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Abstract

The S100 protein family consists of small, dimeric proteins that exert their biological functions in
response to changing calcium concentrations. S100B is the best studied member and has been
shown to interact with over 20 binding partners in a calcium-dependent manner. The TRTK12
peptide, derived from the consensus binding sequence for S100B, has previously been found to
interact with S100A1 and has been proposed to be a general binding partner of the S100 family.
To test this hypothesis and gain a better understanding of the specificity of binding for the S100
proteins sixteen members of the human S100 family were screened against this peptide and its
alanine variants. Novel interactions were only found with two family members: S100P and
S100A2, indicating that TRTK12 selectively interacts with a small subset of the S100 proteins.
Substantial promiscuity was observed in the binding site of S100B to accommodate variations in
the peptide sequence, while S100A1, S100A2, and S100P exhibited larger differences in the
binding constants for the TRTK12 alanine variants. This suggests that single-point substitutions
can be used to selectively modulate the affinity of TRTK12 peptides for individual S100 proteins.
This study has important implications for the rational drug design of inhibitors for the S100
proteins, which are involved in a variety of cancers and neurodegenerative diseases.

The S100 protein family consists of approximately twenty-five members found exclusively
in vertebrates, making it the largest subset of the EF-hand, calcium-binding proteins ). The
name derives from the fact that many members are soluble in 100% ammonium sulfate at
neutral pH (@), These proteins are expressed in a tissue-specific manner and have been
implicated in a variety of intracellular and extracellular functions, including cell growth and
differentiation, cytoskeleton dynamics, regulation of calcium homeostasis, inflammation
response, and protein phosphorylation (1 3-6). In addition, the expression levels have been
directly correlated to the severity of neurodegenerative disorders (/-1 inflammatory

diseases such as irritable bowel syndrome (12-15), cardiomyopathies (6. 17), and
cancer (6. 18-24),

S100 proteins are relatively small (9-13kDa) and exist almost exclusively as homo- or
heterodimers in solution (29, Each S100 protein monomer consists of four alpha helices,
with helices | and IV arranged in an anti-parallel orientation (1 26), Calcium binding induces
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a significant structural rearrangement in the S100 proteins that has been well documented by
X-ray crystallography and solution NMR (27-32)_|n this conformational change, helix IlI
reorients itself (> 40°) relative to helices Il and 1V, to expose a hydrophobic binding pocket
that allows interactions with target proteins and peptides (27). Since the S100 proteins
appeared to be functionally distinct from related, calcium-binding proteins, such as
calmodulin and parvalbumin, early work focused on identifying high-affinity biological
targets to better understand the molecular basis of recognition (33-38),

In 1995, Ivankenov et al. screened a phage display library against S100B and provided the
first consensus binding sequence for the $100 proteins: (K/R)-(L/I)-X-W-X-X-1-L 33), A
search of the available protein sequences showed a highly homologous region in the C-
terminus of the actin-binding protein CapZ: T-R-T-K-1-D-W-N-K-I-L-S. This sequence was
later termed TRTK12 (39), Subsequent studies have shown that this peptide interacts with the
two C-terminal helices of S100B (Figure 1), as well as the hinge region, and was able to
compete with binding for other known targets (3% 39-46) Fyrthermore, it was shown to bind
S100A1, leading some to propose that TRTK12 represents a general binding motif for the
$100 protein family ¢2),

To gain a better understanding of the specificity of binding within the S100 protein family,
we screened the proposed consensus binding sequence (TRTK12) against representative
members of the human S100 protein family, using isothermal titration calorimetry (ITC) and
steady-state emission fluorescence. Unexpectedly, TRTK12 was found to selectively interact
with a small subset of S100 proteins. We confirmed previously reported interactions with
S100B and S100A1 proteins. In addition, novel interactions of the wild-type peptide were
detected with SLI00A2 and S100P. These interactions were further characterized in detail
using ITC and stopped-flow spectroscopy. The subset of S100 proteins that bound to wild-
type TRTK12 was also screened against a variety of TRTK12 alanine variants. Both the
thermodynamics and kinetics of binding were then characterized in order to ascertain the
individual binding contribution of amino acids within the TRTK12 peptide sequence. For
the variants, alanine substitutions were chosen according to the residue-specific interactions
in the available structures of the bound S100-TRTK12 complexes (Figure 1)(32:43.44) The
TRTKMG6 (Asp6Ala) and TRTKM9 (Lys9Ala) variants were selected to probe the
electrostatic interactions of binding because ionic strength has been reported to significantly
affect the binding affinity of the TRTK12 peptide, albeit in a contradictory manner (42 47),
The TRTKMS5 (lle5Ala), TRTKM10 (lle10Ala), and TRTKM11 (LeullAla) variants were
selected to query the effects of the hydrophobic residues because the available structures of
the S100-TRTK12 complexes suggest that the leucine and isoleucine residues from the
peptide contribute most of the buried surface area in the complex with S100B and

S100A1 (29.44) The TRTKML (Thr1Ala) variant was used as a control for the N-terminal
residues, which are thought to be unstructured and solvent-exposed in the bound

complex (32,4043, 44) The TRTK12 peptide variants were found to have unique binding
affinities, changes in the heat capacity, and dissociation rates for individual S100 proteins.
These dissimilarities suggest that alanine variants of TRTK12 can be used as a starting point
for potential peptide-based inhibitors of particular subsets of the S100 proteins.

EXPERIMENTAL PROCEDURES

Protein/Peptide Purification

Representative members of the S100 protein family, including human S100A1, S100A2,
S100A3, S100A4, S100A5, S100A6, S100A7, S1I00A8, S100A9, S100A10, S100A11,
S100A12, S100A13, S100P, S100Z, and S100B were overexpressed in Escherichia coli and
purified as previously described (48-51), The protein concentrations were determined using a
molar extinction coefficient at 280 nm (g2g0) of 1,490 M~1cm™1 for S100B, 2,980 M~1cm™1
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for S100P, 2,980 M~1cm™1 for $100Z, 8,480 M~1cm™1 for S100A1, 2,980 M~1cm™1 for
S100A2, 14,440 M~1cm™ for S100A3, 2,980 M~1cm~1 for S100A4, 4,470 M~1cm™1 for
S100A5, 4,470 M~lem™1 for S100A6, 4,470 M~1cm™1 for S100A7, 11,460 M~ cm™1 for
S100A8, 6,990 M~1cm™1 for S100A9, 2,980 M~1cm™1 for S100A10, 4,470 M~1cm~1 for
S100A11, 2,980 M~1cm~ for S100A12, and 6,990 M~1cm™1 for S100A13.

All peptides were synthesized at the Penn State College of Medicine Macromolecular Core
Facility using standard FMoc chemistry. The N- and C-termini were acetylated and
amidated, respectively. The TRTK12 wild-type peptide (Ac-TRTKIDWNKILS-NH>) is
derived from the actin-binding protein CapZ and has previously been used in structural
studies (3, 5-7). The alanine substituted variants of this sequence, including TRTKM1 (Ac-
ARTKIDWNKILS-NHy), TRTKM5 (Ac-TRTKADWNKILS-NH,), TRTKM®6 (Ac-
TRTKIAWNKILS-NH5), TRTKM9 (Ac-TRTKIDWNAILS-NH>), TRTKM10 (Ac-
TRTKIDWNKALS-NH5), and TRTKM11 (Ac-TRTKIDWNKIAS-NH,), were prepared
similarly to the wild-type. The peptides were purified using a C18 reverse phase column
using a 0-100% methanol gradient in the presence of 0.05-0.065% trifluoroacetic

acid (0. 51) and their masses were confirmed via MALDI-TOF mass spectrometry on a
Bruker UltraFlex 11 instrument. The concentration of all peptides was determined using
molar extinction coefficients of 5,500 M~1cm~1 at 280 nm (g,g0) for TRTK12 (52),

Isothermal titration Calorimetry

ITC measurements were performed using a VP-ITC instrument (MicroCal, Inc.,
Northhampton, MA) as previously described (50. 51,53, 54) prior to all experiments, the
protein and peptide were extensively dialyzed into a binding buffer containing 20 mM Tris
base, 0.2 mM disodium EDTA, 1 mM TCEP, and 5 mM calcium chloride (pH 7.5).
Additional experiments were performed in the same buffer but with 5mM EDTA instead of
5 mM calcium chloride. In general, 0.5-4 mM peptide was injected in 4-10 pL increments
into the sample cell (1.5 mL) containing 20-200 uM protein. Due to the low solubility of the
TRTKMO peptide, all titrations performed with this peptide were performed with the protein
solution in the syringe and the peptide in the cell. Experiments were performed between 5
and 40 °C, in 5 °C increments. In cases where the enthalpy of binding, AH, was close to zero
and thus no heat effect was observed, the titration was stopped after three injections. The
heat of dilution was measured prior to each experiment by performing at least four peptide
injections into buffer, and in all cases was found to be negligible relative to the protein-
peptide heats. The resulting binding isotherms were analyzed using the Origin scripts for
ITC data analysis provided by MicroCal (Northampton, MA). The following models were
used, in order of increasing complexity, and the simplest model that accurately fit the data
was accepted.

Single set of identical binding sites model, with one/two peptides per S100 dimer (0. 59):

Q:n[cell]tAHcaﬂfo A a2 4[syringe], 0
2 n[cell],

where Qs the integral heat at each injection, A =1 + [syringe]«/(r[cell];) + [syringe]d/[A(1/
Kg)[cell]d, nis the stoichiometry of the protein—peptide complex, AHgg is the molar heat of
peptide binding, V, is the active cell volume, [syringe]; is the total concentration of the
peptide/protein solution in the ITC syringe, [cell]; is the total concentration of the protein/
peptide solution in the ITC cell, and Kj is the association constant.

Two-sequential binding sites model, with two peptides per S100 dimer (50. 55):
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Q=[cell], Vo {[ AHcap1 (1/Kq1)[syringe],+(AHean+AHea2)(1/Kar ) (1/ Kaz ) [syringe], %]/ ?
[1—|—[syringe]t(l/K,ﬂ)—l—l—i—(l/Kdl)(1/K(12)[syringe]tz}}

where Qs the integral heat at each injection, AH¢g1 and AHcq2 are the molar heats of

peptide binding, V, is the active cell volume, K4; and Ky, are the dissociation constants for

binding to sites 1 and 2, respectively, and A1 and AH,)2 are the calorimetric enthalpies

for binding to sites 1 and 2, respectively.

Fluorescence Spectroscopy

Steady-state fluorescence titrations were performed using a Fluoromax-4 spectrofluorometer
(Horiba Jobin Yvon, Kyoto, Japan) operating FluorEssence v3.5 software. A 10 mm cuvette
was used throughout all experiments. All TRTK12 peptides contain a Trp residue. In the
available structures of the S100 proteins in complex with the wild-type peptide (S100B,
S100A1), this tryptophan becomes buried in a hydrophobic region upon binding. Therefore,
changes in Trp emission fluorescence intensity were used to monitor interactions between
the TRTK12 peptides and S100 proteins. The experiments were performed in the binding
buffer at 25+0.2 °C using a thermostated cell holder. The solution was excited at 295 nm
and the emission spectra was monitored from 305 to 420 nm to monitor changes in Amax.
while 350 nm was used to specifically monitor changes in intensity. The initial
concentration of the TRTK12 peptides in the fluorescence cell was 2-8 yM. Small aliquots
of concentrated protein were added until signal saturation, or until the fluorescence signal
deviated from unity due to inner filter effects. The experimental emission spectra were
corrected by subtracting the emission control spectra of protein added to buffer in the
absence of peptide. The fluorescence intensity was also corrected for fluctuations in lamp
intensity by dividing the fluorescence signal by the lamp intensity. The data were fit to a
single site binding model using Nonlinear Regression Analysis Program (NLREG)(®®) and
the following equation:

Qmax i
Q:m <A— \/Az—n[ceﬂ]tota][Tltrant]total> ©))

where Q equals the fluorescence intensity at each titration step, Qmax equals the maximum
intensity for the fully saturated peptide, [Cell]ota €quals the molar concentration of peptide
at each step, A=Ky + [Cell]iota) + N[Titrant]iotg, N equals the number of binding sites, and
[Titrant];ota) €quals the molar concentration of the protein at each step.

Anisotropy titrations were performed in the same manner as above, but using Vertical (V) or
Horizontal (H) excitation and emission polarizations (As, A/ns fHns @nd fqy). The G factor
was calculated as:

G=1

HH

where /4, and /. represent the corrected intensities for the horizontally polarized light of
the peptide in solution. Anisotropy was calculated as:

_ Ivv _GIVH

=7 ar, ©

where (/) represents the anisotropy at a given titration step and /,,and /,/ represent the
corrected intensities of the vertically polarized light.
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The relative exposure of the Tryptophan residue in the peptide:protein complex was assayed
using dynamic quenching with acrylamide. Titrations were performed using 4-8 uM
solutions of peptide in the presence or absence of saturating amounts of the S100 proteins
and 5 mM CaCl, or 5mM EDTA. In cases where the affinity for the complex was low, the
protein concentration used was limited by the inner filter effect. Titrations were performed
until the final concentration of acrylamide was ~0.6 M and the data were then fitted to the
modified Stern-Volmer equation (54 57):

I
I_O:(1+st[Q])eV[Q] (6)

where /; is the initial fluorescence intensity, /is the intensity at a given titration step, Kgy is
the Stern-Volmer constant, [Q] is the acrylamide concentration at a given titration step, and
V[Q] is the constant describing the static component of the quenching reaction. The
intensity was corrected for dilution and the average values are reported.

Structure-based Calculations of ACp

Using the available three-dimensional structures of S100A1, S100A2, S100B, and S100P in
the calcium bound state and/or in complex with a peptide target, AASA; Was calculated as
previously described (58). In cases where no structure was available, homology models of the
peptide-bound state were generated using Modeler 49 and PDB entries IMQN (40),

1MQ1 “3), 31QQ “4), and 2KBM (32), Changes in the accessible surface area upon binding,
AASA a1, Were calculated as previously described (50:51.54) Changes in AASA were
further subdivided into four categories (aliphatic surface area, aromatic surface area, peptide
backbone surface area, and polar surface area) and converted into AC, using the following
empirical relationship (50 51, 58, 60, 61).

AC,=2.14AASA 1y +1.55A ASA 4y —1.81A ASAp,—0.88A ASA 0y (7)

where AASAp, AASAgrm, and AASA ) values are the changes in ASA for aliphatic,
aromatic, and polar amino acids, respectively, and AASAyy, values are the changes in ASA
for the polypeptide backbone.

Kinetic Stopped Flow kot Measurements

Measurements of protein-peptide dissociation rate constants (4,z) were performed using
standard stopped-flow methods. Data collection was performed using a JASCO J-815
spectropolarimeter equipped with an SFM 300 mixing module (BioLogic Science
Instruments), containing a HDS mixer and a FC-15 observation cuvette. The k,zrate
constants were evaluated at a minimum of three temperatures between 5°C and 35°C. The
temperature of the sample chamber was regulated using a circulating water-bath. After
peptide tryptophan excitation at 295 nm from a mercury lamp source, fluorescence emission
intensity was collected using a N-WG 320 nm cutoff filter (BioLogic Science Instruments).
Slit widths were adjusted between 3 to 5 nm to eliminate or minimize photobleaching.
Voltages applied to the photomultiplier tube were set accordingly and ranged from 700-
850V. Kinetic traces were collected under an optimal set of push volumes and flow rates for
the SFM 300 and kept constant for all experiments. Because peptide binding is calcium-
dependent, peptide dissociation was initiated by calcium chelation. For this, preformed
protein-peptide complexes (6 uM or 12 uM peptide) in the above binding buffer were mixed
in a 1:1 mixing ratio with 40 mM EDTA. Special care was taken to control for inner filter
effects by limiting the protein to peptide ratio.

Biochemistry. Author manuscript; available in PMC 2014 August 27.
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Using the Bio-Kine32 software package (BioLogic Science Instruments), rate constants,
ko were obtained by fitting the exponential change of the emission fluorescence intensity
from EDTA-induced peptide dissociation to the following equation:

I(t)=XT+yo+ AT (g)

where I(t) is fluorescence intensity as a function of time, yj is the initial fluorescence
intensity, A is the amplitude of the change between initial and final fluorescence intensity,
Kapp is the observed Kinetic rate constant associated with the fluorescence intensity
relaxation, and XT is the sloping baseline correction used in the Bio-Kine32 software, which
accounts for the photobleaching effect. Errors were calculated from the standard deviation of
five independent traces. A dead time of 4.0 ms was electronically estimated with BioLogic’s
Bio-Kine32 software and experimentally confirmed using the dead time assessment
procedure of Peterman et. al. (62). Since the experimentally determined rate constants were
sufficiently slow, no dead time data correction was made.

The TRTK12 peptide has been shown to bind human S100B and human S100A1 in a
calcium-dependent manner (29. 32, 35, 40-44, 46, 47) anq has been proposed to be a general
S100 protein binding motif (32), To probe the specificity of TRTK12 for these proteins,
sixteen representative members of the human S100 protein family were screened for binding
using isothermal titration calorimetry (ITC) and emission fluorescence. Unexpectedly, novel
interactions were detected with only two S100 proteins: S100A2 and S100P. To gain a better
understanding of these interactions, the binding of the wild-type peptide and its alanine
variants were further characterized using several biophysical methods.

Interactions of TRTK12 Peptides with S100B

Figure 2A shows the binding isotherm obtained from ITC experiments at 25°C in which the
wild-type TRTK12 peptide was titrated into S100B in the presence of 5 mM CaCl,. As
reported previously (4), two peptides interact with the S100B dimer through identical
binding sites (Equation 1, n=2). The dissociation constant, Ky, obtained from the fit, 1.7£0.1
UM, is in good agreement with previously reported values (4. 47.50), The binding model is
consistent with structures derived from X-ray crystallography and solution NMR involving
complexes of TRTK12 and S100B from several orthologs (Homo sapiens, Rattus
norveggicus, and Bos Taurus) (5, 17, 18). ITC experiments were performed over the
temperature range of 5°C to 40°C. In addition, the thermodynamics of binding were
measured for six alanine variants of TRTK12 (see Materials and Methods for abbreviated
names and sequences). All peptides, with the exception of TRTKM11, bind with a
stoichiometry similar to that of wild-type, i.e. two peptides per S100B dimer (Equation 1,
n=2). TRTKM11 appears to interact with a different stoichiometry of one peptide per S100B
dimer (Equation 1, n=1). This stoichiometry has previously been observed for several
peptides binding to the S100 proteins (0. 63-69). The dissociation constants of wild-type and
alanine peptides are listed in Table 1.

Figure 3A shows the temperature dependence of the enthalpy of binding, AHc,, for the wild-
type peptide and alanine variants to S100B. The slope of temperature dependence
corresponds to the heat capacity change upon binding, AC), and these values are
summarized in Table 1. It has previously been shown that AC), can be predicted using
empirical changes in the accessible surface area upon binding, provided that accurate
structural models are available (2, 4, 14, 21). The experimentally determined heat capacity
change for S100B-TRTK12 (-1.2+0.2 kJ-mol~1.K™1) is in excellent agreement with the
structure-based calculated values (Table 1). In addition, the values obtained for all alanine
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variants but TRTKMZ11 are within error of the wild-type AC, value, suggesting they interact
with S100B through a similar structural mode. This is also expected based on the structure-
based calculations of AC, using homology models of the alanine variants (Table 1). Again,
the only notable exception is the TRTKM11 variant, which interacts with the S100B dimer
with a novel stoichiometry of one peptide per S100B dimer (Equation 1, n=1), and therefore
is inaccurately represented by the homology models.

Steady-state emission fluorescence and fluorescence anisotropy were used to monitor
protein-peptide binding and determine the dissociation constants as a complementary
method to ITC. The TRTK12 peptides contain a tryptophan at position 7 (W7), which is
buried in a hydrophobic binding pocket in the available structures (29 32.43.44) This burial
would be expected to lead to changes in the fluorescence intensity of W7 upon binding
because of changes in the polarity of the chemical environment. The S100 proteins, with the
exclusion of S100A1, do not contain a tryptophan and therefore contribute minimally to the
overall signal intensity. The K4 obtained at 25°C using fluorescence anisotropy for binding
of the wild-type peptide to S100B, 3+1 uM, is in good agreement with that obtained from
ITC, 1.7£0.1 uM. A similar correspondence in the binding affinities is observed for all
alanine variants (Table 1).

Changes in fluorescence intensity in a stopped flow experiment were also used to monitor
the k,zrrates for peptide dissociation (see Materials & Methods). In these experiments, the
addition of EDTA to a preformed complex of a S100 protein and the TRTK12 peptides leads
to calcium chelation and peptide dissociation. This, in turn, will manifest itself as changes in
fluorescence intensity. The emission fluorescence relaxation for peptide dissociation fit well
to a single exponential as described by Equation 8. The apparent k,zrate obtained for the
dissociation of the wild-type TRTK12 peptide from S100B at 35°C, 86+8 s71, is in good
agreement with the previously obtained value from line shape analysis of chemical shifts
changes monitored by NMR (0. The kinetic rate constants for the interactions of S100B
with all of the TRTK12 peptides are summarized in Table 1. There is only a two-fold
difference in the apparent &,z rates between the fastest and slowest peptides, consistent with
the narrow range of K4 values observed for the alanine variants in ITC experiments.

Interactions of TRTK12 Peptides with S100A1

Figure 2B shows the binding isotherm obtained from ITC experiments at 25°C in which the
wild-type TRTK12 peptide was titrated into SL00AL in the presence of 5 mM CaCl,. As
with S100B, the stoichiometry of the interaction is two TRTK12 peptides per SI00A1 dimer
(Equation 1, n=2). The dissociation constant obtained from the fit was found to be 3.4+1.0
UM (Table 3), which is weaker than that of SI00B-TRTK12 (Table 1), consistent with a
previous report of S100A1 binding this peptide with a two-fold reduced affinity (7). For the
TRTKZ12 alanine variants, the interactions between S100A1 and a given TRTK12 peptide
are also characterized by weaker binding affinities, when compared to S100B and the same
peptide. This trend is apparent in the dissociation constants measured by both ITC and
emission fluorescence (Table 3). In particular, the TRTKMS5 peptide binds to S100A1 with
ten-fold weaker affinity than to S100B. Overall, there is also a larger variation within the
binding affinities of the TRTK12 peptides for SI00A1, as compared to S100B.

Figure 3B shows the comparison of the enthalpies of binding of the TRTK12 wild-type
peptide to different S100 proteins, including SI00A1 and S100B. The absolute values of the
enthalpies for SI00A1 are significantly lower than those for S100B. The temperature
dependence of the enthalpies, which represent ACp,, is also somewhat different for these
proteins (Table 3). For the binding of the alanine variants to S100A1, the AC, values also
differ from the binding of the wild-type. In particular, binding of the TRTKM®6 peptide
shows the largest AC,, value (Table 3). Structure-based calculations of the changes in the
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heat capacity are listed in Table 3. A comparison shows that, in general, the calculated
values are close to the experimentally determined AC, values for the binding of the TRTK12
peptides to SI00A1. However, the best agreement appears to be with the homology models
derived from X-ray structures of S100B-TRTK12 from the Weber group 44, as opposed to
those derived from rat S100A1 §2),

Table 3 summarizes the dissociation constants and kinetic rate constants for peptide binding
to S100AL. As with S100B, all peptides fit well to a single exponential, consistent with the
binding model of two peptides per S100B dimer (Equation 1, n=2). The apparent k,zrates
are faster than those observed for S100B, suggesting a compensatory effect in the off rate to
account for the weaker binding affinities. For both proteins, the kinetics and dissociation
constants for all peptides differ by an order of magnitude or less.

of TRTK12 Peptides with S100A2

The binding of TRTK12 to human S100AZ2 is a novel interaction, which was identified by us
using tryptophan fluorescence and was further confirmed using ITC. Figure 2C shows the
binding isotherm obtained from ITC experiments at 25°C in which the wild-type TRTK12
peptide was titrated into SI00A2 in the presence of 5 mM CaCl,. Although the binding
model for the wild-type peptide is consistent with both S100B and S100A1 (Equation 1,
n=2), the dissociation constant is more than an order of magnitude weaker: 48+3 uM.
Similarly, the dissociation constants for the binding of the TRTK12 alanine variants to
S100A2 are significantly weaker than those for both S100B and S100A1 (Table 4). Notably,
the TRTKMS5 and TRTKM11 peptides bind to SI00A2 with a much weaker affinity than
wild-type, three- and ten-fold, respectively. Furthermore, the TRTKM10 peptide, which
substitutes a C-terminal isoleucine for an alanine, exhibits no detectable binding by ITC or
emission fluorescence (data not shown). As with S100A1, the TRTKM1 peptide appears to
bind more tightly to S100A2 than does wild-type. In addition, the experimentally
determined AC,, values of the alanine variants are generally smaller than those of either
S100B or S100A1 (Table 4). This possibly indicates that a smaller amount of hydrophobic
surface area is buried in the bound state of the SI00A2-TRTK12WT complex, although a
compensatory effect in the hydrophilic surface area cannot be ruled out until a structure of
the bound complex becomes available. There are large deviations in the heat capacity upon
binding of the TRTK12 alanine variants to SL00A2, relative to both the wild-type and the
calculated values based on a variety of structural models (Table 4). This suggests several of
the alanine variants may adopt different conformations in the bound complex relative to the
wild-type peptide.

We were unable to measure the kinetic rate constants for dissociation of all TRTK12
peptides from S100A2 because there was no detectable change in the emission fluorescence
intensity upon the addition of EDTA. Dynamic quenching assays with acrylamide confirmed
that W7 of the TRTK12 peptides is buried in the bound complex with S100A2 to a similar
extent as with other proteins, such as S100B (Table 2). Furthermore, there are no detectable
heats of binding for the TRTK12 peptide and S100A2 in the absence of calcium, which
suggests that there is no calcium independent binding. Based on these finding, we conclude
that the off rates themselves are too fast to be detectable by the stop flow instrument
(instrument dead time: 4 ms). This places a lower bound of kzat 250 s and results in &,
rates that are equal or less than those of S100B.

of TRTK12 Peptides with S100P

The binding of wild-type TRTK12 with S100P is the only other novel interaction identified
for this peptide and the human S100 proteins. Figure 2D shows a typical titration of the
TRTKZ12 peptide into S100P. The dissociation constant, 5.1+1.0 yM, is weaker than that of
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S100B and S100A1, but still significantly tighter than S100A2 (Table 5). As with S100A2,
the TRTKMS5 and TRTKM10 peptides exhibit substantially reduced affinities, while the
TRTKM11 peptide binds with a similar stoichiometry to S100B (one peptide per S100P
dimer, Equation 1, n=1). This stoichiometry has previously been observed for several
peptides binding to the S100 proteins 63), most notably to S100B (0. 68) 5100A4 (65-67.69)
and to S100A10 (65-67), The results obtained on TRTKM11 peptide suggest significant
plasticity in the peptide binding and show an interesting case where a single amino acid
substitution can switch between different binding modes. The difference in the affinities
does not correlate with the differences in the enthalpies of binding, i.e. there is no enthalpy-
entropy compensation (data not shown). In addition, there were no observable changes in the
emission fluorescence intensity of the tryptophan upon peptide binding or dissociation to
S100P for three of the alanine variants: TRTKM5, TRTKM6, and TRTKMS9. This suggests
that there may be an alternate mode of binding for these peptides where W7 is solvent
exposed in the bound complex. Dynamic quenching with acrylamide was used to probe the
relative exposure of W7. Judging by the similarity between the Stern-Volmer constants of
the S100P-TRTK12 peptide complexes and the free TRTK12 peptides (Table 2), we
conclude that indeed W7 is exposed in the TRTKM5, TRTKM6, and TRTKM9 complexes
with S100P.

The absolute enthalpies of binding of the TRTK12 wild-type peptide to S100P are
significantly lower than the other S100 proteins, including S100A1 (Figure 3B). However,
the changes in the heat capacity upon binding, ACp, are very similar to those of S100B
(Table 5). As with S100B, the AC,, values for the binding of the alanine variants to S100P
are generally within error of those of wild-type. The only notable exception is TRTKM11,
which binds with a different stoichiometry (see above). This suggests that the TRTKMS5,
TRTKMG6, and TRTKM9 variants bind in a manner that compensates for the exposure of
W7, possibly by burying other hydrophobic residues in the bound complex.

Because there are no changes in the emission fluorescence intensity for TRTKMD5,
TRTKMG6, and TRKTM10 peptides, the kinetic rate constants of binding to S100P could
only be measured for the remaining TRTK12 peptides (Table 5). Although it is a limited
data set, the measured k,zrates are the fastest observed amongst the other studied S100
proteins.

DISCUSSION
Promiscuity of the S100B Binding Site

Since its discovery in 1965, S100B has become the best studied member of the S100 protein
family (79), To date, over 20 binding partners have been identified, including p53, RAGE,
tau, NDR, microtubules, intermediate filaments, GFAP, and CapZ

(TRTK12) (10, 40-42, 44, 45,50, 71-74) Despite the promising work of Ivanenkov et al. to
elucidate a target binding motif (35 46) subsequent studies have revealed a large degree of
promiscuity within the S100B binding pocket and significant variability within the
consensus binding sequence (50: 71.75) |n particular, recent work by Weber et al suggests
that no particular residue or position from the original phage display motif, (K/R)-(L/I)-X-
W-X-I-L, is a prerequisite for binding ("1). Indeed, the only characteristics shared by all
available binding partners are the presence of several hydrophobic residues and at least one
intervening positive residue. This suggests that the binding affinity of TRTK12 for S100B is
probably dominated by non-specific, hydrophobic interactions and only modulated by
electrostatic interactions. These minimal requirements for binding S100B may explain why
it is able to interact with different targets through novel binding modes, with variations in
stoichiometry, affinity and cooperatively (0. 71, 76),
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The above assessment is consistent with the results of this study, where no single alanine
mutation of the TRTK12 peptide significantly altered the binding affinity or kinetics
(observed changed in Kq and & zrare less than two-fold, see Table 1). This includes the
charge-neutralizing variants, TRTKM®6 and TRTKM39, which contain a D6A and K9A
substitution, respectively. These results are consistent with the original phage display assay,
which found no amino acid preference for position 6 within the TRTK12 sequence, and no
preference for a positively charged residue flanking the C-terminal side of the tryptophan
(i.e. residue 9) (39). Furthermore, the presence of physiological salt had no observable effect
on the dissociation constant of the wild-type peptide and caused only a slight decrease in the
apparent k,z(data not shown). Since the TRTK12 alanine variants appear to only slightly
modulate the peptide binding affinity, our findings suggest that the tryptophan (W7) acts as
a bulky hydrophobic anchor for TRTK12 peptide binding to S100B, consistent with
previous proposals 3. 71.77),

This tryptophan 7 of TRTK12 may also play an important role in the kinetics of peptide
binding. Previous studies proposed that S100B interacts with several of its binding partners
through a “fly-casting mechanism,” where the peptide remains unstructured in a “low
affinity” encounter complex, and proceeds to adopt a folded conformation in the final “high
affinity” complex (50. 78.79) This model is increasingly being examined as a rational
explanation for the promiscuity of S100B because so many of its binding partners appear to
be unstructured in the unbound state 40 77. 78)_ Furthermore, computational models suggest
that several binding partners of S100B form initial contacts viaa large, non-polar residue,
such as a tryptophan or phenylalanine (/7: 78), The underlying principle is that intrinsically
disordered proteins or peptides (IDP), such as TRTK12, have a larger “capture radius” than
peptides with a preformed structure (89, and therefore increase the bimolecular association
rates (81). A recent review by Kiefhaber et al. quantitatively defined the fly-casting
mechanism as a bimolecular association involving an IDP with an apparent &, rate > 1x10’
M~1s1(82), This mechanism is consistent with the association rate constants observed for
the TRTK12 peptides binding to S100B (Table 1), and the observed changes in the
conformational ensemble of the peptide between the free and bound states (40 41, 44, 50),

TRTK12 Selectively Binds a Subset of S100 Proteins

Previously, it has been suggested that TRTK12 binds to several, distantly related members
of the $100 family and therefore represents a general $S100 binding motif (32). In contrast,
the results of this study indicate that TRTK12 selectively binds S100B and only three other
S100 proteins: S100A1, S100P, and S100A2. The available structures of the TRTK12
peptide bound to S100B and S100A1 (29. 32,43, 44) a5 well as the sequence alignment of the
S100 proteins, suggest a rational basis for the specificity of binding observed in this study. A
phylogenetic analysis of the S100 family indicates that two of these proteins, SLI00A1 and
S100P, are the most closely related members to S100B (Figure 5), consistent with the
similar affinities and kinetics observed for wild-type TRTK12 binding (Tables 1,3,5).
Furthermore, S100A1 exhibits a similar insensitivity to alanine mutagenesis as S100B
(Table 3) and also appears to interact with an equally large and diverse set of binding
partners (/9. These similarities are most likely due not only to the global homology between
S100A1 and S100B, but also the sequence conservation within the hinge and C-terminal
helix regions (Figure 4). Previous bioinformatics studies have revealed that the hinge and C-
terminal helix regions of the S100 proteins contain the largest degree of sequence
variability, and a number of crystallographic and solution structures have demonstrated
these regions are crucial in S100 target recognition (6: 30 32, 42,50, 83-86) The composite
binding site for S100B-TRTK12 and S100A1-TRTK12 complexes only differ significantly
in terms of their charge distributions. Lys58 of S100A1 has no homologous residue in
S100B, and Asp86 of S100B is replaced with an asparagine in the SI00A1 sequence. These
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substitutions may be sufficient to explain the twofold weaker binding affinity of the wild-
type peptide for SI00AL in the presence of physiological ionic strength (data not shown).

A hydrophobic pocket for W7 of TRTK12 in the structure of S100B-peptide complex is
formed by several residues including 136, L44, V52, and VV56. The corresponding positions
in the sequence of S100A1 are L36, L44, A52 and V56 (Figure 4). Many of the residues that
form the binding pocket in the S100B-TRTK12 and S100A1-TRTK12 complexes are not
conserved in other S100 proteins. This sequence difference likely leads to the increased
sensitivity of the TRTK12 alanine variants for S100A2 and S100P and the inability of most
S100 proteins to bind the TRTK12 peptide. In the absence of structural information for
TRTK12 complexes with S100P and S100Az2, it is difficult to identify the “hot-spot(s)” that
define binding specificity. Therefore, one can only provide a possible rational based on the
sequence alignment. For example, within the hinge region of S100P, several substitutions
change both the net polarity and charge, relative to S100B. These include S41P, E45Q,
E46S, and Q50K. Several residues within helices 3 and 4 have also been replaced, including
V56L, M79A, and VV80I which modify the shape of the hydrophobic pocket and are likely
responsible for the reduced affinity of the TRTKM5, TRTKM10, and TRTKM11 variants to
S100P. This may also explain why the TRTKM5, TRTKM6, and TRTKM9 alanine variants
are still able to bind S100P, despite the apparent exposure of W7 to solvent (Table 2).
Interestingly, SI00A10 and S100Z, which are closely related to S100B, S100A1, and
S100P, do not appear to interact with the TRTK12WT peptide (Table 1). This may be the
result of non-conserved substitutions within the hinge region, including H42E, E45S, and
147Q for S100Z and I136M, 147Q, and V561 for SLO0A10. In addition, SI00A10 and S100Z
both have an unusually long, unstructured region following helix 4 that consists of four Lys
residues, which may electrostatically repulse the TRTK12 peptide and/or partially occlude
the binding site.

S100A2 is the only member of the SI00A2/S100A3/S100A4/S100A5/S100A6 phylogenetic
branch that is able to bind TRTK12 (Figure 5). Furthermore, it appears to be the most
sensitive S100 protein to the TRTK12 motif, as demonstrated by the ability of the
TRKTM11 variant, which substitutes an alanine for isoleucine, to completely abolish
binding. Similarly, the TRTKM5 and TRTKML11 variants, which contain I5A and L11A
substitutions, respectively, bind S100A2 with significantly weaker affinities (Table 3). This
is likely the result of key substitutions within the hinge (S41P, E45G, 147K, K48V, and
Q50E) and C-terminal helices (V52L, V56L, and A83M), relative to S100B. A sequence
comparison demonstrates that the other members of this phylogenetic branch contain
significant variations in the number and type of charged residues in their hinge region,
relative to S100B (Figure 4). In particular, they lack a number of conserved glutamic acid
and aspartic acid residues, which may contribute to the inability of the positively charged
TRTK12 peptide to bind to these proteins. Furthermore, SI00A3 is believed to have a
calcium dissociation constant = 30 mM, meaning that, within this study, the majority of the
population would have remained in the apo state, with its hydrophobic binding site

secluded (7). S100A3 has been proposed to bind zinc with high affinity, which induces a
conformational change similar to that observed for other S100 proteins in the presence of
calcium, but the effects of Zn2*-S100A3 were not probed in this study. S100A4 is similar to
S100Z in that it has a large, positively charged unstructured region following the C-terminal
helix. This region is thought to play an important role in the tetramerization of S100A4 by
binding to the canonical binding site of an adjacent dimer (), but it may also fold back onto
the protein surface and interfere with the binding sites within an individual dimer. SI00A5
and S100A6 both contain a truncated hinge region, as demonstrated by their three and two
residue gaps, respectively, relative to the other S100 proteins (Figure 4). In addition, the
residues in this hinge region are not conserved, relative to the S100B. A glycine occupies the
position of Glu45 in both S100A5 and S100A6, and neither of the sequences contains His42,
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Phe43, or Ile47. The increased sequence divergence within the SI00A2 subgroup, especially
in terms of polar and charged residues, results in a binding pocket that is incompatible with
the TRTK12 peptide.

Selective Inhibitions of S100 Proteins

Differential expression of individual S100 proteins has been implicated in a wide variety of
aberrant cellular processes, making them prime candidates for therapeutic

targeting (1.4 5. 23.75)_However, each individual $100 protein has been associated with a
variety of diverse, tissue-specific, and sometimes antagonistic, functions. For example, up
regulation of S100B has been observed in Alzheimer’s disease (- 8:10), Parkinson’s
disease (11.89.90) Down’s syndrome ©), epilepsy (91, melanoma (23.92.93) and
glioblastomas (94). In contrast, down regulation of S100A1 is associated with an increased
likelihood of cardiovascular disease and cardiomyopathies (16 17). Up regulation of S100A2
has been shown to suppress tumor growth in certain epithelial tissues (%), but to promote
metastasis within the lungs and cervix (9. 97), The interactions of S100 proteins with their
cellular targets is further complicated by the ability of these proteins to localize and
associate with other family members, such as in the S100B/S100A1 heterodimer (98), and
the ability of multiple S100 proteins to interact with the same binding partner, such as

p53 (22,71, 99) Therefore, there is a need to selectively inhibit individual S100 proteins,
without detrimentally affecting the biological pathways of closely related homologs.

The results of this study indicate that single point variants of the TRTK12 peptide are
sufficient to selectively target S100B, or any subset of TRTK12 binding-competent S100
proteins that include S100B. For example, TRTKM1 exhibits two to four-fold enhanced
affinity for SI00A1, S100A2, and S100P relative to the wild-type peptide, while binding to
S100B remains unchanged. Thus, this peptide can putatively act as a micromolar inhibitor
for binding of cellular targets for all four S100 proteins. Similarly, the wild-type or
TRTKMO peptides can be used to selectively inhibit S100B, S100A1 and S100P and not
S100A2, because S100A2 binds these peptides an order of magnitude weaker (Table 4).
Likewise, the TRTKMZ11 peptide can be used to preferentially bind S100B and S100A1, as
opposed to SI00A2 or S100P. Finally, the TRTKMD5 peptide can be used to selectively
inhibit only S100B as the dissociation constants for SI00A1, S100P, and S100A2 for this
peptide are one to two orders of magnitude weaker than S100B.

These /n vitro results suggest a potential strategy to target S100 proteins with individual,
peptide-based inhibitors. However, ideal drug candidates usually require nanomolar efficacy
in vivo (100), as opposed to the micromolar dissociation constants observed in this study.
Furthermore, peptides have traditionally been avoided as therapeutic candidates because of
their low bioavailability, decreased membrane permeability, and high likelihood of
degradation and clearance by the cellular machinery (191, Nonetheless, several groups have
recently published work demonstrating that these drawbacks can be overcome by stabilizing
peptides with “hydrocarbon staples” (102). In several cases, these peptides exhibit enhanced
binding affinity, as well as increased cell permeability and resistance to

degradation (192-105) |n particular, they have shown promise as cancer therapeutics by
binding to previously “undruggable” targets, such as members of the pro-survivor BL-2
family or HDMX/MDMX apoptotic proteins (103.105) The S100 proteins derived from the
A1/A11/B/P/Z and A2/A3/A4/A5/A6 subgroups are thought to directly and indirectly
regulate these pathways through interactions with the p53, HDM2, and HDM4

proteins (0. 71.76) |n particular, S100B is currently the best biological prognosticator for
malignant melanoma, with serum concentrations of the protein inversely proportional to
long-term survival rates (93). This suggests that a modified TRTK12 peptide may represents
a promising starting point for an /7 vivo inhibitor of S100B and/or related S100 proteins. In
addition, the small size of the TRTK12 peptide and low sensitivity of its binding to ionic
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strength are advantageous over other binding partners of S100B, such as the C-terminus of
p53. The ability to individually inhibit homologous proteins, with similar sequences and
tertiary structures, represents an important step towards rational drug design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel A The NMR solution structure of the wild-type TRTK12 peptide with rat S100B
(PDB: IMWN)®#9), For clarity, the binding pocket of a single S100B monomer is shown.
Key residues from the TRTK12 peptide are colored and labeled. Panel B: List of TRTK12

peptide sequences. Alanine-substitued residues are underlined.
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Figure 2.

Examples of ITC experiments showing the binding of TRTK12 to S100B, S100A1, S100A2,
and S100P in the presence of calcium. Upper plots in each panel represent the raw heat
effects as a function of time and lower plots show the cumulative heat effects (®) as a
function of the molar ratio of peptide to protein, and the fits to the experimental data using
Eq. 1 (—) for binding of TRTK12 to S100B at 25 °C (A), binding of TRTK12 to S100A1 at
25 °C (B), binding of TRTK12 to S100A2 at 25 °C (C), and binding of TRTK12 to S100P at
25 °C (D).
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Figure 3.

Temperature dependence of the enthalpies of binding, AH,. Panel A: Binding of the
TRTK12WT (black circles), TRTK12M1 (red circles), TRTKMS5 (green circles), TRTKM6
(yellow circles), TRTKMS (blue circles), TRTKM10 (pink circles), and TRTKM11 (cyan
circles) peptides to the S100B protein in the presence of 5 mM calcium. Solid lines represent
linear fits of the AH, temperature dependencies for each peptide-S100B interaction. The
slopes of these lines represent the changes in heat capacity, which are summarized in Table
1. Panel B: Temperature dependence of the enthalpies, A g, of the TRTK12WT peptide
binding to S100B (black circles), S100A1 (red inverted triangles), SI00A2 (green squares),
and S100P (yellow diamonds) in the presence of 5 mM calcium chloride.
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Figure 4.
Sequence Comparison of Human S100 Proteins. Sequence alignment of human S100 family

members generated using ClustalOmega (198). For clarity, residue numbering in the text is
always written in reference to the sequence of S100B.
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Phylogenetic tree based on the sequence alignment. For clarity, proteins that were found to

interact with TRTK12 (S100B, S100A1, S100P, and S100A2) are underlined.
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Table 4

Summary of the dissociation constants, the changes in the heat capacity upon binding, and the kinetic rate
constants of the TRTK12 wild-type peptide and alanine variants binding to S100A2 at 25°C.

Peptide Kq® UM AC), 0P KIMOILK™  AC, ¢q1cC kJ-mol LKL
TRTK12 48+3(43+9) -15+0.1 -15+0.1

TRTKM1  152+10(16+1) -08£0.1 -13+0.1

TRTKMS 1310461 (WA)C —0-9%01 -13+0.1

TRTKM6  21.5+40(23+3) -07£01 -15+0.1

TRTKM9  450+20(17+4) -04+01 -15+0.1
TRTKM109 - - -

TRTKMIL 504497 (WA)E — ~1.6+01 -15+0.1

aDissociation constants obtained using ITC. Values in parentheses were obtained using emission fluorescence assays.
bThe experimentally determined changes in the heat capacity upon binding (Figure 3).
cStructure-based calculations (see Eq. 7) homology models based on the human S100A2 dimer binding to two peptides using PDB:31QQ (44),

dNo detectable binding by ITC or emission fluorescence.
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