA of protein in the absence of peptide (ASAgim - pep), and the ASA of unfolded peptide
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(ASAunt pep) Were subtracted from the ASA of the protein in complex with the peptide
(ASAdim + pep)-

AASA[O[ :ASA(li|n+pep - (ASAdiln—pep+ASAu11f pcp) (10.)

The changes in AASA were subdivided into aliphatic surface area, aromatic surface area,
peptide backbone surface area and polar surface area (28). The AASAq: Was then converted
into AC,, using the following relation (28):

ACp=2.14 - AASAp+1.55 - AASAym — 1.81 - AASApy — 0.88 - AASA (1)

where AASAyp, AASAarm, AASApol and AASAyy, are the changes in ASA for aliphatic amino
acids, aromatic amino acids, polar amino acids and the polypeptide backbone, respectively.

Results and discussion

Specificity of Anl or Anll binding to S100 family members and calmodulin

The Anl peptide, corresponding to the N-terminal sequence of annexin I, has been shown to
bind with relatively high affinity to S100A11 (16,29). Similarly, the Anll peptide, which
corresponds to the N-terminal sequence of annexin I, was shown to bind S100A10 (15). The
same group has also suggested that the interactions of Anl with SI00A11 and Anll with
S100A10 are specific (14). This conclusion was based on the observations that in their
experiments no cross-reactivity (i.e. of Anl with S100A10 and Anll with S100A11) was
observed. However, a more recent report suggests that S100A11 does indeed interact with Anll
(16). In this work, the binding specificity of the Anl and Anll peptides to sixteen members of
the S100 protein family (S100A1-S100A13, S100B, S100P, S100Z) and calmodulin was
investigated using intrinsic Trp fluorescence and/or isothermal titration calorimetry (ITC).
Calmodulin has been included as a control for several reasons. It is a member of a member of
the EF-hand family and has four EF-hand motifs (30). It interacts with a rather diverse set of
peptide sequences in a Ca?*-dependent manner (27,31). Upon binding to calmodulin, peptides
adopt a helical conformation (2,27,31). It is known that at least one peptide, melittin, has the
ability to bind both S100P (25) and calmodulin (27) however, these interactions seem to have
little biological relevance. All these properties make calmodulin a relevant control in the
context of the present study addressing the issues of binding specificity of Anl and Anll
peptides.

The fluorescence emission properties of tryptophan residues are a sensitive probe because they
change depending to the polarity of the local environment. Trp residues which are highly
exposed to polar environments (e.g. aqueous solution) have emission maxima in the range of
350 to 360 nm, whereas Trp residues in hydrophobic environments have emission maxima
ranging between 330 to 345 nm (32). Figure 1A shows the fluorescence properties of the free
Anl peptide in solution and of the Anl peptide in the presence of Ca2*-S100A11. It can be seen
that the fluorescence emission maximum wavelength shifts from approximately 359 nm for
free Anl to 350 nm in the presence of Ca?*-S100A11. The shift in emission maximum is also
accompanied by a large increase in emission intensity suggesting that the environment of Trp
residue on Anl becomes more hydrophobic. This observation is consistent with the crystal
structure of the Anl-Ca%*-S100A11 complex which shows that the Trp residue in Anl becomes
buried in a hydrophobic environment upon binding (15). In the absence of calcium, there is
very little change in the emission spectra, which is expected, as the SL00A11-Anl interaction
has been shown to be calcium dependent (29). The dissociation constant, Ky, for the binding
of Anl to Ca2*-S100A11, determined using Trp fluorescence, was found to be 5 uM (see Figure
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2A) which is consistent with previous estimates (16). In addition, the Ky for the interaction of
Ca%*-S100A11 and Anl measured using Trp fluorescence is in excellent agreement with the
Kg measured using ITC (see below), which validates the dual-method approach for detecting
binding and determining the binding affinity.

Trp fluorescence was used to screen for binding of Anl to all sixteen S100 protein family
members and calmodulin (see Table S1 in Supplementary Materials for a summary of the
results). Addition of any other S100 proteins or calmodulin to Anl did not show changes in
Trp fluorescence (i.e. emission maximum or emission intensity). Surprisingly, the only
exception was found to be Ca?*-S100A6. Figure 1B shows that Anl undergoes a large blue
shift in its emission maximum wavelength, from approximately 359 nm to 352 nm, upon
addition of Ca2*-S100A6. The shift in emission maximum is also accompanied by a large
increase in emission intensity. No changes in Trp-fluorescence of the Anl peptide, in the
presence of SI00AG6, are observed if calcium is omitted from the binding buffer. Thus, addition
of Ca2*-S100A6 shows similar changes of Trp fluorescence of Anl as the addition of Ca?*-
S100A11, suggesting that Anl also binds to the Ca?*-S100A6 protein in a calcium-dependent
manner. Interactions of Anl with the S100A6 protein have not been observed to date. Analysis
of the titration profile (Figure 2B) yields a dissociation constant, K, for this interaction to be
on the order of 17+4 uM which is three-fold lower than the Ky for Anl binding to S100A11, 5
+1 uM.

The Anll peptide sequence does not contain any Trp-residues, but only one Tyr residue. The
fluorescence properties of Tyr are not as sensitive to its environment as is Trp. In addition,
S100 proteins contain Tyr residues in their sequence, which also prevents the use of Tyr
fluorescence spectroscopy for binding assays. As a result, the binding specificity of Anll to all
the members of the S100 protein family was determined using ITC, a method of choice for
characterizing the thermodynamics of macromolecular interactions. A summary of the binding
interactions of sixteen S100 proteins and calmodulin with Anll as determined by ITC are shown
in Table S1. It can be seen that Anll binds SI00A10, which has been observed previously
(14,33). Moreover, the binding is independent of calcium, which is also consistent with
previous findings that ST00A10 does not have the ability to bind calcium and is locked in the
ligand binding conformation (14).

Interestingly, in addition to binding S100A10, Anll is also found to bind Ca2*-S100A11 and
this binding to S100A11 is also modulated by calcium. The interaction between Ca2*-S100A11
and Anll was initially shown not to occur (15). Recently, however, Rintala-Dempsey et al
(16) using NMR spectroscopy have shown that Anll can interact with Ca2*-S100A11. A
possible reason for the conflicting reports pertaining to the interaction between S100A11 and
Anll is that Réty et al (15) labeled Anll with Prodan, a fluorescent tag, which could have
sterically hinder binding. In our work, and in the report by Rintala-Dempsey et al (16), the
Anll peptide was not modified by the addition of any extrinsic fluorescent probe.

In summary, Anl and Anll peptides were screened for interactions with sixteen members of
S100 protein family and calmodulin. Neither peptide was found to bind to calmodulin,
suggesting differences in specificity between the calmodulin and the S100 protein family. Anl
has been found to bind Ca2*-S100A6 and Ca2*-S100A11, and Anll has been found to bind
S100A10 and Ca?*-S100A11. The observation that Anl and Anll each have a unique binding
partner, i.e. S100A6 binding to Anl, or S100A10 binding to Anll, and share acommon binding
partner i.e. S1I00A11 binds both Anl and Anll, is quite remarkable. To gain a better
understanding of these interactions, the binding between S100A11, S100A10, S100A6 and the
Anl and Anll were further characterized using far-UV CD and isothermal titration calorimetry.
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Anl and Anll undergo coil-to-helix transition upon binding

Far-UV circular dichroism (CD; 250 nm to 190 nm) has been widely used to characterize the
secondary structural content of proteins and peptides. A protein, or peptide, with high content
of helical structure would have a CD spectrum with characteristic minima at 222 nm and 208
nm, whereas a spectrum corresponding to a 3-sheet, has a minimum at approximately 215 nm
(34). Unstructured polypeptides tend to have far-UV CD spectra lacking the aforementioned
features. Far-UV CD spectra of free Anl and Anll were measured in the absence and presence
of calcium to determine whether they are structured and whether the presence of calcium has
an effect on their secondary structure (data not shown). The helical propensities of the Anl and
Anll peptides according to AGADIR (35) are expected to be relatively low, less than 2%.
Indeed, the experimentally measured far-UV CD spectra of Anl and Anll do not show the
characteristic minima for either a-helices or B-sheets. Thus it can be concluded that Anl and
Anll are both devoid of regular secondary structure in solution. To determine the potential for
helix formation by Anl and Anll, trifluoroethanol (TFE) was added to each peptide up to a
final concentration of 60 %, in the presence and absence of calcium. It is well known that TFE
promotes helix formation for peptides which are devoid of regular secondary structure (36).
In the presence of TFE both Anl and Anll have far-UV CD spectra characteristic of helices,
which are similar irrespective of whether calcium is present or not (see Figure 4). Taken
together, these results show that even though the intrinsic helical propensities of Anl and AnllI
in aqueous solution are low, they can form helices in the presence of TFE.

It is well established that Anl and Anll adopt helical conformations when bound to Ca?*-
S100A11 and S100A10, respectively (Protein Data Bank codes 1QLS (15) and 1BT6(14)). It
is however not known whether Anl and Anll undergo the same conformational change upon
binding to Ca2*-S100A6 and Ca?*-S100A11, respectively. For this reason the far-UV CD
spectra of peptides in the presence corresponding S100 proteins (i.e. Anl in the presence of
Ca?*-S100A6 and Ca?*-S100A11 and Anll in the presence of SI00A10 and Ca?*-S100A11)
were determined. Figure 4 shows the difference far-UV CD spectra for all the binding partners.

It can be observed that in most cases the peptides form helices upon binding to their respective
binding partners. A noted lower elipticity is observed for the far-UV CD spectrum for Anl
binding to Ca?*-S100A6. There are two possible explanations for this. First, it is possible that
upon binding to SI00A6 Anl does not form as extensive a helix as it does when it binds to
S100A11, and second, the unusual far-UV CD spectrum could be due to the contribution of
aromatic side chains to the measured CD spectrum. Chakrabarty et al (37) have shown that
aromatic amino acids, Tyr and Trp, have opposite effects on far-UV CD spectra of peptides.
They have shown that the difference spectrum for a peptide containing a Tyr residue has a
positive Cotton effect (i.e. leading to an apparent decrease in helical content) whereas a Trp
containing peptide has a negative cotton effect (i.e. leading to an overestimate in helical
content). The fact that both Anl and Anll have the same difference spectra when binding
Ca?*-S100A11, with fractional helicities of 0.59 and 0.57 respectively, supports the argument
that it is the environment on the binding surface of Ca?*-S100A6 which could be responsible
for the observation made with the Anl and the S100A6 complex. Based on the sequence
comparison of S100A11 and S100A6 (Figure 3) there are two additional Tyr residues in the
sequence of S100A6 (at positions 73 and 84) that are Phe and Cys respectively, in SI00A11.
It is possible that upon peptide binding, the environments of the Tyr residues change leading
to a positive Cotton effect which could decrease the overall far-UV CD spectrum.
Consequently, this could mask the characteristic helical far-UV CD spectrum for the bound
peptide. To test this hypothesis, Tyr73 and Tyr84 in S100A6 were substituted with Phe and
Ser, respectively. The Tyr84 was substituted with Ser and not Cys, as found in S100A11, so
as to avoid possible disulfide bond formation. It appears that Y73F contributes to the apparent
lower intensity of far-UV CD. This can be seen from the comparison of far-UV CD spectrum
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of Anl upon binding to the wild type, Y73F, Y84S or Y73F/Y 84S variants of S100A6. Indeed,
the difference spectrum for the Y84S variant has a similar spectrum to that of the wild type,
while the difference spectra for Y73F and Y73F/Y 84S are similar to that of the difference far-
UV CD spectrum of Anl upon binding to S100A11 or Anl in 60% TFE. Importantly, the
substitutions do not have a significant effect on the binding affinity (data not shown). These
results support the notion that both Anl and Anll peptides undergo a coil-to-helix transition
upon binding to Ca?*-S100A6 and Ca2*-S100A11 or S100A10 and Ca2*-S100A11,
respectively.

Thermodynamics of peptide binding

From the Trp fluorescence and ITC screening results, as well as the far-UV CD results, it has
been shown that Ca?*-S100A6 and Ca?*-S100A11 bind Anl, whereas SI00A10 and Ca?*-
S100A11 bind Anll. The thermodynamics of these interactions were further characterized in
detail by performing ITC experiments at different temperatures. ITC, in many cases, is the
method of choice for measuring the thermodynamics of protein-protein interactions. It
simultaneously provides the estimates for binding constant (and thus Gibbs energy of binding),
the enthalpy of binding and the stoichiometry of binding. A drawback of ITC, however, is that
the analysis of data is model-dependent.

Figure 5A shows an example of an ITC experiment where Ca2*-S100A11 was titrated into
Anl. The ITC titration data was best fit to a simplest model, two identical non-interacting
binding sites per dimer of Ca2*-S100A11 described by equation 7. This model is essentially
equivalent to a model with one peptide binding site per Ca2*-S100A11 monomer (see Table 1
for a summary of the thermodynamic data). The K4 per binding site for the interaction of
Ca?*-S100A11 with Anl was found to be 52 uM which is in excellent agreement with the 5
+1 uM Ky determined using Trp fluorescence. ITC experiments were performed for the
temperature range from 15°C to 35°C. Figure 6 shows the dependence of the enthalpy of
binding, AHcg;, on temperature. The enthalpy of binding of Anl to Ca2*-S100A11 is always
negative and decreases with an increase in temperature from —4 kJ/mol at 15°C to —30 kJ/mol
at 35°C. At the same time the equilibrium dissociation constant does not depend significantly
on temperature (see Table S2 in Supplementary Materials), leading to a weak temperature
dependence of the free energy of binding, AG=—RTIn(K4)=30 kJ/mol, per binding site. This
suggests that the binding of Anl to Ca2*-S100A11 is entropically driven.

The binding of Anl to Ca?*-S100A6 is a novel interaction, which was identified by us using
Trp fluorescence and was further confirmed using ITC. Figure 5B shows an example of an ITC
experiment where Ca2*-S100A6 was titrated into Anl. The data was best fit to a model with
two identical non-interacting binding sites per dimer of Ca2*-S100A6 described by equation
7. The K4 for the interaction was found to be 13+4 uM (see Table 1 for a summary of the
thermodynamic parameters). This compares well with the 17+4 uM Ky for Anl binding to
Ca?*-S100A6 determined using Trp fluorescence to monitor the binding (Figure 2B). It is also
comparable to the K4 of 5+1 uM for Anl binding to Ca?*-S100A11 determined from Trp-
fluorescence titration experiments (Figure 2A) and ITC (Figure 5). The similarity in the binding
thermodynamics of the Anl peptide to Ca?*-S100A11 and Ca?*-S100A6 extends beyond the
similarities of Kg. Figure 6 compares the enthalpies of binding of Anl to Ca?*-S100A11 and
Ca?*-S100A6 at different temperatures. The enthalpies of binding are either negative or
positive but small relative to the free energy of binding AG=—RTIn(K4)=26 or 30 kJ/mol, per
binding site, for Anl binding to Ca2*-S100A11 or Ca%*-S100A6, respectively. This suggests
that binding of Anl to both these proteins is entropically driven. The other remarkable similarity
for thermodynamics of binding for Anl to Ca2*-S100A11 and Ca2*-S100A6 is that both have
similar slopes for AH¢5 dependencies on temperature, —1.3+0.2 kJ/(mol-K) and —1.1+0.2 kJ/
(mol-K), respectively. The slope of the AH dependence on temperature represents the heat
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capacity changes upon binding, AC,. The values of AC, for protein-protein interactions can
be calculated from the structural information on the interacting proteins before and after
complex formation (see Materials and Methods for details). Using the structure of Anl in
complex with Ca2*-S100A11, solved by x-ray crystallography (15), and the approach
described in the Material and Methods (see equations 10-11) the changes in AC,, for Anl
binding to Ca2*-S100A11 is predicted to be —1.5+0.3 kJ/(mol-K) which is in a very good
agreement with the experimentally measured values (see Table 1).

There are currently no structures available for the Anl peptide bound to Ca2*-S100A6 as this
is the first description of this interaction. There is however ample evidence that this complex
is probably structurally similar to the Anl/Ca2*-S100A11 complex (15). Consequently, the
structure of the complex was modeled by threading the S100A6 sequence into the structure of
S100A11 or threading the sequence of Anl into the structure of Ca2*-S100A6 complex with
another unrelated peptide (38). It was found that the experimentally determined AC (—1.1+0.2
kJ/mol K) and the expected AC,, (~1.6+0.5 kJ/mol K) are in relatively good agreement taking
into consideration that the Anl/Ca2*-S100A6 complex is a homology model. This
correspondence of the calculated and experimental values of AC,, for Anl-binding to Ca?*-
S100A6, together with the CD data (see Figure 4), provides strong support for the similarity
of the binding mode of Anl to these two distinctive proteins, SL00A6 and S100A11.

Figure 5C shows representative ITC profile for the titration of Anll into SI00A10. The binding
isotherm cannot be fit to the simplest model (two identical noninteracting binding sites per
dimer of S100A10) represented by the equation 7 because of its clear biphasic shape. Since
ITC data analysis is model dependent and should therefore follow the principle of Occam’s
Razor, the next simplest model could be one that has two non-identical non-interacting binding
sites. However, this model cannot hold true due to the symmetry of the SI00A10 homodimer.
Thus the binding isotherm was fitted to a model that assumes two sequential binding sites per
S100A10 dimer. The fit to this model is very good not only at 15°C (shown in Figure 5B) but
at all other temperatures and solvent conditions (data not shown). The dissociation constants
from the fit are summarized in Table 1. The implication of this model is that one of the two
sites of the SI00A10 homodimer must be occupied before the other. Such an order of binding
events is possibly due to the fact that there are several interactions made with the peptide from
both subunits of the homodimer. The interactions formed upon binding the first peptide are
transduced through a slight adjustment of the dimer interface onto the other subunit of the
S100A10 homodimer, resulting in enhanced binding at the second binding site.

Figure 6 shows the AH¢gyt01, the total enthalpy from both binding sites, plot versus temperature.
It is remarkable that the enthalpy is large and negative for the entire range of temperatures,
again suggesting that Anll binding to SI00A10 is entropically driven. This entropically driven
binding of Anll to S100A10 is similar to the entropically driven binding of Anl to Ca2*-S100A6
and Ca2*-S100A11, however in these latter two cases the binding is modulated by calcium
ions. SI00A10 is an exception among all other S100 proteins in that it does not bind calcium
or any other divalent ions (14). It has been suggested that ST00A10 is “locked” in the ligand-
binding-competent state. Consequently, it is expected that the binding of Anll to SI00A10
should be independent of calcium as ST00A10 does not have the ability to bind calcium. Indeed,
the ITC experiments for binding of Anll to SI00A10 performed in the presence of calcium are
very similar to the data obtained in the absence of calcium (see Figure 6), suggesting that the
entropically driven peptide binding to these S100 proteins is not related to calcium binding.

The temperature dependence of the enthalpy of Anll binding to SI00A10 is very similar to the
AC, observed previously for the peptide melittin binding to Ca2*-S100P (25). For the latter
system, the AC,, was estimated to be —2.5+0.5 kJ/(mol-K) which compares well with the
AC, of —2.4+0.3 kJ/(mol-K) for Anll binding to S100A10. Interestingly, in both cases, the
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values for AC, predicted from structure based calculations according to the equations (11) gave
similar albeit lower estimates (—1.7 kJ/(mol-K)) than the experimentally measured AC, (Figure
6).

Even though it was initially shown that Ca2*-S100A11 and Anll do not interact (14), recent
NMR experiments suggest that there is an interaction (16). By screening for interactions of
S100 proteins with Anll using ITC, we found independently that SI00A11 indeed does bind
the Anll. The enthalpy of binding of Anll to Ca2*-S100A11 is endothermic while the enthalpy
of Anll binding to S100A10 is exothermic. To further investigate these differences in sign of
heat effects, ITC experiments for Anll binding to Ca2*-S100A11 were performed in 100 mM
NaCl. The higher ionic strength however did not have any effect on the thermodynamics of
binding (see e.g. Figure 6), thus eliminating the possibility that this is non-specific
electrostatically driven interaction. ITC titration data cannot be fit to the simplest model, two
identical non-interacting binding sites per dimer of Ca2*-S100A11, represented by the equation
7 (see Figure 5D). However, as for the Anll SI00A10 ITC titration profile, the ITC data can
be fit well to a model that assumes two sequential binding sites for Anll per Ca?*-S100A11
dimer (see Figure 5D). The dissociation constants for this model were found to be 2+1 uM and
942 puM. As in the case of Anll-S100A10 interactions, the two sequential binding sites model
that describes best the Anll-Ca?*-S100A11 interactions, suggests a thermodynamic linkage
between binding sites.

The enthalpy of interaction between Anll and Ca2*-S100A11 is endothermic but small relative
to the Gibbs energy of binding, indicating that as in all previous cases binding is entropically
driven. This entropically driven binding is observed at all studied temperatures. This is despite
the fact that the enthalpy of interactions is strongly temperature dependent with experimentally
determined AC of —1.1 kJ/(mol-K), a value very similar to that of —1.4 kJ/(mol-K) calculated
from the modeled structure of Anll complex with Ca2*-S100A11 (using equation 11). Such
good correspondence between calculated and experimental values of AC, implies that there
are sufficient degrees of similarities in the structures that can be predicted by homology
modeling. Despite this, it is not sufficient to explain, for example, why and how Anll becomes
more helical when bound to SI00A10 compared to when it is bound to S1I00A11 or to explain
why Anl and Anll peptides bind to only these S100 proteins and not the others.

By screening for binding for Anl and Anll against representatives of the human S100 protein
family under defined conditions, it has been shown that very few members of the protein family
bind the two peptides. This suggests that the observed binding interactions are specific. In
addition to demonstrating this specificity, we also confirmed the recently suggested interaction
between Anll and Ca?*-S100A11. Furthermore, we have identified a novel interaction between
Ca?*-S100A6 and Anl. These interactions, as were suggested previously, are modulated by
calcium. Detailed thermodynamic and spectroscopic characterization of the interactions
revealed additional common properties. First, binding in all four studied pairs of interacting
partners is entropically driven. Second, both Anl and Anll peptides, unstructured when free in
solution, fold into helical conformation upon binding.

The exact cellular functions of the S100 proteins are not known even though there are several
reports identifying different target proteins. One of the main limitations of the approaches used
to screen for potential S100 interacting partners is that the target protein with the highest
binding affinity would be identified. This could lead to only a single target protein being
identified to interact with the specific S100 protein family member, which would suggest that
the interaction is specific. The overlap in binding specificity observed here could provide a
reason for why gene knockout approaches to map function of S100 proteins have not lead to
an identifiable phenotypic change (see (3) for examples). The response to changing cellular
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calcium levels is critical to the cells survival and it is therefore not unexpected that the

fu
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nctionality of the S100 proteins could overlap.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Changes in Trp fluorescence emission spectra at 20°C of Anl for: 1.2 uM incremental additions
of S100A11 in the absence of calcium (Panel A) and in the presence of 5 mM calcium (Panel
B), 1.2 uM incremental additions of S100A6 in the absence of calcium (Panel C) and in the
presence of 5 mM calcium (Panel D). The black arrows indicate the direction of the
enhancement in Trp fluorescence emission for Anl in the presence of increasing concentrations
of S100A11 or S100A6, which were taken to represent binding.
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Figure 2.

Changes in intrinsic Trp fluorescence of Anl as a function of concentrations of Ca2*-S100A11
(Panel A) and Ca*-S100A6 (Panel B). The symbols represent the experimental values. The
solid lines represent the fits of the experimental data to equation (7). The dissociation constants
for the binding of Anl to S100A11 and S100A6 were found to be 5+1 uM and 17+4 uM,
respectively.
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————— MGSELETAMETLINVFHAHSGKEGDKYKLSKKELKELLQTELSGFLDAQ--KDVDAVDKVMKELDENGDGEVDFQEYVVLVAALTVACNNFFWENS
-MCSSLEQALAVLVTTFHKYSCQEGDKFKLSKGEMKELLHKELPSFVGEK--VDEEGLKKLMGSLDENSDQQVDFQEYAVFLALITVMCNDFFQGCPDRP
-MARPLEQAVAAIVCTFQEYAGRCGDKYKLCQAELKELLQKELATWTPTE--FRECDYNKFMSVLDTNKDCEVDFVEYVRSLACLCLYCHEYFKDCPSEPPCSQ
-MACPLEKALDVMVSTFHKYSGKEGDKFKLNKSELKELLTRELPSFLGKR--TDEAAFQKLMSNLDSNRDNEVDFQEYCVFLSCIAMMCNEFFEGFPDKQPRKK
-METPLEKALTTMVTTFHKYSGREGSKLTLSRKELKELIKKELC-~-LG-E--MKESSIDDLMKSLDKNSDQEIDFKEYSVFLTMLCMAYNDFFLEDNK
————— MACPLDQAIGLLVAIFHKYSGREGDKHTLSKKELKELIQKELT--IGSK--LQDAEIARLMEDLDRNKDQEVNFQEYVTFLGALALIYNEALKG
—---MSNTQAERSIIGMIDMFHKYTRRDDK---IDKPSLLTMMKENFPNFLSACDKKGTNYLADVFEKKDKNEDKKIDFSEFLSLLGDIATDYHKQSHGAAPCSGGSQ
***** MLTELEKALNSIIDVYHKYSLIKGNFHAVYRDDLKKLLETECPQYIR------KKGADVWFKELDINTDGAVNFQEFLILVIKMGVAAHKKSHEESHKE
--MTCKMSQLERNIETIINTFHQYSVKLGHPDTLNQGEFKELVRKDLONFLKKEN-KNEKVIEHIMEDLDTNADKQLSFEEFIMLMARLTWASHEKMHEGDEGPGHHHKPGLGEGTP
***** MPSOQMEHAMETMMF TFHKFAGD--KGY-LTKEDLRVLMEKEFPGFLENQ--KDPLAVDKIMKDPDQCRDGKVGFQSFFSLIAGLTIACNDYFVVHMKQKGKK
MAKISSPTETERCIESLIAVFQKYAGKDGYNYTLSKTEFLSFMNTELAAFTKNQ--KDPGVLDRMMKKLDTNSDGQLDFSEFLNLIGGLAMACHDSFLKAVPSQKRT
—————— MTKLEEHLEGIVNIFHQYSVRKGHFDTLSKGELKQLLTKELANTIKN-I-KDKAVIDEIFQGLDANQDEQVDFQEFISLVAIALKAAHYHTHKE
-MAAEPLTELEESIETVVTTFFTFARQEGRKDSLSVNEFKELVTQQLPHLLK----- DVGSLDEKMKSLDVNQDSELKFNEYWRLIGELAKE IRKKKDLKIRKK
————— M-SELEKAMVALIDVFHQYSGREGDKHKLKKSELKELINNELSHFLEEI--KEQEVVDKVMETLDNDGDGECDFQEFMAFVAMVTTACHEFFEHE
fffff M-TELETAMGMI IDVFSRYSGSEGSTQTLTKGELKVLMEKELPGFLQSG--KDKDAVDKLLKDLDANGDAQVDFSEFIVFVAAITSACHKYFEKAGLK
————— MPTQLEMAMDTMIRIFHRYSGKARKRFKLSKGELKLLLQRELTEFLSCQ--KETQLVDKIVQDLDANKDNEVDFNEFVVMVAALTVACNDYFVEQLKKKGK
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Figure 3.

Sequence alignment of human S100 family members generated using ClustalW. Also shown
is the phylogenetic tree based on the sequence alignment. For clarity, SI00A6, S100A10 and
S100A11 are highlighted in the phylogenetic tree.
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Figure 4.

Far-UV CD difference spectra for Anl and Anll binding to their respective S100 protein binding
partners, in the presence of 5 mM calcium, determined using equation 6. Panel A shows the
far-UV CD spectrum for Anl in 60 % TFE (curve 1; shown for comparison), the difference
spectra for Anl bound to S100A11 (curve 2) and for Anl bound to S100A6 wild type (curve
3). Panel B shows the difference spectra for Anl bound to: S100A6 wild type (curve 1; shown
for comparison), SI00A6-Y 84S (curve 2), SI00A6-Y73F (curve 3) and S100A6-Y73F-Y84S
(curve 4). Panel C shows the far-UV CD spectrum for Anll in the presence of 60 % TFE (curve
1; shown for comparison), the far-UV CD difference spectra for Anll bound to S100A10 (curve

2) an

d S100A11 (curve 3).
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Examples of ITC experiments for Anl or Anll binding to their specific S100 protein binding
partners. Shown for each example are the heat effects (uJ/sec) as a function of time, the
cumulative heat effects (kJ/mol and represented by symbols) as a function of the molar ratio
of peptide to protein, and the fits to the experimental data (solid lines) for: Anl binding to
S100A11 at 35 °C (Panel A; data fitted to equation 7), Anl binding to S100A6 at 35 °C (Panel
B; data fitted to equation 7), Anll binding to SI00A10 at 15 °C (Panel C; data fitted to equation
9) and Anll binding to S100A11 at 6 °C (Panel D; data fitted to equation 9). For comparison,
the dashed line in Panel D shows the experimental binding data fitted to a model describing

identical binding sites (equation 7).
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Figure 6.

Temperature dependence of the enthalpies, AHcg, of Anl and Anll binding to their specific
S100 protein binding partners: Anll binding to SLT00A10 in the presence of 5mM calcium (A)
and in the absence of calcium (@), Anll binding to S100A11 in the absence of NaCl (V) and
in the presence of 100 mM NaCl (@), Anl binding to SI00A11 (m) and Anl binding to SI00A6
(). Solid lines represent linear fits of the AH4 temperature dependencies for each S100-
peptide interaction. The slopes of these lines represent the change in heat capacity, which are
summarized in Table 2.
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