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Abstract

S100B is a member of the S100 subfamily of EF-hand proteins that has been implicated in
malignant melanoma and neurodegenerative conditions such as Alzheimer's and Parkinson's
disease. Calcium-induced conformational changes expose a hydrophobic binding cleft, facilitating
interactions with a wide variety of nuclear, cytoplasmic, and extracellular target proteins.
Previously, peptides derived from CapZ, p53, NDR, HDM2 and HDM4 have been shown to
interact with S100B in a calcium-dependent manner. However, the thermodynamic and kinetic
basis of these interactions remains largely unknown. To gain further insight, these peptides were
screened against the S100B protein using isothermal titration calorimetry and nuclear magnetic
resonance. All peptides were found to have binding affinities in the low micromolar to nanomolar
range. Binding-induced changes in the line shapes of S100B backbone 1H and 15N were
monitored to obtain the dissociation constants and the kinetic binding parameters. The large
microscopic K, rate constants observed in this study, Ko, 21x107 M-1s71, suggest that S100B
utilizes a “fly casting mechanism” in the recognition of these peptide targets.

The S100 protein family consists of small (9-13 kDa), dimeric, calcium-binding proteins
that are unique to vertebrates (1). These proteins play a role in a variety of cell functions,
including phosphorylation (2, 3), enzyme regulation (4, 5), and cytoskeleton dynamics (6),
and have also been implicated in a variety of cancers (7-10), inflammatory conditions
(11-13), and neurological diseases (14-17). Unlike calmodulin, a ubiquitous calcium-binding
protein, expression patterns of S100 protein family members appear to be cell specific, with
individual expression levels depending on local environmental factors (18). Each monomer
consists of four alpha helices and contains two calcium-binding domains: a high affinity,
canonical EF-hand in the C-terminus and a low affinity ‘psuedo’ EF-hand in the N-terminus
(19). The disparity in calcium-binding affinity between the two sites is much greater than
that seen in the different isoforms of parvalbumins, and originates in local sequence
differences rather than long range contacts (20-22). Cation binding induces a large
conformational change, during which helix 3 reorients itself ~90° relative to helix 4 (23-29).
This exposes a large patch of hydrophobic surface area that is generally required for protein
binding and various S100 functions (30).

S100B is the best studied member of the S100 family and was the first to be discovered (31).
To date, over 29 structures of the protein have been deposited in the Protein Data Bank
(PDB) (32). These include both crystallographic and solution NMR studies that span all
functionally relevant states (apo, cation bound, and peptide bound) and orthologs from three

"Phone: 518-276-4417 Fax: 518-276-2851 makhag@rpi.edu.

Tpresent address: University of Copenhagen, NNF Center for Protein Research, Blegdamsvej 3B, DK-2200 Copenhagen N, Denmark
Supporting Information

Supplementary methods and Figures 1-3. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wafer et al.

Page 2

species (Homo sapiens, Rattus norveggicus, Bos taurus). S100B is known to interact with
over 20 targets, including nuclear, cytoplasmic, and extracellular ligands (30). It has
established roles in Parkinson's, Alzheimer's, Down Syndrome, and it is currently the best
prognostic marker for malignant melanoma (15-17, 33). Previously, it has been shown to
interact with peptides derived from CapZ (34, 35), p53 (36-38), NDR (5), MDM2/HDM?2
(39, 40) and MDM4/HDM4 (39). Despite the large amount of data concerning the
identification of the binding targets, there remains ambiguity about the structural,
thermodynamic, and Kinetic basis of these interactions.

The TRTK12 peptide is derived from C-terminal region the actin-capping protein CapZ
(residues 265-276), but was originally identified as a S100B binding motif using a random
phage display library. The consensus sequence (K/R)(L/I)XWXXIL was shown to compete
with known S100B binding partners, including CapZ and glial fibrillary acidic protein, in a
calcium-dependent manner (34). Previous studies had identified helix 3, the hinge region,
and helix 4 as the most likely regions for target recognition, due to their structural
rearrangement during calcium binding and their sequence divergence amongst the S100
proteins (5, 36, 38, 39, 41-45). Mapping of the interaction surface by NMR identified
residues involved in binding the TRTK12(265-276) peptide and provided an important step in
confirming the target binding site for S100B. TRTK12(265-276) 350 helped establish the
tendency for binding-competent peptides to have Arg or Lys residue(s) in addition to
hydrophaobic residues (46).

The p53 protein is a transcription activator that up regulates genes critical to cell cycle arrest
and apoptosis (47). If mutated or down regulated, cell proliferation can proceed unchecked
and otherwise healthy cells proliferate and become cancerous. Conversely, if up regulated,
premature aging and cell damage can occur (48). The p53 protein consists of an N-terminal
transactivation domain, a DNA-binding domain, a tertamerization domain, and a C-terminal
regulation domain. S100B has been shown to bind to individual subdomains with varying
affinities in a complex manner, depending on the oligomerization state of p53 and its post-
translational modifications (37, 49, 50). S100B preferentially binds to the tetramerization
domain of p53 during basal expression, preventing the more active tetrameric form of p53
from entering the nucleus. Binding to the extreme C-terminus prevents protein kinase C-
dependent phosphorylation of Ser376 and Ser378 (49). Interestingly, this region is
unstructured both as a functional domain in the p53 protein and as a free peptide in solution
(51-53). Upon binding S100B, this sequence adopts a partially helical structure (29, 54-56).

Nuclear Dbf2-related kinases (NDR's) are a subgroup of the serine/threonine AGC kinases
and are highly conserved amongst eukaryotes (57). NDR activity is critical to mitotic
progression, cytokinesis, morphological changes, cell proliferation, and apoptosis (57).
S100B binds to a basic/hydrophobic sequence at the junction of the N-terminal regulatory
and catalytic domains (5). Mutagenesis studies have shown that Thr74 plays a crucial role in
binding and it is likely that S100B binding triggers autophosphorylation of Ser281,
activating the kinase (58). Similar to the p53 protein, the S100B binding site of NDR
includes an unstructured region that adopts a three-turn helical structure upon complex
formation(5).

Human Double Minute 2 (HDM2) and Human Double Minute 4 (HDM4) proteins are both
critical regulators of p53 (59). The former acts as a tumor suppressor by binding to p53 and
inhibiting N-terminal activation, as well as targeting the protein for ubiquitin-dependent
proteosomal degradation (60). The latter acts in a more complex fashion, either inhibiting
p53's apoptotic activity or stabilizing the protein and promoting the mitochondrial apoptotic
response (61). In addition, HDM4 has been shown to form heterodimers with HDM2, which
adds an additional layer of regulation to the activity and effective concentration of the
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HDM2 protein (62). S100B has been shown to interact with peptides derived from the N-
terminal domains of both proteins, as well as the full length HDM2 protein (39, 40). It is still
unclear whether interactions with these binding sites are physiologically relevant. The
HDM2(25-47) peptide, consisting of residues 25-47 of the full length protein, is derived from
a region that is buried in the three-dimensional structure (39). In contrast, the HDM4 protein
appears to be intrinsically more flexible, adopting several conformations in the unbound
state (63). The HDM2(25-47) and HDM4(25-47) peptides, both consisting of residues 25-47,
were identified based on their sequence similarity to TRTK12 (39). Competition
experiments using a phage display have demonstrated that the binding site for the full-length
HDM2(25-47) protein at least partially overlaps with the binding site for TRTK12(265-276) (5,
39, 40). In addition, no structure exists of S100B bound to either target. Interestingly, the
available data suggests these peptides may interact with S100B through a unique and
asymmetric mechanism (40).

Here, we performed a full thermodynamic and kinetic characterization of the
TRTK12(265-276) n53(367-388); NDR(62-87) HDM2(25-47); and HDM4(2547) peptides binding
to the S100B protein. All peptides were found to have dissociation constants in the low
micromolar to nanomolar range, as determined by isothermal titration calorimetry (ITC) and
nuclear magnetic resonance (NMR). In addition, experimentally measured changes in the
heat capacity upon binding were found to be in excellent agreement with predicted values in
structure-based calculations that take into account changes in solvation upon binding.
Binding induced changes in the chemical shift of S100B backbone 1H and 1°N were
monitored to confirm the binding site for these peptides and to obtain the kinetic parameters
of binding. The relatively fast microscopic on rate constants observed in this study suggest
that S100B utilizes a “fly casting mechanism” or “folding after binding” in the recognition
of these peptide targets.

EXPERIMENTAL PROCEDURES

Protein and Peptide Purification

Unlabeled and double-labeled °N/13C human S100B proteins were overexpressed in
Escherichia coliand purified as previously described (64-66). The protein concentration was
determined using the molar extinction coefficient at 280 nm (e2ggnm) of 1,490 M1 cm™1,
All peptides, with their N-termini acetylated and their C-termini amidated, were synthesized
using standard Fmoc chemistry at the Penn State College of Medicine Macromolecular Core
Facility. The TRTK12(265-276) peptide derived from the actin-binding protein CapZ (Ac-
TRTKIDWNKILS-Am), the nuclear Dbf2-related kinase (NDR(62-87); amino acid sequence:
Ac-KRLRRSAHARKETEFLRLKRTRLGLEY-Am), and the C-terminal p53 peptide
(p53(367-388): amino acid sequence: Ac-YSHLKSKKGQSTSRHKKLMFKTE-Am) have all
previously been used in structural studies (5, 35, 36, 67). The human homologue of marine
double minute 2 peptide (HDM2(25-47); amino acid sequence: Ac-
ETLVRPKPLLLKLLKSVGAY-Am) and the human homologue of marine double minute 4
peptide (HDM4(25-47): amino acid sequence: Ac-NQVRPKLPLLKILHAAGAQY-Am) are
the same sequences used by Weber et al (36, 39). With the exception of TRTK12(265-276) gj
peptides have an additional Tyr residue on their N-termini or C-termini, to allow for
quantification by UV absorbance spectroscopy. For the NDR(62-87) and p53(367-388)
peptides, this residue is known to exist outside of the binding site in an unstructured region
of the peptide and is expected to have little to no impact on binding (5, 29). Similarly, the
sequence alignment data for the HDM2(25-47) and HDM4(25-47) peptides suggest that the
extreme C-termini exists outside of the S100B binding motif (39). The peptides were
purified as previously described (65), and their masses were confirmed with mass
spectrometry. The concentration of peptides was determined using the molar extinction
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coefficients at 280 nm (e2ggnm) of 5,500 M1 cm~1 for TRTK12(265-276) and 1,490 M1
cmL for p53(367-388) NDR(6287) HDM2(25-47), and HDM4(25-47), respectively (68).

Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry measurements were performed using a VP-1TC instrument
(MicroCal, Inc., Northhampton, MA) as previously described (65, 69, 70). Prior to all
experiments, protein and peptide were dialyzed with two buffer changes of 20 mM Tris
base, 0.2 mM disodium EDTA, 1 mM TCEP, pH 7.5 and 5 mM calcium chloride at room
temperature. For the p53(367-388) peptide, the “high salt” buffer included an additional
120mM NacCl. In general, 0.4-1.6 mM peptide was injected in 2-7 L increments into the
sample cell (1.5 mL) containing 20-50 M protein. For the titration of Ca2*-S100B and
HDMA4(25-47)  the protein solution was injected into the cell containing the peptide solution.
Experiments were performed in the temperature range from 5°C to 35°C, in 5°C increments,
except in cases where the heat effects were close to zero and thus there was insufficient
signal. The heat of dilution was measured prior to each experiment by performing four
peptide injections into buffer, using the experimental concentrations and volumes. It was
found to be negligible for all peptides over the temperature and volume ranges reported. The
resulting titration curves were analyzed using the Origin for ITC software supplied by
MicroCal (Northampton, MA).

It is important to note that ITC data analysis is model dependent. In the absence of
additional information, analysis is performed by examining models in the order of increasing
complexity. In accordance with Occam's razor, the simplest model that fits all the available
data is assumed to be correct. The following binding models were considered:

Single binding site model - one peptide per S100B dimer (71):

_n[cell],AH,uV° % 4 syringe],
- 2 n[ cell],

where Q is the integral heat at each injection, A=1+L3cly Lol n = 1 s the
stoichiometry of the protein-peptide complex, [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-identical binding sites model - two peptides per S100B dimer (71):
o tLeell AV [

2 n| cell],

4| syringe], J

where Q is the integral heat at each injection, A=1+Lyzl 4 Lol and n = 2 is the
stoichiometry of the protein-peptide complex.

Two-sequential binding sites model - two peptides per S100B dimer (71):

Q=[cell],V° {[ AHea (1/Ka) [ syringe],+ (AHean+AHear) (1/Ka1) (1/Kap) [ syringe] 2|/ | 1+] syringe], (1/Ka +1+ (1/Kap) (1/Ka) [ 5

where Q is the integral heat at each injection, K; and K5 are the association constants for
binding to sites 1 and 2, respectively, and A Hggj1 and A Hgy)o are the calorimetric enthalpies
for binding to sites 1 and 2, respectively.
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Far-UV Circular Dichroism—The far-UV CD spectra (260-195 nm) of the
TRTK12(265-276) 53(367-388) NDR(62-87) HDM2(25-47), and HDM4(25-47) peptides were
measured on a Jasco-715 spectropolarimeter in a 1 mm light path length cuvette.
Measurements were performed using 50 LM peptide in the presence of 20 mM Tris, 1 mM
TCEP, 0.2 mM EDTA, pH 7.5, with or without the presence of 5 mM calcium and with or
without the presence of 30% TFE. Ellipticity values (®) for the peptides were corrected by
subtracting the corresponding values for the buffer and converting to mean residue
ellipticity, [©] using the following equation:

[©]=0-MR/(10-1-¢) 4

where MR is the mean molecular mass of the amino acids in each peptide, | is the optical
path length in centimeters and c is the peptide concentration in mg/ml. The fraction helicity,
fy, was calculated as:

_[©222] - [©]
I=Te,1-10.] 5

where [@]92 is the experimentally determined ellipticity at 222 nm, [@]c 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 [®]c has a temperature dependence described as (72):
[©.]=640 —45-T 6

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 (72):

[©,]=(~40,000+250 - T) - (1 - ?V—S) 7

r

where N, is the number of residues.

Structure based calculation of ACp

Structure-based calculations allow for cross-validation of thermodynamic parameters
obtained from protein-ligand binding (65, 73). Most often, these calculations of the heat
change upon binding, AC,, are based on changes in the accessible surface area upon
binding, AASAqt, of the ligand to the protein. Using the available three-dimensional
structures of S100B in complex with the studied peptides, AASAot was modeled as
previously described (74). In cases where no structure was available, homology models of
the peptide-bound state were generated using Modeler (75) and PDB structure 1DT7 (29).
Changes in the accessible surface area upon binding were calculated as follows:

AASAtotZASAdimﬂ?ﬁep - (ASAdim—pep+ASAunf pep) 8

where AASA is the total change in accessible surface upon peptide binding, ASAdim-+pep
is the ASA of the protein in complex with the peptide, ASAgim — pep IS the ASA of protein in
the absence of peptide, and ASAynt pep is the ASA of unfolded peptide. As described
previously (65, 73, 76), changes in AASA were subdivided into 4 categories: aliphatic
surface area, aromatic surface area, peptide backbone surface area, and polar surface area
and converted into AC, using the following empirical relationship:
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AC,=2.14 - AASAyp+1.55 - AAS Ay — 1.81 - AAS Ay, — 0.88 - AAS A,y 9

where AASA,p are the changes in ASA for aliphatic amino acids, AASAym, are the
changes in ASA for aromatic amino acids, AASA are the changes in ASA for polar amino
acids, and AASAyy, are the changes in ASA for the polypeptide backbone.

NMR Spectroscopy

NMR spectra were collected at 35°C on a Bruker AVANCE 11 600MHz spectrometer
equipped with a triple-resonance cryoprobe with z-axis gradients and processed using the
Bruker software suite TopSpin (version 2.1). Backbone resonance assignments were
obtained for S100B in the peptide-free state using the auto assignment program MONTE
with the connectivities detected in the spectra of the HNCO, HN(CA)CO, HNCACB, and
HN(CO)CACSB triple-resonance experiments as input and validated against previously
published assignments (77). Reassignment of the amide groups in the peptide-bound state
were performed by monitoring changes in chemical shifts in a series of 2D *H-15N HSQC
spectra acquired throughout the peptide titrations and were verified against published
assignments when applicable (5, 24, 27, 29, 78). Prior to all experiments, the protein and
peptide were simultaneously dialyzed into buffer containing 5 mM Tris, 15 mM NacCl, 0.34
mM NaNgs, pH 7.5. After dialysis, 5% D,0 and 10 mM CaCl, were added to the samples.
Chemical shift mapping experiments were performed by titrating 0-4 mM peptide into
0.1-0.45 mM calcium- bound S100B and monitoring changes in backbone 1°N and 1H. All
titrations were continued until there were no longer observable changes in either the 15N
or IH chemical shifts. The combined changes in the proton and nitrogen chemical shifts
were quantified according to the following weighted distance metric (79, 80):

V6, +(58,)° 10

where &y and & are the changes in chemical shift (in ppm) in the nitrogen and proton
dimensions, respectively. Spectra were analyzed using the program Sparky (81).

LineShapeKin Analysis

Line shape analysis was performed using the BiophysicsLab Matlab package (82). The 1D
slices of the 1°N and 1H dimensions from 2D HSQCs were extracted in Sparky (81) and the
intensities were normalized by the area under each peak to account for exchange broadening
in the other dimension (82). For the TRTK12(265-276) and p53(367-388) peptides, titration data
was fit to a model where there are two identical binding sites per S100B dimer, or one
peptide interacting with each S100B monomer. The sequential binding model cannot be
explicitly modeled using LineShapeKin, so the titration data for the NDR(6287) peptide was
fit to a model where there are two identical binding sites per S100B dimer and compared to
the simulated data using a sequential binding model (83) to estimate the upper and lower
limits on the kinetic rate constants. For the HDM2(25-47) and HDM4(25-47) peptides, binding
was best fit to a single binding site per S100B dimer. The software analytically solves for
both the apparent binding constant, K4PP, and off-rate, Kqfs, simultaneously, which allows
the on-rate, Kop, to be readily calculated. The x2 values were examined in a 2D matrix as a
function of binding affinity and K¢ rates to ensure the data was fitting to a true global
minimum (see supplementary materials). In order for data to qualify for line shape analysis,
the amide peak must have been determined to have undergone a significant chemical shift
change, not overlap with any other amide peak, and be sufficiently resolved in all spectra of
the titration series. For each peptide, six to ten residues were found to meet these criteria. As
part of the analysis, all residue specific data were assumed to be reporting on the same
binding event. As a result, fitted parameters including the rate constants for binding kinetics
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could be calculated with greater certainty in global fits using all data. To validate this
assumption, individual residues were independently fit and these results were compared to
each other, as well as the global analysis, and found to be in good agreement (see
supplementary materials). All reported values are the result of global fits, which include
both 15N and *H dimensions of all relevant amide groups across all ligand concentrations.

Thermodynamics of Peptide Binding

ITC is a powerful, quantitative method for measuring the thermodynamics of protein-ligand
interactions. It is unique in its ability to simultaneously determine the enthalpy (AHca),
affinity (Ky) and stoichiometry (n) of an interaction from a single experiment at a given
temperature (70, 84). In addition, if experiments are performed over a range of temperatures,
one can derive the heat capacity change upon binding (ACp) from the temperature
dependence of the enthalpy of binding. An important caveat is that all data analysis is
model-dependent and the simplest model that accurately fits the data is assumed to be
correct.

Below we present the results of analysis of five different peptides binding to calcium-
saturated S100B, i.e., Ca2*-S100B. For readability, it will henceforth be referred to simply
as ‘S100B’.

TRTK12—Figure 1A shows representative ITC data from experiments in which the
TRTK12(265-276) peptide was titrated into S100B. The titration data are best fit to the
simplest model, where there are two identical binding sites per S100B dimer (Equation 2).
This stoichiometry is consistent with previous structural studies that show each S100B
monomer has an identical binding site (29, 37, 46, 54, 85). The binding affinity per site is
determined to be 2 + 1 M at 25°C, which is in good agreement with fluorescence- and the
weaker values from the conflicting reports from NMR-based assays (54, 86). Figure 2 shows
the dependence of the enthalpy of binding, AH¢g, on temperature. This dependence is a
linear function of temperature and the slope of the dependence is the heat capacity change
upon binding, ACp,. It has previously been shown for a variety of protein-protein and
protein-peptide interactions that AC, can be accurately predicted using structure-based
calculations (73, 74). The heat capacity change for the S100B TRTK12(265-276) jnteraction is
not an exception, as the experimentally obtained ACp, -1.3 +0.2 1 kJ mol't K1, is in
excellent agreement with the calculated value based on the bound complex (PDB: 1MQ1) ,
-1.2 0.1 1 kJ mol'1 K1 (Equation 9).

p53—Figure 1B shows the typical ITC titration profile for the p53(376-388) peptide binding
to the S100B protein. The titration data fits well to the simplest model, where there are two
identical and independent binding sites per S100B dimer. The dissociation constant, Ky, for
each site in the presence of low salt was determined to be 2 + 1 .M, which is in agreement
with kinetic phosphorylation assays (3). The dissociation constant in the presence of high
salt is an order of magnitude weaker, 20 £ 5 wM. Increasing ioninc strength has been shown
to significantly reduce the affinity of the p53 peptide for S100B (39, 49), although the
absolute affinity reported here is somewhat tighter than previously reported values measured
using competitive binding assays (39) and ultracentrifugation experiments. Figure 2 shows
the linear dependence of the enthalpy of binding, AHcg, on temperature for the low salt
conditions, although it should be noted that the experimentally determined AC, values did
not change significantly in the presence or absence of salt, -1.2 + 0.1 kJ mol" K1 and -1.0 +
0.1 kI molt K1, respectively. The calculated ACy, -1.0 + 0.1 kI molt K1 (PDB: 1DT7), is
well within error of these values (Table 1).
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NDR—Figure 1C shows results from representative ITC experiments in which the
NDR(62-88) peptide was titrated into Ca2*-S100B. The titration data could not be accurately
fit to the simplest binding model, where there are two identical binding sites per S100B
dimer (Equation 2). The data appears to fit well to the more complex sequential binding site
model, where there are two non-identical, interacting sites per S100B dimer (Equation 3).
This model is consistent with the previously reported stoichiometry (5), i.e., two peptides
per S100B dimer. However, it delineates a significantly different mechanism of binding for
the NDR peptide as compared to the TRTK12 or p53 peptides. This model suggests that
binding of the first NDR peptide either transduces a structural change across the S100B
dimer that changes the affinity for the second NDR peptide. The higher affinity site has a
Kgp 0f 0.4 £ 0.2 M, while the lower affinity site has a Kqp of 2 £ 1 M. The sequential
binding model has been observed before for other S100 proteins interacting with target
peptides. The negative cooperativity (Kq; < Kg2) observed here is similar to that observed
for the MDM2 N-terminal domain binding to S100B (40), but in contrast to the positive
cooperatively (Kq1 > Kgp) observed for the binding of Annexin Il to SLI00A10 (65).
Consistent with the sequential binding model, the enthalpies of binding for each site are also
different. The temperature dependence of the sum of the individual enthalpies of binding is
listed in Table 1. The change in heat capacity for the SI00B-NDR interaction is shown in
Figure 2. It is important to note that the structure-based calculation for ACp, can only be
calculated for the final bound complex (two peptides per S100B dimer) and not any
intermediate states. It is this value that is then compared with the temperature dependence of
the total enthalpy of binding, or the sum of the individual enthalpies of binding. In this case,
the calculated and experimentally determined AC,, agree within the error, -1.5 + 0.3 kJ mol” -1
K-1 (PDB: 1PSB) and - 1.9 + 0.2 kJ mol'K™1 prowdmg internal consistency for the data
analysis.

HDM2 and HDM4—TFigures 1D and 1E show typical ITC profiles for the HDM2 and
HDM4 peptides binding to S100B. The simplest model, where there are two identical
binding sites per S100B dimer, was insufficient to fit the binding isotherms (Figure 1E).
Subsequently, binding data for the HDM2(25-47) and HDM4(25-47) peptides were found to fit
well to a single site binding model (Equation 1), where an individual peptide binds to the
S100B dimer. The presence of only one HDM2 and HDM4 peptide binding site per S100B
dimer is a distinct stoichiometry compared that of the TRTK12, p53, and NDR peptides.
However, the stoichiometry of one peptide per S100B dimer has been previously observed
(49, 87). Peptides derived from the tetramerization domains of p53 (distinct sequences from
the peptide studied here) and p63 have been reported to bind to S100B with the same ‘one
peptide per dimer’ stoichiometry (49, 87). The binding affinity for the HDM2(25-47) peptide
was determined here by ITC to be 0.5 + 0.1 M, while the affinity for the HDM4(25-47)
peptide was almost an order of magnitude tighter, 0.07 + 0.02 M. An order of magnitude
difference in affinities between the two peptides has been previously reported (39).
Furthermore, it has been reported that the affinity for HDM2(25-47) peptide is approximately
an order of magnitude tighter than those of the TRTK12(265-276) and p53(367-388) peptides, in
agreement with our observations (Table 1). Figure 2 shows the change in heat capacity for
both the S100B-HDM2 and S100B-HDM4 interactions, which are significantly larger than
the other peptides examined in this study. In addition, the experimentally determined AC,
for the HDM4(25-47) peptide, -1.7 + 0.2 kd mol't K1, is significantly different from that
obtained using homology models of the bound complex -0.7 £0.1 kI mol'l K1 (see
Methods), where the stoichiometry was modeled as one peptide per S100B dimer (Table 1).

Chemical Shift Perturbations due to Peptide Binding

Interactions between S100B and various peptide targets were examined by monitoring
binding-induced changes in the chemical shifts of backbone 1°N and 1H atoms between the
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peptide-free state and the peptide-bound state (Figure 3). While resonances undergoing
binding-induced chemical shift perturbations are generally limited to those atoms within the
interaction surface, it should be noted that chemical shift changes can be detected in residues
neighboring those that make direct contacts or in cases where structural changes involving
remote sites is coupled with binding events. However, the results suggest that binding-
induced chemical shift perturbations are localized to discreet interaction surfaces and that
peptide binding does not induce an allosteric effect. The protein concentrations used in this
study preclude a full assignment of S100B in the peptide free and peptide bound states.
However, the majority of the amino acid residues in S100B that underwent significant
chemical shift perturbations were observable and structurally cluster to a region that is in
good agreement with the residues reported to be directly involved with TRTK12(265-276)
p53(367-388) and NDR(62-87) peptide binding in previous structural studies (see Figure 3) (5,
39, 54). Specifically, residues from loop 2 (S41, H42, F43, L44, E45), helix 3 (V52, V53,
V56, T59), and the C-terminus of helix 4 (S78-F88)were found to interact with the
p53(367-388) TRTK12(265-276) and NDR(62-87) peptides. There are no structures available
for S100B in complex with either HDM2(25-47) or HDM4(25-47). However, we find that the
residues involved in binding the HDM2(25-47) and HDM4(25-47) peptides are very similar to
those involved in binding the above targets, suggesting that all binding sites at least partially
overlap (Figure 3). This is consistent with previous competition assays which show that the
S100B-HDM?2 interaction can be disrupted by both TRTK12(265-276) and wild type p53 (39).
In addition, significant chemical shifts are observed for residues at the dimer interface,
including S78, M79, V80, T81, T82, A83, for the HDM2(25-47) and HDM4(25-47) peptide
interactions.

Line Shape Analysis

The chemical-shift changes for S100B 1H and 1°N resonances were quantified using a series
of 2D HSQC experiments with progressive increases in the peptide concentration until there
were no longer observable changes in chemical shifts. These experimental data were further
analyzed here in order to characterize the thermodynamics and kinetics of the interaction
(88, 89). More specifically, line shape analysis was performed on one-dimensional line
shapes extracted from the series of 2D HSQC spectra and used to obtain fits for the affinity
and kinetic rate constants of binding (88). This method is most accurate when exchange
between the bound and free states is not in the extreme “fast’ or ‘slow’ exchange regimes,
where Ky is approximately two orders of magnitude greater than or lower than < Aw,
respectively. The apparent affinities and kinetic constants from the global fit analysis are
listed in Tables 2-4.

TRTK12—For the TRTK12(265-276) tjtration, we established that binding occurs according
to the simplest model, where there are two identical sites per S100B dimer. This is
consistent with the NMR results, where a single set of chemical shifts were observed for
each amino acid residue, suggesting each monomer underwent an identical binding event. In
addition, few resonances were observed to have significant line broadening, allowing the
population averaged chemical shift values of the peptide-bound and peptide-free states to be
tracked throughout the titration. Binding therefore occurs in the intermediate to fast
exchange regime relative to the ‘NMR timescale’ (Ko =2 Aw). The dissociation constant
obtained directly from the line shape analysis is in excellent agreement with the K4 from
ITC. The obtained kinetic parameters for binding are: Kg, = 1x108 + 4x107 M1 571 and Ky
=100 + 20 s1 (Table 3). Similar rates are obtained regardless of whether the Kq is allowed
to be fitted in the line shape analysis, or fixed to values obtained by ITC and indicate the
robustness of our analysis (Table 2). Previously, Barber et al. examined the chemical shift
changes of the Trp7 indole ring of the TRTK12(265-276) peptide throughout a titration with
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S100B and estimated a Ko, of 1.4x108 M1 s and a K of 125 s71 (86). These results are
in excellent agreement with the kinetic rate constants observed in this study.

p53—The chemical shift changes observed for p53(367-388) hinding to S100B are similar to
those of the TRTK12(265-276) peptide, i.e. fast on the NMR timescale and consistent with the
two identical binding sites per dimer model, where one peptide binds each S100B monomer.
The dissociation constant calculated from line shape analysis is similar to that of ITC and
results in a Ky, of 8x108 + 3.2x10” M1 s'1 and a K of 800 + 160 s1 (Table 3). The Kqp
for the p53(367-388) peptide is the greatest of any of the peptides examined in this study.
Such fast Ky, rate constants are not frequently observed for protein-peptide interactions but
have been reported. Examples include peptides derived from nitric oxide synthase binding to
calmodulin: 6.6x108 M~1 s~1 (90) and the phosphorylated kinase inducible domain (pKID)
to the structured KIX domain: 6.3x10% M1 s71 (91). Interestingly, peptides derived from the
N-terminus of p53(17-26) have been observed to bind to the MDM2 protein with a K, of
2.2x107 M1 571 (60), and p53(38-61) has been observed to bind to CBP with a K, of
1.7x1010 M1 571 (92). Specifically, the binding kinetics reported for the p53 peptides in the
latter study approach the theoretical limit of protein-ligand binding, even when factoring in
electrostatic interactions (93-95). Taken together, these studies indicate that fast binding
kinetics may be a general property of p53-target protein interactions and that it may be
important for the biological functions of p53.

NDR—A single amide peak was observed for equivalent residues of S100B dimer with
chemical shift perturbations exhibiting fast exchange behavior in binding studies with the
NDR(62-87) peptide. While the results are consistent with earlier observations (5, 29, 35),
ITC analysis indicates that a sequential recognition model is employed, with two, non-
identical binding sites per S100B dimer. As a result, distinct chemical shifts for amide
resonances from each monomeric unit could be anticipated due to loss of symmetry within
the dimer complex. However, the rates of exchange between free and bound states are
detected here to be sufficiently rapid to result in the time-averaged chemical shifts that are
being observed. Indeed, the affinities of each site differ by less than an order of magnitude
according to ITC and the exchange between the free and fully bound state is fast on the
NMR time-scale. Because there is no analytical solution available for the sequential binding
model, one cannot explicitly calculate the Kinetic rate constants using LineShapeKin (82).
Instead, the titration data was simulated (83) using the dissociation constants obtained with
ITC to estimate upper and lower bounds for the kinetic parameters. The Ky rate for the first
peptide binding event is estimated to be between 50 st and 250 s-1, while the Ky rate for
the second peptide binding event is estimated to be between 10 s1 and 200 s°1. This results
in a Ko between 1x108 M1 51 and 6x108 M s for the first peptide binding event, and a
Kon between 1x107 M1 52 and 1x108 M1 51 for the second peptide binding event (Table
2). If the titration data is directly fit to the two identical binding sites model (one peptide per
S100B monomer), and the dissociation constant is restrained by the values obtained by ITC,
then the Ky rate is estimated to be 180 + 40 s™1. This results in K, values between 9x107
M1 s1and 5x108 M1 51, which are in good agreement with the simulated K, rate
constants.

HDM2 and HDM4—Binding of the HDM2(25-47) and HDM4(25-47) peptides occurs in the
intermediate and slow time scales, respectively (Kex < Aw). The stoichiometry obtained for
both peptides by the ITC and NMR titrations is inconsistent with a two identical binding
sites stoichiometry (one peptide per monomer), and fits best to a single binding site model
(one peptide per S100B dimer). Furthermore, the concentrations used during the shape

NMR titrations were several orders of magnitude higher than the dissociation constants (Kq4
< 1pM), where the obtained stoichiometry is the most accurate. The simplest explanation
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consistent with all the data is that the HDM2(25-47) and HDM4(25-47) peptides interact with
S100B through a novel binding mechanism, with the interaction surface of a single peptide
possibly utilizing the prototypical binding site of both monomeric units and a portion of the
dimer interface. The affinities obtained by ITC and LineShapeKin for the HDM2(25-47)
peptide are in good agreement and result in apparent Ko, and K rates of 2.8x108 +
1.1x108 M s1and 140 + 30 s°1, respectively. The HDM4(25-47) peptide is in a slow
exchange regime with S100B, making accurate fitting of the dissociation constant using line
shape analysis difficult, so the Ky value, 0.07 £ 0.03 uM, was taken directly from ITC. The
obtained kinetic parameters: Ky, = 4x107 + 2x107 M1 s and K¢ = 30 + 10 51, are the
slowest of any of the peptides examined here.

DISCUSSION

Thermodynamic Mechanisms of Binding

In this study, we present detailed thermodynamic analysis for five different peptides binding
to calcium-saturated S100B. Even though all five peptides bind to a similar region on
S100B, they interact with the protein through three unique binding mechanisms (Equations
1-3). It is well established that both the TRTK12 and p53 peptides interact with S100B
according to the simplest model, where there are two identical binding sites per S100B
dimer (29, 35-37, 39, 49, 78, 96). Here, we validate this model and present novel
thermodynamic data for these interactions. There was significantly less information
available for the S100B-NDR interaction. Our work suggests the NDR peptide interacts with
S100B protein through a sequential binding model with negative cooperativity. Although a
highly symmetric structure for the S100B-NDR complex has been reported, it involves the
full NDR N-terminal domain in complex with bovine S100B, which differs from the
sequence of human S100B at three residue positions (Val7Met, Ser62Asn, and 11e80Val) (5).
Interestingly, these few changes may actually result in a significantly altered bound state for
the NDR(62-88) peptide. Additional precedence for the differences in the conformation of the
bound state is established by the available structures for TRTK12 interacting with rat and
human S100B, which only differ at two positions (Glu62Asn and Ser78Ala), yet show the
peptide adopting a different orientation and structure in each case (5, 35, 85). When bound
to human S100B, it remains in an extended conformation, forming multiple contacts with
helix 3, the loop region, and helix 4 of the protein. When bound to rat S100B, it forms a
short helix and the N-terminal region of the peptide is aligned more closely with helix 4 of
S100B. The interactions between S100B and the HDM2(25-47) and HDM4(25-47) peptides are
even less well understood than the other targets examined in this study, with no structural
information available. This study suggests both the HDM2(25-47) and HDM4(25-47) peptides
interact with the S100B protein with a stoichiometry of one peptide per S100B dimer.
Considering that a single protein is able to bind multiple targets with unique mechanisms,
this suggests a certain degree of promiscuity in the S100B binding site, similar to that of
Calmodulin (97). It appears that this is a general property of the S100 proteins. For example,
the interactions between Annexin | peptide and S100A11 are best described by the two
identical binding sites model, while the interactions of the Annexin Il peptide with the same
protein are best described by the two sequential binding sites model (65).

The promiscuity of the S100 binding site is also evident at the structural level. The
difference in the orientation of TRTK12 peptide in complex with human and bovine S100B
proteins has been discussed above. The binding of the non-muscle myosin 1A peptide
fragment to S100A4 (98) is another stark example. It shows a stoichiometry of one peptide
per S100A4 dimer, with the peptide occupying binding sites on both monomers. In general,
the peptide binding site on the S100 proteins is defined by residues from helix 3, the loop
region, and helix 4, but the orientation of different peptides bound to this site is very distinct
(Figure 4).
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This difference in peptide orientation in the binding site and dissociation constants partially
originates from the variations in peptide sequences. It has been proposed that the S100B
binding motif consists of a core of hydrophobic residues flanked by positively charged Arg
or Lys residues on one or both sides (39). The importance of hydrophobic residues for
binding is evident by the large negative heat capacity change upon binding for all peptides
studied both here (Table 1) and in previous work (65, 69, 70, 73). Of these, the HDM2(25-47)
and HDMA4(25-47) peptides have the largest absolute values of AC,, and also have the tightest
binding affinities to S100B (Table 1). Importantly, both peptides contain the largest fraction
of non-polar residues in their sequences. This suggests that the percent hydrophobicity of a
peptide is an important parameter when defining binding affinity for S100B. The aliphatic
index for HDM2(25-47) and HDM4(25-47) is several times higher than similarly-sized ligands,
including the NDR(62-87) p53(367-388) and RAGE“2-59) peptides (99). Interestingly, one of
the only other peptides known to bind S100B with sub micromolar affinity, ROS-
GC1(962-981) shares these same features. The majority of the residues in this peptide are also
non-polar and the aliphatic index is similar to that of the HDM peptides, thus supporting the
importance of hydrophobicity for the dissociation constant for S100B.

Kinetic Mechanism of Binding

Interactions between S100B and its peptide targets reveal complex and coupled folding and
binding events. Previous studies have observed that binding of p53 induces helical formation
in the peptide (38). In contrast, TRTK12(265-276) jn complex with rat S100B was observed to
have a single helical turn, but to remain completely unstructured in complex with human
S100B (5, 54). For NDR®62-87) gver half of the peptide adopts a helical structure in the
bound state (5). There are no available structures for S100B-HDM2 or S100B-HDM4
complexes.

This study is the first to experimentally examine the kinetics of peptide binding to S100B
and its implication for the coupled binding and folding mechanism. While the exact time
constants of helix formation are still disputed, it is generally accepted that the coil-helix
transition takes place in less than 1 ps, with residues first slowly overcoming the high
energy barrier for nucleation, and then elongating with a time constant proportional to the
number of residues in the final helix (100, 101). All five peptides were predicted to be
unstructured in the unbound state using the Agadir algorithm and the lack of significant
secondary structure content was subsequently confirmed by CD spectroscopy (see
supplementary materials). This strongly suggests these peptides can be considered to be
intrinsically disordered (IDP's) (92), i.e. that the folded state for the peptide found in the
final complex with S100B only exists transiently in the unbound state. We find a “fly-
casting” or “folding after binding” mechanism (102, 103) to be the most likely explanation
for the large observed bimolecular rates for these peptides, as opposed to conformational
selection (104, 105). The distinction between these two mechanisms for peptides which
become structured in the bound state can be made from the analysis of the K, rates (106). It
is generally considered that the fly-casting mechanism for such systems has a Ky, rate on
the order of 107-1010 M1 51, while the conformational selection mechanism has been
proposed to have a K, rate constant slower than 107 M1 s1 (106). For the p53(367-388) and
NDR(62-87) peptides, electrostatic steering between the positively charged Arg and Lys
residues of the ligands and the negatively charged Glu residues in the S100B binding pocket
may also contribute significantly to the large Ky, rates. This is directly supported by
experimental evidence. For the p53(367-388) jnteraction with S100B, the Ky, is reduced by an
order of magnitude in the presence of 120 mM NacCl, resulting in a similar reduction in the
dissociation constant (Table 1; Table 2). Several computational simulations that have
examined the S100B-p53 interaction specifically (52, 107), and the binding of unstructured
ligands in general (52, 102, 106, 108-111), have arrived at a similar conclusion: namely, that
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“folding after binding” is the principal mechanism for these species. Unfortunately, only a
limited number of experimental studies have examined this hypothesis (91, 92, 112-114).
The Kinetic results reported here represent an important contribution to the increasing body
of evidence for this “fly casting” mechanism.

Supplementary Material

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

Examples of ITC experiments showing the binding of p53, TRTK12, NDR, HDM2, and
HDMA4 peptides to S100B in the presence of calcium. Plots represent the raw heat effects
(pJd/sec) as a function of time, the cumulative heat effects (kJ/mol, represented by closed
circles) as a function of the molar ratio of peptide to protein, and the fits to the experimental
data (solid lines) for: p53 binding to S100B at 25 °C (Panel A; data fitted to equation 2),
TRTK12 binding to S100B at 25 °C (Panel B; data fitted to equation 2), NDR binding to
S100B at 30 °C (Panel C; data fitted to equation 3), HDM2 binding to S100B at 35 °C
(Panel D; data fitted to equation 2), HDM4 binding to S100B at 10 °C (Panel E; data fitted
to equation 2), HDMZ2 binding to S100B at 15 °C (Panel E; data fitted to equation 1).
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Figure 2.

Temperature dependence of the enthalpies, A H,,, of the TRTK12 (green circles), p53
(black circles), NDR (blue circles), HDM2 (yellow circles), and HDM4 (red circles)
peptides binding to the S100B protein in the presence of 5 mM calcium. Solid lines
represent linear fits of the A H,,temperature dependencies for each S100-peptide
interaction. The slopes of these lines represent the experimental change in heat capacity,
which are summarized in Table 1.
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Figure 3.

Changes in backbone *H and 15N chemical shifts for CaZ*-bound S100B upon binding
various peptide targets. Similar residues in S100B undergo chemical shift perturbations
upon binding TRTK12(265-276) (panel A), p53(367-388) (Panel B), NDR(62-87) (Panel C),
HDM2(25-47) (Panel D), or HDM4(25-47) (Panel E) peptides. The bar graphs show the
combined backbone H and 1°N chemical shift perturbations upon peptide binding to Ca%*-
S100B. Residues without A6 values underwent exchange broadening upon binding, and/or
could not be assigned in both the peptide-free and peptide bound states.
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Figure 4.

S100 Proteins Interacts with Peptide Targets through a Promiscuous Binding Site. A ribbon
cartoon representing the converged NMR ensemble for the S100B protein interacting with
the TRTK12 (green, PDB: 1MQ1), p53 (black, PDB: 1DT7), and NDR (blue, PDB: 1PBS)
peptides in the presence of calcium. Only the binding site of one S100B monomer (light
gray, Helices I-1V) is shown. Although all three peptides interact with similar amino acid
residues in the binding pocket of S100B and with the same stoichiometry, each peptide
binds in unique orientation with a distinct structure.
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Table 1

Summary of the thermodynamic properties of S100B binding to p53, TRTK12, NDR, HDM2 and HDM4 and
determined using ITC experiments as well as the comparison with structure-based calculations.

Peptide KgpM AC), exp kI MOl KL AC, o kI'molt K-
TRTK12 2+1 -1.3£0.2 -1.1£0.1
p53,lowsalt 2+1 -1.0+0.1 -1.0+0.1

p53, highsalt 20+5 -1.2+0.3 -1.0+0.1

NDR 241044028 "15%03 -1.9+0.2

HDM2 05+0.2 -1.3+0.2 10+01%

HDM4 0.07 +£0.03 -1.7+02 074017

aThe interaction between S100B and NDR was fit to a sequential binding model, where each S100B monomer had a unique binding affinity.

bThese values were calculated using homology models of the S100B dimer (PDB id: 1DT7) binding to two peptides.
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Table 2

Summary of the kinetic properties of S100B binding to p53, TRTK12, NDR, HDM2 and HDM4 and
determined using NMR and ITC experiments and LineShapeKin analysis.

i -1 7 \-L ol
Peptide Ke, App (pM)a Kot (s Kon (1x10° M s7)
TRTK12 2+05 110+ 20 5+2
p53, lowsalt 2+05 760 £ 150 40 £ 16
p53, highsalt  30+6 900 + 180 3+1
NDR 04+02,2+ 1b 50-250, 20-200 b 13-63, 1-10b
HDM2 05+02° 140 + 30 30+11
HDM4 0.07 +0.03° 30+10 4+2

aPeptide binding was fit to a single site model for all peptides during the LineShapeKin analysis. All reported values are for the apparent Kg.

b,. . . .
Kinetic rates could not be solved for analytically. See Materials and Methods.

cBinding model used was one peptide per S100B dimer. Kg value was taken from ITC and Koff was floated.
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Table 3

Summary of the kinetic properties of S100B binding to p53, TRTK12, NDR, HDM2 and HDM4 and
determined using NMR experiments and LineShapeKin analysis.

i -1 7 ML gL
Peptide Ke, App (pM)a Kot 57)  Kon (1x10° M s
TRTK12 1.0+£05 100 + 20 10+4

p53, low salt 1.0£05 800 + 160 80 +30

p53, high salt 10+2 750 + 150 75+15
NDR b b b

n.a. n.a. n.a.

HDM2 01+0.02° 160 + 30 160 £ 70
HDM4 10+05° 30+10 3+1

aPeptide binding was fit to a single site model for all peptides during the LineshapeKin analysis. All reported values are for the apparent Kg.
bKd values and kinetic rates could not be solved for analytically. See Methods and Table 1.

cBinding model used was one peptide per S100B dimer. K is taken directly from 2D matrix. Koff is then floated with that Kq held constant.
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Table 4

Summary of the kinetic properties of S100B binding to p53, TRTK12, NDR, HDM2 and HDM4 and
determined using NMR experiments and LineShapeKin analysis.

i -1 7 ML sl
Peptide Ke, App (pM)a Kofs (51) Kon (1x10° M s7)
TRTK12 1.0+£05 100 + 20 10+4

p53, low salt 1.0£05 1000 * 200 100 + 40

p53, high salt 10+2 1000 + 200 10+2

NDR b b b

n.a. na. n.a.

HDM2 01+0.02° 100 + 20 100 + 40
HDM4 10+05° 10+2 1.0+04

aPeptide binding was fit to a single site model for all peptides during the LineShapeKin analysis. All reported values are for the apparent Kg.
bKd values and kinetic rates could not be solved for analytically. See Methods and Table 1.

cBinding model used was one peptide per S100B dimer. Kd and Koff is taken directly from 2D matrix.
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