Members of the S100 family bind p53 in two distinct ways
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Abstract

p53 binds to some members of the S100 family (S100B, S100A4, S100A2, and SI00A1). We previously
showed that both SI00B and S100A4 bind to the p53 tetramerization domain, and consequently control
its oligomerization state, but only S100B binds to the C-terminal negative regulatory domain (NRD).
Here, we investigate other binding partners for p53 within the S100 family (SI00A6 and S100A11), and
show that binding to the p53 tetramerization domain seems to be a general feature of the S100 family,
while binding to the NRD is a characteristic of a subset of the family.
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The p53 tumor suppressor plays a key role in preventing
tumorigenic transformation through the induction of cell
cycle arrest or apoptosis in response to certain stress
signals (Levine 1997; Vousden 2000). p53 works essen-
tially as a homotetrameric transcription factor although
some apoptotic activities seem to be transcriptionally
independent. Owing to its importance in control of the
cell cycle, p53 is the subject of a complex regulation, and
is known to interact with many and diverse proteins.
These interactions are important for the direct regulation
of its activity as a transcription factor but also for the
control of protein stability, subcellular localization, and
tetramerization.

The S100 family is a highly conserved group of
proteins that contains EF-hand calcium-binding domains
and consists of more than twenty members that can form
either homodimeric or heterodimeric complexes with
each other (Fig. 1). In most cases, calcium binding
induces a conformational change in the S100 dimer that
facilitates binding to target proteins. The majority of S100
proteins are encoded in the epidermal differentiation
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complex (EDC) located on human chromosome 1 (locus
1g21), a region that is frequently rearranged in human
cancer (Engelkamp et al. 1993). The exact function of S100
proteins is not fully understood, and sometimes seems
contradictory, but they have been implicated in the regu-
lation of a variety of processes, including cell proliferation,
differentiation, and intracellular signaling (Schafer and
Heizmann 1996; Donato 1999, 2001).

Some members of the S100 family are known to
interact with p53. The most extensively studied are:
S100B (Baudier et al. 1992; Rustandi et al. 1998, 2000;
Delphin et al. 1999; Fernandez-Fernandez et al. 2005;
Wilder et al. 2006) and S100A4 (Chen et al. 2001;
Grigorian et al. 2001; Fernandez-Fernandez et al. 2005).
Additionally, SIO0A1 binds to a peptide derived from
the C-terminal negative regulatory domain (NRD) of p53
(Garbuglia et al. 1999). The interaction with S100A2 has
been identified, with p53 NRD also being involved
(Mueller et al. 2005). The interaction with S100 proteins
affects the transcriptional activity of p53, but there is
some debate about how transcription is affected (Scotto
et al. 1998, 1999; Lin et al. 2001; Mueller et al. 2005).

Comparing the interactions of SIO0B or S100A4 with
p53 (Fernandez-Fernandez et al. 2005) revealed that both
bind to the p53 tetramerization domain (TET) and have
a common role in regulating p53 tetramerization, but
S100B also binds to the NRD. Here, we investigate
whether binding to p53 is a general feature of the S100
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Figure 1. Sequence comparison of S100 proteins. Alignment of the human S100 sequences studied. Sequences were aligned using
Megalin (Laser Gene) software. Residues matching the consensus sequence are shaded. The secondary structure of calcium-bound
S100B is indicated above the sequence. The net charge in the area delimited by a square in the loop 2 (hinge) region is negative in the
proteins that bind to NRD peptide (S100B, S100A1, and SI00A2) but zero or positive for those proteins that do not bind (or bind very
weakly) to NRD peptide (S100A4, SI00A6, and S100A11). This area contains negatively charged residues in SI00B (E46, E49, E51),
whose HSQC correlations were perturbed upon binding of NRD but not upon binding of TET-L348A (see Fig. 5B).

family by characterizing the interactions with p53 TET
and NRD derived peptides. In all cases, SI00 proteins
bind to p53 TET and consequently regulate its oligomer-
ization state. But p53 NRD binds to only a subset of the
S100 proteins. NMR results obtained with '*N-labeled
S100B bound to NRD or a TET peptide suggest that the
regions of S100B involved in the interaction with
these peptides could be different. Nevertheless, a certain
degree of competition was detected between the binding
of NRD and TET peptides to S100B. Our results identify
two categories of S100 proteins: those exemplified by
S100A4 that exclusively bind to the p5S3 TET domain;
and those exemplified by S100B that additionally bind to
the NRD.

Results

The binding to p53 TET domain seems to be a general
property of S100 proteins and is affected
by p53 oligomerization

Human S100A1, S100A2, S100A6, and S100A11 were
overexpressed and purified. The binding of S100 proteins
to the p53 TET domain was monitored using fluorescein-
labeled (fluo-) TET peptide (residues 325-355 of human
p53) and the monomeric mutant TET-L344P in fluores-
cence anisotropy experiments at physiological ionic strength
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(Fernandez-Fernandez et al. 2005). S100 proteins were
titrated into solutions of either 25 nM (fluo-) or 250 nM
(25 nM fluo- + 225 nM nonlabeled) TET peptides to
investigate whether tetramerization influences the binding
affinity in a similar manner to its effect on S100B and
S100A4 (Fernandez-Fernandez et al. 2005). We have quan-
tified the K, for the dissociation of TET peptide tetramers in
the conditions used in these experiments (M.R. Fernandez-
Fernandez and A.R. Fersht, unpublished results). Although
we were unable to discern whether the complex dissociates
into dimers or directly into monomers, quantitatively the
value for the dissociation is ~100 nM (K, = [D]z/[TJ or
VK, for the K; = [M]*/[T]). Consequently, at 25 nM and
250 nM TET peptide, the proportion of tetramer present in
solution is small and high, respectively.

S100A1, S100A2, S100A6, and S100A11 bind to p53
TET peptide (Fig. 2B,D,FH) and to TET-L344P (Fig.
2A,C,E,G). As expected, the binding of S100 proteins to
the TET-L344P mutant is not affected by peptide con-
centration, as the peptide is monomeric. But for TET, the
higher the concentration of peptide, the weaker the
binding to S100 protein. Thus, as found for S100B and
S100A4 (Fernandez-Fernandez et al. 2005), the proteins
bind to the TET domain only when it is in its lower
oligomerization states (i.e., monomers and dimers).

For a quantitative comparison, we measured the bind-
ing affinities of S100 proteins with TET using the
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Figure 2. Binding of S100 proteins to p53 TET and TET-L344P peptides. Binding of SI00A1 (A,B), SI00A2 (C,D), S100A6 (E,F),
and S100A11 (G,H) to fluorescein-labeled TET-L344P (A,C,E,G) and TET (B,D,F,H) peptides by using fluorescence anisotropy is
shown. The data shown are the mean of three independent measurements. Peptides were studied at two different concentrations, 25 nM
and 250 nM. The 250 nM sample was prepared as a 9:1 mixture of nonlabeled:labeled peptide to normalize the fluorescence intensity
to the 25 nM sample and to avoid energy transfer effects. The S100 protein dimer concentration is expressed in molar units (M). The
S100 stock was 400 wM dimer, except in experiments with SI00A2 (75 pM), which shows tight affinity for TET peptide.

TET-L344P mutant peptide to avoid the complications
of different oligomerization states. Data from S100s
binding to 25 nM TET-L344P (Fig. 2) were fitted to a
1:1 binding model (one molecule of peptide binding to a
S100 dimer) to derive the K, values shown in Table 1.
S100A2 binds the tightest of all the S100 proteins
analyzed.

Apparent K, values were also obtained for S100s
binding to 25 nM TET, in the experimental conditions
shown in Figure 2 (Table 1). For each individual S100

protein, the binding to TET is considerably tighter than to
TET-L344P despite a proportion of TET peptide being
tetrameric at that concentration.

The data revealed new binding partners for p53 within
the S100 family (S100A6 and S100A11). Moreover, the
binding to the p53 TET domain seems to be a general
property of the S100 protein family, including S100A1
and S100A2 for which the binding had been previously
described to occur through the p53 NRD (Garbuglia et al.
1999; Mueller et al. 2005).
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Table 1. S100 proteins binding to p53 TET and TET-L344P
peptides by fluorescence anisotropy

TET-L344P TET
S100 protein K, (WM)? Ka app (BM)°
S100A1 39 + 0.5 9.2 + 0.2
S100A2 10 + 0.2 2.1 +0.05
S100A6 33 07 12 0.2
S100A11 80 = 1.2 61 + 1

4K, values of S100s binding to 25 nM TET-L344P were calculated by
fitting to a 1:1 model the mean =SEM (mean shown in Fig. 2) of three
independent experiments. Data were calculated using PRISM software
(GraphPad Software). Compared with 50 = 1.4 pM for S100B and 36 *+
1.8 pM for S100A4 (calculated using 100 nM peptide) measured pre-
viously (Fernandez-Fernandez et al. 2005).

"K, app Of S100s binding to 25 nM TET in the experimental conditions
described in Figure 2 were calculated as described in footnote “a.”

Binding of S100 proteins to the NRD of p53

The binding of S100 proteins to p53 NRD (p53 residues
367-393) was also studied by fluorescence anisotropy,
titrating S100 proteins into fluo-NRD peptide, using
S100B as a control. Figure 3 shows the mean of five
independent titrations for each S100 protein. SI00A1 and
S100A2 clearly show binding to the NRD peptide
although the affinity is weaker than that of S100B.
However, SI00A6 and S100A11 show very weak or no
binding to the peptide.

Analytical ultracentrifugation (AUC) was used to
quantify and compare the K, values of the weak com-
plexes between the S100 proteins and fluo-NRD peptide.
We also investigated the binding of S100 proteins to a
peptide representing the nuclear localization signal of p53
(NLS) (residues 305-322) that binds weakly to S100B and
does not bind to S100A4 (Fernandez-Fernandez et al. 2005).
The AUC results (Table 2) confirm that S100B has the
highest binding affinity for the NRD peptide, with ST00A2
and S100A1 showing only slightly lower affinity. Both
S100A6 and S100A11 do not bind (or bind very weakly) to
NRD. The only protein binding to NLS with a comparable
affinity to that of S100B was SI00A2. For all other S100s
there is no binding (or very weak binding) to NLS.

Binding of S100 proteins to the C-terminal region of p53

There are different binding sites for SI00B within the p53
C-terminal region (p53CT, residues 293-393), resulting
in S100B binding to this region with a very high affinity
compared to S100A4 (Fernandez-Fernandez et al. 2005).
The other S100 proteins were titrated into fluo- p5S3CT,
to compare their binding affinities with that of S100B.
The results in Figure 4 are the mean of five independent
titrations and show that the synergistic effect of the
multiple binding sites applies to these proteins as well.
Consequently, SI00A2 binds pS3CT almost as tightly as
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S100B, and S100A11 has no detectable binding under
these experimental conditions.

Analysis of TET and NRD peptides binding to S100B
by NMR spectroscopy

Despite the high sequence conservation among S100
proteins, our results show that there are differences in
the way they bind to p53. The binding of S100B to a
peptide similar to the NRD has already been character-
ized by NMR spectroscopy (Rustandi et al. 1998, 2000)
and residues involved in the interaction have been
mapped (Rustandi et al. 2000).

The two-dimensional {'H,"’N}HSQC spectrum for
>N-labeled S100B in a physiological ionic strength
buffer has a similar overall pattern to S100B in alternative
solvent conditions (Fig. 5A). However, the differences
were sufficient to preclude an unambiguous assignment
of all correlations according to the published resonance
assignments (Rustandi et al. 1998). As it was relevant to
examine the binding in the buffer that is equivalent to the
binding studies shown above, we confirmed the assign-
ments using a '*C- and '’N-double-labeled sample. A
subset of signals in the HSQC at physiological ionic
strength (depicted with gray squares in Fig. 5B) was
broadened, and because of the low intensity and poor
resolution of these signals their connectivity and assign-
ment could not be assigned with confidence.

The HSQC spectrum of '>N-S100B was unaffected by
the presence of the TET peptide (data not shown). This is
consistent with the earlier observation that S100 proteins
can bind to the TET domain only when it adopts small
oligomeric forms (monomers/dimers). The peptide is pre-
dominantly tetrameric at the concentrations of TET used
in these experiments (35-100 pM). Therefore, the bind-
ing of p53 fragments was studied using the TET-L348A
peptide, a dimeric mutant that associates into tetramers at
high concentration (Mateu and Fersht 1998; Fernandez-
Fernandez et al. 2005), and the NRD peptide (Fig. 5).
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Figure 3. Binding of S100 proteins to p53 NRD peptide (residues 367—
393). Comparison of the binding of SI00A1, SI00A2, S1I00A6, S100A11,
and S100B to 0.5 pM fluorescein-labeled NRD peptide using fluorescence
anisotropy. Concentration of dimeric protein is in molar units (M).



S100 pS3 binding

Table 2. S100 proteins binding to p53 derived peptides NRD
and NLS studied by AUC

NRD NLS
S100 protein K, (M) n® Ky (WM) n
S100A1 210 * 20 10 >700 10
S100A2 120 = 10 10 410 + 100 4
S100A6 >700 10 >700 6
S100A11 >700 10 >700 10
S100B 85+ 5 9 400 * 20 5

%K, values are the mean of n experiments, and SEM were calculated using
PRISM software (GraphPad Software).
"7 is the number of experiments for each combination.

Figure 5B depicts the HSQC correlations of S1I00B that
are significantly perturbed on binding (combined 'H and
>N weighted chemical shift perturbation > 0.04 ppm);
either peptide induces a general perturbation of chemical
shifts throughout the protein (Fig. 6), as reported for the
binding of a shorter version of the NRD peptide (Rustandi
et al. 1998, 2000). Binding to NRD induces more
extensive changes than binding to TET-L348A (Fig. 6),
both in terms of the number of resonances that are
significantly affected and the magnitude of the perturba-
tion. Qualitatively, the largest differences between the
NRD and TET-L348A binding perturbations occur in a
stretch of residues in loop 2 and helix 3. In particular,
HSQC correlations for E46, E49, V52, V53, D54, and
V56 are perturbed by at least 0.08 ppm on NRD binding
but not on TET-L348A binding (perturbations below the
threshold < 0.04 ppm).

Loop 2 and helix 3 of SI00B are involved in the
interaction with the shorter version of NRD and, in
particular, V52, V56, and 19 other residues are present
in the NRD binding site (Rustandi et al. 2000). We could
not identify the signal of any residue that changes upon
binding of TET-L348A but not NRD. However, some
residues (e.g., those from E89) change upon binding in
all TET-L348A experiments but not in all of the NRD
experiments (Fig. 5B). There could be more signals that
change exclusively upon binding of NRD or TET-L348A
among those that are unassigned. These results suggest
that the binding sites for NRD and TET peptides could be
different, but as there are widespread general perturba-
tions (Fig. 6) resulting from reorganization of the dimer
interface (Rustandi et al. 2000), chemical shift mapping
alone did not identify the binding site for TET peptides.

Competition experiments of TET and NRD peptides
binding to S100B

To investigate whether NRD and TET can bind simulta-
neously to form a ternary complex with SI00B, we mea-
sured fluorescence anisotropy for samples containing

2 uwM fluo-NRD, 15 pM S100B, and TET-L344P at
increasing concentrations (0, 25, 75, and 125 uM) (Fig.
7). Replacing TET with the monomeric mutant TET-
L344P eliminates the effect of TET oligomerization on
binding to S100B. TET-L344P displaced S100B from
binding to fluo-NRD in a concentration-dependent man-
ner, although the displacement is not complete, and no
ternary complex was observed. Therefore, NRD and TET-
L344P bind competitively to SI00B.

Discussion

Binding of S100 proteins to the TET domain of p53
seems to be a general property of the family; binding was
previously shown for S100B and S100A4 (Fernandez-
Fernandez et al. 2005) and is shown here for S100A1,
S100A2, S100A6, and S100A11. Preliminary data (not
shown) indicate that SI00A9 also binds to the p53 TET
domain but we could not obtain sufficient quantities of
pure protein to make a comparison with the other
proteins. In each case, binding affinities of the S100
protein are dependent upon the oligomerization state of
the TET domain. S100 proteins bind only to monomers or
dimers of p53, and thus regulate its oligomerization by
displacing the equilibrium from the tetrameric form. This
effect could account for previous observations that did not
identify TET as a binding site for SI0O0A2 using pulldown
experiments (Mueller et al. 2005). These require high
concentrations of protein and consequently, constructs
containing TET but not NRD were not binding to SI00A2
as the TET binding site was occluded in the tetramer. In
contrast, binding to the NRD of p53 is not common to
all S100 proteins. S100B, S100A1, and S100A2 have
a comparable binding affinity for NRD, but S100A4
(Fernandez-Fernandez et al. 2005), SI00A6, and S100A11
show no binding (or very weak binding).

S100 proteins can bind to their protein targets using
different recognition sites as described for S100A10
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Figure 4. Binding of S100 proteins to pS3CT (residues 293-393 of p53).
Comparison of the binding of S100 proteins to 0.1 wM fluorescein-labeled
p53CT using fluorescence anisotropy. Concentration of dimeric protein is
in molar units (M).
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Figure 5. Perturbation of '>N-S100B chemical shifts upon binding to NRD and TET-L348A. (A) 500 MHz 2D fast-HSQC of 80 uM
ISN-S100B alone (red), or in the presence of 100 uM TET-L348A (green) or 100 wM unlabeled NRD (blue). Assignments with an
asterisk denote peaks for side-chain amides. (B) The amino acid sequence of S100B is indicated with a one-letter code, with elements of
secondary structure shown above. '>N-S100B (80 M) was mixed with either 80-100 M TET-L348A or 100-300 uM NRD. Shading in
the squares indicates residues for which the N-H correlation for SI00B is perturbed by >0.04 ppm (black), unperturbed (white), or
unavailable assignments (gray). Each line is an independent experiment with each peptide (five for TET-L348A and six for NRD).

(Kassam et al. 1998; Rety et al. 1999; Poon et al. 2004).
Weber and co-workers described the NMR structure of
S100B in complex with a shorter NRD peptide, and
identified that loop 2 (hinge region) and helix 3 (Rustandi
et al. 2000) are at the binding interface. We investigated
the location of binding sites for TET and NRD on S100B
by NMR. Binding to either peptide induces a general
perturbation of resonances in S100B, due to minor
reorganization of the EF-hand dimer interface (Rustandi
et al. 1998, 2000), which hinders the identification of a
binding surface by chemical shift mapping alone. How-
ever, resonances from the NRD binding site (Rustandi
et al. 2000) are not perturbed upon binding of the TET
domain. A correlation between the selectivity and struc-
ture can be obtained from a sequence comparison for the
S100 family in equivalent positions to SI00B loop 2 and
helix 3 (Fig. 1). The C-terminal half of the loop 2 region
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(residues 45-51) has a net negative charge in S100
proteins that bind strongly to NRD, but has a neutral or
net positive charge in the proteins that do not. Further
investigation would be required to confirm the signifi-
cance of this charge distribution to binding specificity.
Our results do not distinguish whether NRD and TET-
L344P peptides compete for partly overlapping binding
sites or if they bind to distinct sites with a conformational
change on S100B that prevents binding of the other
peptide.

Proteins from the S100 family can be organized into
two categories according to the manner in which they
bind to p53. SIO0A1 and S100A2 resemble S100B, while
S100A6 and S1I00A11 resemble S100A4. It would be of
interest to further explore whether the binding character-
istics correlate with the different ways in which S100
proteins modulate p53 function.



S100 pS3 binding

Figure 6. Mapping of chemical shift changes on calcium-bound human
S100B upon binding to TET-L348A and NRD. Monomers within S100B
dimer are shown in pale yellow and wheat color. A and B are equivalent
views showing the dimer interface, and C and D are a 180° rotation around
the X-axis of A and B, respectively. Residues for which perturbations of
chemical shifts are >0.04 ppm in all the experiments shown in Figure 5B
upon binding of NRD (A,C) or TET-L348A (B,D) are shown in orange.
Residues that we were not able to unambiguously reassign are shown in

gray.

Materials and Methods

Plasmid construction

The coding sequence for SI00A1, S100A2, S100A6, S100A9,
and S100A11 was amplified from a human cDNA library
(Clontech). Direct and reverse oligos were designed according
to GenBank sequences NM_006271, NM_005978, NM_014624,
NM_002965, and NM_005620. PCR products were cloned into
the pGEMT vector system (Promega) and then expression
plasmids were constructed as previously described for S100B
(Fernandez-Fernandez et al. 2005).

Protein expression and purification

Escherichia coli C41 (Miroux and Walker 1996) cells were
transformed with the expression plasmids, and cultures were
grown and processed for protein production. S100 proteins
were purified as described for S100B, with the exception of
S100A9 for which a source 30Q anion exchange column was
used instead of hydrophobic interaction chromatography. p5S3CT
was purified and labeled with fluorescein as previously
described (Fernandez-Fernandez et al. 2005).

>N-labeled S100B was prepared in minimal media with
"NH,CI as the sole nitrogen source and then purified as
described for the unlabeled protein. For reassignment purposes,
13C />N double-labeled S100B was prepared in a similar way
but using "*C-glucose as the sole carbon source.

Fluorescence anisotropy

Anisotropy was measured at 25°C as described previously
(Fernandez-Fernandez et al. 2005). One milliliter of fluorescein-
labeled (fluo-) peptide (NRD, TET, or TET-L344P) or labeled-
protein (p53CT) was placed in a cuvette. Two hundred forty
microliters of S100 protein (at different concentrations depending
on the experiment) was dispensed in additions of 6 L, titrated at
1 min intervals; the solution was stirred for 1 min, and the
anisotropy measured. Competition experiments were performed in
a volume of 100 pwL with no titration, and sample mixtures were
prepared in duplicate.

Analytical ultracentrifugation (AUC)

AUC was performed and analyzed as described previously
(Fernandez-Fernandez et al. 2005), at 20°C in a volume of
110 pL. In each run the fluo- peptide concentration was 6 uM
and the concentration of S100 protein ranged from 50 to 200
M.

NMR experiments of SI00B binding to NRD
and TET peptides

Uniformly '°N-labeled S100B was used in the {'H,'’N}HSQC
experiments at a concentration of 80 wM in a physiological
ionic strength buffer (25 mM Tris pH 7.2, 5 mM CaCl,, 114 mM
NaCl, 1 mM DTT, 0.05 mM EDTA, 2.5% D,0). The experi-
ments were recorded on Bruker DRX spectrometers equipped
with cryogenic inverse triple resonance probeheads, operating at
500 or 600 MHz 'H frequency. Data were acquired at a sample
temperature of 25°C in the presence or absence of fluo-NRD or
TET-L348A (nonlabeled) peptides. HSQC time domain data
(2048 in t,, 128 complex points in #;, 64 transients per row) were
processed using NMRPipe software (Delaglio et al. 1995), using
Lorentz-to-Gauss (8 Hz line narrowing, 14 Hz Gaussian broad-
ening) and squared cosine bell window functions in #, and 1,
respectively, and peak positions were fitted manually using
Sparky 3 (T.D. Goddard and D.G. Kneller, University of
California, San Francisco). Per residue chemical shift perturba-
tions were calculated as a combined "H and '°N chemical shift
change index, |A3"H| + |A3'°N|/5, of peaks in the HSQC spectra

0.057
4 °
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Figure 7. Fluorescence anisotropy measurements of S100B in the
presence of fluo-NRD and TET-L344P peptides. Data are the mean of
duplicate measurements. Fluo-NRD and S100B concentrations were kept
constant at 2 uM and 15 pM, respectively. The bottom value of the Y-axis
0.04845 is the mean anisotropy of two independent samples containing
exclusively 2 wuM NRD as a reference.
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as described by (Hajduk et al. 1997). Reassignment from a '*C
and "N S100B double-labeled sample was performed with
standard triple resonance techniques for backbone resonance
assignment (HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH,
HN(CA)CO, and HNCO), using unmodified pulse programs
from the Bruker pulse program library.
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