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Abstract: A complete set of mono-, di- and triphosphorylated peptides comprising amino acids 10–27,
the Mdm2 and p300 binding site(s) of p53, with and without a fluorescein label at the N-terminus,
was synthesized by step-by-step solid phase synthesis. Fluorescence polarization analysis revealed
that phosphorylation at Thr18 decreased binding to recombinant Mdm2 protein compared with the
unphosphorylated and the two other single phosphorylated analogues. Unlabelled multiply phosphorylated
peptides corresponding to this amino-terminal transactivation domain proved to be powerful tools in
analysing the phosphate specificity of existing anti-p53 monoclonal and polyclonal antibodies using direct
ELISA. The tetramerization domain of human p53 protein was modelled with a 53 residue-long unlabelled
unphosphorylated and Ser315-phosphorylated peptide pair. CD analysis showed similar α-helical structures
for both peptides and no major difference in the secondary structure could be observed upon phosphorylation.
Size-exclusion HPLC indicated that these synthetic oligomerization domain mimics underwent a pH-
dependent tetramerization process, but the presence of a phosphate group at Ser315 did not modify the
oligomeric state of the 308–360 p53 fragments. Nevertheless, the fluorescein-labelled Ser315 phosphorylated
peptide bound to the downstream signalling ligand DNA topoisomerase I protein with slightly higher affinity
than did the unphosphorylated analogue. Copyright  2002 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

The tumour suppressor p53 protein is present at
very low levels in normally growing cells. Differ-
ent types of cellular stress, including DNA dam-
age, hypoxia and inappropriate oncogene signaling
initiate accumulation of the expressed gene prod-
uct [1–5]. Activation of p53 leads to either cell-cycle
arrest, or apoptosis, events that contribute to the
genomic integrity in eukaryotic cells [6–9]. Phos-
phorylation is one of the key regulatory steps in
the activation process of p53 protein [10]. Genotoxic
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stresses activate many cellular kinases that phos-
phorylate various serine and threonine residues in
the independently functioning N-terminal and C-
terminal domains [11].

It is known now that the N-terminal domain
plays a crucial role in p53 function. This domain
is responsible for the transactivation properties of
p53 [12] and binding to such regulatory proteins as
the inhibitor Mdm2 [13] and its human analogue
Hdm2 or the positive effector p300. Phosphoryla-
tion at Ser15, Thr18 and Ser20 appears to have an
impact on association of p53 with Mdm2 [14,15]
or p300 [16,17]. However, different laboratories
reported slightly different or controversial results
on the role of specific phosphorylation sites in
these interactions. Most of these studies used mod-
ified full-length or truncated p53 proteins for the
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investigation of the association. A possible expla-
nation of the disagreement emerged from the study
of Dumaz et al. [18], is that the relative levels of
p53 and Mdm2 or p300 expression are essential
for the phosphorylation process and for observ-
ing the ensuing physiological effects. To overcome
this problem and the difficulty of the production of
specifically phosphorylated derivatives of the whole
p53 protein, several laboratories used phosphopep-
tides for representing the N-terminal sub-domain of
p53. Biotinylated peptides were involved in ELISA
binding analysis [19] and fluorescein-labelled frag-
ments were used in fluorescence polarization exper-
iments [20,21]. Although it is to be determined
whether phosphorylation at a single amino acid
alone is sufficient to induce or inhibit interaction
of p53 with regulatory proteins [22], none of the
previous studies used a complete set of mono-,
di- and tri-phosphorylated peptides representing the
Mdm2 and p300 binding site(s) of p53. A straightfor-
ward direct assay would require the preparation of
peptides carrying fluorescein at the N-terminus (as
the analogues of the 5′-labelled oligonucleotides in
the successful binding experiment of the C-terminal
domain of p53 and DNA [23]) and phosphate groups
at different side-chain positions in all possible com-
binations. In addition, a series of unlabelled phos-
phopeptides would be the most powerful tool for
the analysis of the specificity of antibodies raised
against phosphate esters of Ser15, Thr18 and Ser20.

The N-terminal domain is one of the most
important regions of p53 at which interactions with
regulatory proteins take place. Additional proteins
and biopolymers bind to different parts of p53, most
notably to the C-terminus. The interaction domain
with DNA topoisomerase I, a multifunctional enzyme
whose enzymatic activity is stimulated by p53 [24],
is located to the beginning of the tetramerization
domain [25]. Intriguingly, Ser315, the p34Cdc2/clb
kinase site [26] falls right in this region. It is
highly conceivable that excessive phosphorylation
of Ser315 by p34Cdc2/clb kinase, or the lack of
dephosphorylation by the Cdc14 phosphatase [27],
will interfere with the p53-DNA topoisomerase I
interaction. This hypothesis can be investigated
by fluorescein-labelled peptides representing the
phosphorylated and unphosphorylated variants of
the extended tetramerization domain of p53 protein.

Wild-type p53 undergoes oligomerization and can
assume two distinct conformational states, with
either low (monomer) or high (oligomer) affinity
for site-specific DNA binding [28]. A detailed study
using a set of synthetic peptides corresponding

to wild-type p53 determined that the 319–360
core peptide exhibits the strongest affinity for
tetramerization [29]. The tetramerization domain
of p53 consists of a largely unordered region
between amino acid residues 319 and 323, followed
by a turn centred at residues 324 and 325, a
short β-pleated sheet between residues 326 and
333, a Gly334 residue that breaks the ordered
structure, an α-helix at residues 335–356 and a
C-terminal flanking region between residues 357
and 360 [30]. The tetramer is formed first by
antiparallel assembly of the β-sheets of two units,
followed by the association of the α-helical domains
of two dimers. In this model, phosphorylation
of Ser315 can conceivably interfere with tetramer
assembly by forming an ionic bridge with a positively
charged residue in the neighbourhood of the end
of the α-helix, and disturbing the fine balance
and orientation of the ordered segments. Since
inhibition of the tetramer formation upon mutations
of three amino acid residues in the oligomerization
domain was elegantly shown using peptides and
size-exclusion HPLC [31], unphosphorylated and
Ser315 phosphorylated fragments of the extended
tetramerization domain of p53 can be used for the
investigation of the oligomerization process by size-
exclusion chromatography.

The primary aim of this study was the synthe-
sis of a complete set of fluorescein-labelled phos-
phopeptides from the Mdm2/Hdm2 and p300 as
well as DNA topoisomerase I binding sites of p53.
In addition, we synthesized the peptides without
labelling for enzyme-linked immunosorbent assay
against phosphate-specific antibodies and for size-
exclusion chromatographic analysis of the tetramer-
ization domain.

MATERIALS AND METHODS

Peptide Synthesis

Peptides were synthesized on Rainin PS3 and Mil-
ligen 9050 automatic synthesizers, applying Fmoc
chemistry and HATU coupling in N-methylpyrrolid-
one with a twofold excess of reagents. Tent-
aGel SRamFmoc resin (Advanced ChemTech, Inc.,
Louisville, KY) was used as a solid support. Side-
chain protection was afforded by tert-butyl esters
and ethers for Asp, Glu, Ser, Thr and Tyr, Boc for
Lys and Trp, Trt for Asn and Gln and Pmc for Arg.
Phosphoserine and phosphothreonine residues were
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incorporated as Fmoc-Ser(PO3HBzl)-OH or Fmoc-
Thr(PO3HBzl)-OH, purchased from Novabiochem
Ltd. (San Diego, CA) and using double coupling.
Fluorescence labelling was performed manually
on the solid support using a tenfold excess of
5(6)-carboxyfluorescein (Sigma, St Louis, MO) and
DIC/HOBt activation with a tenfold excess of both
reagents in the presence of 1 equivalent of N ,N-
diisopropylethylamine. The reaction was conducted
until the ninhydrin test failed to reveal remaining
free amino groups on the N-termini [33]. Peptides
and phosphopeptides were detached from the resin
with a 94 : 5 : 1 (v/v/v) TFA/ thioanisole/water mix-
ture at room temperature for 2 h. The resin was
removed and the peptides were precipitated by addi-
tion of ice-cold diethyl ether. The precipitated pep-
tides were collected by filtration and dried in vacuo.

Purification

Peptides were purified by preparative reversed
phase high-performance liquid chromatography
(RP-HPLC), using a Beckman System-Gold mul-
tisolvent delivery system (Beckman, San Ramon,
CA) connected to a photodiode array detector. A
10 × 250 mm Vydac 218 TP column packed with
C18 silica gel (300 Å pore diameter, 5 µm particle
size; Hesperia, CA) was used. The peptides were
eluted with a solvent system of (A) 0.1% TFA in
water and (B) 0.1% TFA in acetonitrile at a flow-rate
of 3 ml/min. The absorbance was detected at 220
and 280 nm. The appropriate fractions were pooled
and lyophilized.

Peptide Characterization

The purity of the peptides was characterized by ana-
lytical RP-HPLC, using a 4.6 × 250 mm Vydac 218
TP C18 silica gel packed column (300 Å pore diam-
eter, 5 µm particle size) at a flow-rate of 1 ml/min.
The integrity of the peptides was verified by matrix-
assisted laser desorption ionization spectrometry
(MALDI MS) (MS Facility, The Wistar Institute,
Philadelphia, PA). The concentration of the peptide
solutions was determined by analytical RP-HPLC
calculating the average of three measurements.

Fluorescence Polarization

Binding of the p53 peptides to the regulatory
proteins was assessed by fluorescence polarization.
For these experiments, the unlabelled binding
partner proteins were serially diluted in phosphate-
buffered saline (pH 6.8) in a 50 µl final volume in

6 × 50 mm disposable glass borosilicate tubes. The
fluoresceinated peptides were added to each tube
in 50 µl aliquots to a concentration of 1 nM and
the tubes were incubated at 25 °C for 30 min. The
extent of fluorescence anisotropy was measured on
a Beacon 2000 instrument (Pan Vera, Madison, WI).
The filters used were 485 nm excitation and 535 nm
emission with 3 nm band width.

Enzyme-Linked Immunosorbent Assay

Anti-phospho-p53 Ser15 and Ser20 polyclonal (cata-
logue number 9284 and 9287) and anti-phospho-
p53 Ser15 16G8 monoclonal (catalogue number
9286) antibodies were purchased from the Cell
Signaling Technology, Inc. (Beverly, MA). Standard
96-well microtitre plates (Maxisorp, Nunc, Roskilde,
Denmark) were incubated overnight at 37 °C with
50 µl of a 0.02 mg/ml solution of the peptides in
water to allow the antigen to dry onto the surface
of the plate. Excess binding sites were blocked with
10% gamma-globulin (GG) free horse serum (Gibco,
Gaithersburg, MD) in PBS (100 µl/well) at 37 °C for
2 h. The blocking solution was removed by applying
vacuum. One hundred µl of serum diluted to 1/100
and 1/1000 with 10% GG-free horse serum in PBS
was added in duplicates and the mixture was incu-
bated overnight at 4 °C. Plates were washed four
times with PBS, incubated for another 90 min at
37 °C with 100 µl of HRP-conjugated anti-rabbit (for
polyclonal antibodies) or anti-mouse (for the mon-
oclonal antibody) IgG secondary antibodies (Sigma,
St Louis, MO), diluted to 1/1000 with PBS. The
plates were washed five times in PBS and vacuum
dried. One hundred µl of TMB Microwell peroxidase
(Kirkegaard and Perry Laboratories, Gaithersburg,
MD) was added to the wells. The reaction was
stopped after 10 min by adding 100 µl of 1 M phos-
phoric acid. The ultraviolet absorbance was read at
450 nm on a microtitre plate reader.

Circular Dichroism Spectroscopy

CD spectra were taken on a Jasco J720 instrument
at room temperature in a 0.2 mm path length cell.
Doubly distilled water and spectroscopy grade triflu-
oroethanol were used as solvents. The peptide con-
centrations were 0.2 mg/ml, determined each time
by quantitative RP-HPLC. Curves were smoothed by
the algorithm provided by Jasco. Mean residue ellip-
ticity ([�]) is expressed in deg·cm2/dmol by using
mean residue masses of 114.4 Da (306–360;nP)
and 115.9 Da (308–360;315P), based on the actual
molecular masses of the peptides.
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Table 1 Synthetic Peptides

Peptide Sequence

10–27;nP VEPPLSQETFSDLWKLLP
10–27;15P VEPPLS(P)QETFSDLWKLLP
10–27;18P VEPPLSQET(P)FSDLWKLLP
10–27;20P VEPPLSQETFS(P)DLWKLLP
10–27;15,18PP VEPPLS(P)QET(P)FSDLWKLLP
10–27;15,20PP VEPPLS(P)QETFS(P)DLWKLLP
10–27;18,20PP VEPPLSQET(P)FS(P)DLWKLLP
10–27;15,18,20PPP VEPPLS(P)QET(P)FS(P)DLWKLLP
308–360;nP
LPNNTSSSPQPKKKPLDGEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPG
308–360;315P
LPNNTSSS(P)PQPKKKPLDGEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPG

Size-Exclusion Chromatography

A Bio-Sil SEC 125-5 column (BioRad Laboratories,
Inc., Hercules, CA) was used on a Beckman System-
Gold multisolvent delivery system (Beckman, San
Ramon, CA) connected to a photodiode array
detector. A molecular weight standard purchased
from the BioRad Laboratories (Hercules, CA) was
used to calibrate the column. Freshly lyophilized
samples of the p53 peptides were incubated in
buffers at different pH for 30 min, and were loaded
on the column.

RESULTS

Peptide Design and Synthesis

A complete set of phosphopeptides was synthesized
representing the Mdm2/Hdm2 and p300 binding
site of the N-terminal domain of p53. Two different
requirements were taken into account in the
sequence design. Firstly, the fragments had to
contain the Mdm2/Hdm2 and p300 binding site(s)
of p53 together with Ser15, Thr18 and Ser20, the
three crucial phosphorylation sites of this region.
Secondly, we planned to label the peptides at the
amino termini with fluorescein. The fluorescein-
label has to be placed somewhat, but not very, far
from the expected site of interaction. If the label
is exceedingly far, no, or a very weak, polarization
signal can be detected. If the label is very close,
it will interfere with binding. In our experience a
distance of 5–10 amino acids is optimal. Keeping
in mind these considerations, the 10–27 fragment
of the N-terminal domain was synthesized in

all possible single, double and triple phosphate
forms. The sequences of the peptides are shown
in Table 1.

The peptides were prepared on a 0.1 mmol scale
as described in the Materials and Methods sec-
tion. After preliminary experiments that resulted
in high levels of impurity of the crude prod-
ucts, a very efficient coupling method, HATU acti-
vation, was chosen for the syntheses. Phospho-
serine and phosphothreonine were incorporated
as N-α-Fmoc-O-benzyl-phosphoserine or N-α-Fmoc-
O-benzyl-phosphothreonine. Once these monopro-
tected residues are built in the peptide chain,
they are stable to piperidine, the reagent used
for cleaving the Fmoc-group after each coupling
step. However, incorporation of the multiply pro-
tected phosphoamino acids is somewhat slower
than that of unphosphorylated amino acids. For-
mation of deletion sequences could be reduced by
using double coupling and a longer reaction time
for these amino acids. After each synthesis, three
quarters (0.075 mmol) of the peptides were detached
from the resin. The cleavage mixture, containing
5% thioanisole and 1% water in TFA, was effective
enough to remove all side-chain protecting groups
and to protect the tryptophan residue from oxida-
tion. The N-terminal free amino group of one quar-
ter (0.025 mmol) of the peptides was labelled with
fluorescein on the resin. 5(6)-carboxy-fluorescein
was activated with DIC/HOBt in the presence of
a tertiary base to keep the amino group unproto-
nated according to Weber et al. [32]. The reaction
was performed manually and its progress was fol-
lowed with the ninhydrin test. Once the test showed
near-complete coupling, the labelled peptides were
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Table 2 Analytical Properties of the Peptides

Peptide Formula MW (Da) RTa

Calculated Found

10–27;nP C99H152N22O28 2098.45 2098.60 26.04
10–27;15P C99H153N22O31P1 2178.43 2178.11 25.04
10–27;18P C99H153N22O31P1 2178.43 2178.58 24.43
10–27;20P C99H153N22O31P1 2178.43 2177.75 25.65
10–27;15,18PP C99H154N22O34P2 2258.41 2258.74 23.87
10–27;15,20PP C99H154N22O34P2 2258.41 2257.89 24.20
10–27;18,20PP C99H154N22O34P2 2258.41 2258.15 24.09
10–27;15,18,20PPP C99H155N22O37P3 2338.39 2339.05 22.14
Fl-10-27;nP C120H162N22O34 2456.77 2456.56 30.80
Fl-10-27;15P C120H163N22O37P1 2536.75 2536.51 28.83
Fl-10-27;18P C120H163N22O37P1 2536.75 2535.20 28.19
Fl-10-27;20P C120H163N22O37P1 2536.75 2536.75 30.53
Fl-10-27;15,18PP C120H164N22O40P2 2616.73 2615.54 27.83
Fl-10-27;15,20PP C120H164N22O40P2 2616.73 2617.28 28.10
Fl-10-27;18,20PP C120H164N22O40P2 2616.73 2616.34 27.96
Fl-10-27;15,18,20PPP C120H165N22O43P3 2696.71 2696.58 27.14
308-360;nP C266H425N77O83S1 6061.88 6061.24 20.25
308-360;315P C266H426N77O86P1S1 6141.86 6145.70 20.20
Fl-308-360;nP C287H435N77O89S1 6420.20 6422.38 22.14
Fl-308-360;315P C287H436N77O92P1S1 6500.18 6502.24 22.10

a C-18 RP-HPLC retention time (min) of the purified peptides in a linear gradient from 30% to
75% B over 45 min (10–27 fragments) and 15% to 55% B over 40 min (308–360 fragments)
at the flow rate of 1.0 ml/min.

cleaved from the resin similarly to the procedure
used for the unlabelled analogues.

The peptides were purified by RP-HPLC using
an acetonitrile gradient for hydrophobic displace-
ment and 0.1% TFA as the ion-pairing reagent in
the eluent. Acidic solvents are widely used for the
purification of peptide phosphate esters without dif-
ficulties. Indeed, we could accomplish the purifica-
tion of the phosphoserine-containing p53 fragments
without any difficulty. However, the peptides con-
taining phosphorylated threonine residue showed
increased instability in solution, even if they were
stored in the freezer. To avoid decomposition of the
threonine phosphate esters, the synthetic phospho-
peptides were stored in lyophilized form at −20 °C
and were dissolved immediately before usage. In
most cases a single purification step was not enough
to obtain high quality products, so the purification
was repeated once more by using a slightly different
gradient. The yield was ∼7%–12% and ∼3%–5% for
the unlabelled and labelled pure peptides, respec-
tively. The relatively low overall yields are in line with
the generally observed modest recovery of synthetic

peptides after RP-HPLC purification. The analytical
data of the peptides are summarized in Table 2.

The RP-HPLC elution order of the peptides was
investigated in order to get insights into the change
of hydrophobic/hydrophilic behaviour that might
play roles in the interaction with the upstream
and downstream regulatory proteins. Not surpris-
ingly, the fluorescein-labelled set was eluted with
a higher acetonitrile concentration than the unla-
belled one. Within each set the triphosphate was
eluted first, then the diphosphate esters, followed
by the monophosphorylated and finally the unphos-
phorylated compounds. This elution order is due to
the presence of the phosphate group that increases
the hydrophilicity of the peptides. Comparing the
retention times of the mono- or diphosphorylated
isomers, the threonine-phosphates appeared to be
the most hydrophilic and the Ser15 phosphates
were eluted at lower acetonitrile concentration than
the Ser20 phosphates. This latter observation is
in good agreement with the algorithm of Browne
et al. which predicts the retention behaviour of pep-
tide fragments [34]. Comparison of 4–9 residue-long
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fragments flanking the two serines reveals that
incorporation of a phosphate residue to Ser15 breaks
a longer hydrophobic region than does phosphory-
lation of Ser20. Supposedly, the shortest retention
times of Thr18 phosphates are consequences of the
more hydrophobic threonine side-chain itself. Build-
ing in a phosphate ester to this residue resulted in
the most visible decrease in the retention time and
therefore the most expressed increase in the local
hydrophilic character.

Peptides representing the N-terminally extended
tetramerization domain of p53 were synthesized in
unphosphorylated and Ser315 phosphorylated forms.
Sequences of these peptides are shown in Table 1.
Peptides were synthesized on a continuous flow
synthesizer in order to improve the efficacy of the
coupling steps. HATU activation was used for the
incorporation of the amino acids. To make sure
that all coupling steps were fully executed, the cou-
pling cycles were extended to 2–3 h, depending on
the actual amino acid residues. Synthesis was per-
formed on a 0.15 mmol scale until Pro316 when the
resin was split to two equal parts and Ser315 was
incorporated separately. One half of the resin was
acylated with Fmoc-Ser(OtBu)-OH and continuing
the peptide with the N-terminal seven amino acids,
308–360;nP was synthesized. The other half was
double-coupled with Fmoc-Ser(PO3HBzl)-OH and
the synthesis of 308–360;315P was completed. Two
third of the peptides (0.05 mmol) were detached
from the resin using the same cleavage mixture
as for the 10–27 fragments. After two subse-
quent HPLC purifications, the pure products were
obtained at ∼5%–7% yield. The rest of the pep-
tides (0.025 mmol) were labelled with fluorescein
on the resin as described for the 10–27 fragments.
The yield of the synthesis after the second purifica-
tion was ∼3% for both Fl-308-360;nP and Fl-308-
360;315P.

Interaction with Regulatory Proteins

The binding of N-terminally fluorescein-labelled p53
10–27 peptides to recombinant Mdm2 was studied
by fluorescence polarization. While the use of a
series of tracers prevented the assessment of the
interaction in quantitative terms, it was clear that
the Mdm protein bound to the unphosphorylated
and all single phosphorylated peptides (15P, 18P
and 20P) in submicromolar concentrations. Among
the single phosphorylated analogues, 18P showed
the lowest affinity to Mdm2, and 15P and 20P
bound almost equally to the recombinant protein.

When added at 1 µM concentration, the protein
also bound to the double (15,18PP, 15,20PP and
18,20PP) as well as to the 15,18,20PPP triple
phosphorylated p53 fragments over the level of the
negative control N-terminally labelled antibacterial
peptide, pyrrhocoricin.

The binding of the fluorescein-labelled 308–360
p53 fragments to DNA topoisomerase I was also
studied by fluorescein polarization. The unphos-
phorylated and phosphorylated peptides showed
almost identical affinity to the enzyme. Interest-
ingly, fluorescein-labelled pyrrhocoricin also bound
to the p53 tetramerization domain (data not shown).
This is not surprising if we look at the pep-
tide sequences. Pyrrhocoricin, as all antimicrobial
peptides, is strongly positively charged, with the
arginines and the lysine evenly distributed along
the sequence. Conversely, the C-terminal third of
the p53 308–360 fragment is strongly negatively
charged, again, the glutamic acid and aspartic acid
residues being interspersed with 2–3 uncharged
residues. It is highly conceivable that attractive and
well-positioned ionic forces promote the binding of
pyrrhocoricin to the p53 tetramerization domain.
Such non-specific interaction of the p53 C-terminus
to other multiply charged biopolymers is a well-
known phenomenon, and well represented by the
non-specific DNA binding of the positively charged
extreme C-terminal regulatory domain. None of the
labelled peptides bound to the DsbA control protein
to any degree (Figure 1).

Recognition by Phosphate-Specific Anti-p53
Antibodies

A more recently developed technique for studying
site-specific protein phosphorylation involves the
generation of phospho-specific antibodies, to use as
probes for the detection of phosphorylated proteins
under physiological conditions. The simplest and
most powerful way for determining the specificity
of the generated antibodies is a direct ELISA assay
using a series of phosphopeptides as antigens. The
unlabelled phosphopeptides containing amino acids
10–27 of p53 were used to characterize the speci-
ficity of anti-phospho-p53 Ser15 and Ser20 polyclonal
and anti-phospho-p53 Ser15 monoclonal antibodies.
In addition to the peptides, the antibody binding
of highly phosphorylated p53 protein expressed in
insect cells infected with recombinant baculovirus,
and an unphosphorylated p53 variant expressed
in Escherichia coli was also studied (Figure 2).
The anti-phospho-p53 Ser15 polyclonal antibody
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Figure 1 Binding of fluorescein-labelled p53 308–360 nonphosphorylated (�) and Ser315 phosphorylated (�) fragments to
DNA topoisomerase I. DsbA protein was used as a negative control for the experiment.
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Figure 2 Recognition of p53 10–27 fragments by phosphate-specific anti-p53 antibodies, namely anti-phospho-p53 Ser15

polyclonal (Ser15 PAb), anti-phospho-p53 Ser20 polyclonal (Ser20 PAb), and anti-phospho-p53 Ser15 monoclonal (Ser15 MAb)
antibodies. Antibodies were used at 1 : 1000 and 1 : 100 dilutions.

recognized the Ser15 monophosphorylated peptide,
and bound equally well to the Ser15-phosphate con-
taining multiphosphorylated fragments (15,18PP,
15,20PP and 15,18,20PPP). However, it did not
display affinity for those peptides in which Ser15

was unphosphorylated (nP, 18P, 20P, 18,20PP). The
anti-phospho-Ser15 monoclonal antibody had simi-
lar specific binding characteristics. The monoclonal
antibody showed lower affinity to all peptides but
this might be only due to the different assay
conditions and reagents and did not represent
decreased specificity or efficacy. Similarly, the

anti-phospho-Ser20 polyclonal antibody bound only
to the phospho-Ser20 containing peptides (20P,
15,20PP, 18,20PP and 15,18,20PPP), and not to the
others (nP, 15P, 18P and 15,18PP). All tested anti-
bodies exhibited higher binding to phosphorylated
p53 (expressed by baculovirus in insect cells) than to
unphosphorylated p53 protein (expressed in E. coli).

Effect of Phosphorylation on the Conformation of
the Tetramerization Domain

Phosphorylation of p53 was expected to influence
the tetramer formation through altering the local
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Figure 3 Circular dichroism spectra of the unphosphorylated and Ser315 phosphorylated p53 308–360 peptides in water
and in 25% aqueous trifluoroethanol.

conformation of the peptide. These can be either
local conformational effects around the phospho-
rylation site that would influence the N-terminal
β-pleated sheet, or long range effects that would
involve the C-terminal region of the α-helix. These
conformational changes can be characterized by low
or high resolution secondary structure analysis.
As a low resolution technique, circular dichroism
was used being a sensitive tool for determining
stabilization or changes of the conformation of a
protein or a peptide. CD studies of 308–360;nP and
308–360;315P peptides in trifluoroethanol solutions

were done to obtain information on the effect of
phosphorylation on the secondary structure of the
peptides (Figure 3). While both peptides exhibited
fairly helical structure in all solvents, the α-helicity
increased with the trifluoroethanol content of the
solvent. There was no significant difference between
the secondary structure of the unphosphorylated
and phosphorylated peptides. However, phospho-
rylation at Ser315 slightly destabilized the α-helix
and reduced the α-helix content from 24% to
17% in water and from 52% to 45% measured
in 25% TFE in water. (The α-helicity values were
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calculated at 208 nm according to Greenfield and
Fasman [35].)

Oligomerization

Size-exclusion HPLC was used to assess the abil-
ity of the synthetic 308–360 fragments to form
oligomers and to model the tetramer formation of the
full-sized p53 protein. According to SE-HPLC, both
the unphosphorylated and phosphorylated peptides
readily formed tetramers at pH 7.1. Comparison of
the retention times can be seen in Table 3. Either
the tetramer formation was instant, or it occurred
during the chromatography, but no monomer was
detected, even if the peptides were loaded to the
HPLC column from β-sheet breaker or denatur-
ing agents, such as trifluoroacetic acid, dimethyl
sulphoxide or 6 M guanidine hydrochloride solu-
tions. At pH 7.1 no differences in the tetramer-
forming ability of the unphosphorylated peptide and
the Ser315-phosphopeptide were found. When the
chromatogram was run at pH 3.0 only the monomer
could be detected for both peptides. This indicated
that the oligomerization domain underwent a pH-
dependent tetramerization process. Various buffer
systems were evaluated between pH 3.0 and 7.1
in order to observe pH-dependent differences in the
tetramerization process as regulated by the presence
or absence of the phosphate group on Ser315. In con-
trast to our expectations, no such difference could
be detected in any of the solvent systems used.

DISCUSSION

The tumour suppressor p53 protein is present at
extremely low levels in normally growing cells, and
has a life span of mere minutes. p53 levels may
be raised quickly by synthesis of more protein,
and high levels are quickly reduced when syn-
thesis abates [36]. The reduction of p53 levels in
the cells proceeds through binding to its negative
regulators, Mdm2 and Hdm2 [37], which proteins
continuously shuttle between the nucleus and the
cytoplasm where the proteasome-dependent degra-
dation of p53 occurs [38,39]. Several p53 synthetic
libraries, and an alanine substitution series were
used to locate the Mdm2 binding site to the sequence
TFSDLW (amino acids 18–23) [40]. De novo phos-
phorylation of p53 at Ser15 occurs in response
to ionizing radiation [14,41], and using phosphate-
specific polyclonal antibodies, Ser15 phosphorylated
p53 appeared to be unable to bind Mdm2 [14].
Ser15 is located close enough to the Mdm2 bind-
ing site to accept the idea that phosphorylation
interferes with Mdm2 interaction. Indeed, the first
reports identified phosphorylated Ser15 as a nega-
tive regulator for Mdm2 and Hdm2 binding [9,42].
Using mono- and polyclonal antibodies other stud-
ies showed that DNA damage leads to the sta-
bilization of p53 induced phosphorylation of dif-
ferent N-terminal amino acids [41,42], including
Ser20, which lies right in the middle of the Mdm2-
binding element [43]. Soon Ser20 was identified as
the key phosphorylated residue to inhibit Mdm2
binding [44] and it was claimed that substitution

Table 3 Comparison of the Retention Times of p53 308–360
Peptides with Molecular Weight Controls on Size-Exclusion HPLC

Peptide Retention time (min) MW (Da)

pH 3.0 pH 7.1

Thyroglobulin 10.8 11.2 670,000
IgG 11.6 12.6 158,000
Ovalbumin 15.3 14.5 44,000
Myoglobin 18.1 17.0 17,000
Vitamin B12 21.3 20.8 1,350
Unrelated synthetic peptide 1 17.7 6,893
Unrelated synthetic peptide 2 18.5 5,184
Unrelated synthetic peptide 3 23.0 4,112
308–360;nP 18.6 14.7 6,061a

308–360;315P 19.0 15.2 6,141a

a Molecular weight of the monomer.
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of Ser20, but not Ser15 was sufficient to abro-
gate p53 stabilization in response to both ionizing
radiation or UV light [17,44,45]. However, normal
cells and wild-type p53 expressing tumour cells
show no differences in the phosphorylation pat-
tern at Ser15 and Ser20 upon antinomycin D and
camptotechin treatment [46], suggesting additional
potential phosphorylation sites of p53 upon can-
cerous transformation of the cells. An additional
hydroxyamino acid residue, Thr18 lies in the Mdm2-
binding fragment of p53. In yet another report, Thr18

was identified as the residue whose phosphorylation
blocks the interaction with Mdm2 [47].

The cellular co-activator p300/CBP protein family
is also involved in the p53 transactivation func-
tion, through sharing the site of interaction with
Mdm2 [14]. Moreover, p300 is thought to play a
central role in mediating p53-dependent growth
arrest [48,49]. Previously it was shown that phos-
phorylation at Ser15 stimulated p53 binding to
p300/CBP in vivo and in vitro [50]. However, other
reports claim that the role of phosphorylation of
Thr18 and Ser20 is to stabilize p53–p300 com-
plexes based on the observation that full-length
p300 protein exhibits almost as low affinity for
a Ser15 phosphorylated p53 fragment as for the
unphosphorylated analogue [19]. A recent study,
using competitive fluorescence polarization assay
and synthetic p53 phosphopeptides, demonstrated
that a Thr18 phosphorylated p53 fragment bound
significantly tighter to p300 than an analogous Ser15

phosphorylated peptide [21]. However, this report
does not provide any information on the effect of
phosphorylation at Ser20. In summary, the precise
role of phosphorylation of the N-terminal p53 sites
in recruitment of p300/CBP is still unclear.

An other crucial region of p53 is the C-terminally
located tetramerization domain responsible for
oligomerization that is essential for p53 function.
Intriguingly, the binding site of DNA topoisomerase
I partially overlaps with the N-terminus of the
tetramerization domain [25]. Ser315, a residue that
is included in the topoisomerase I binding sequence,
was previously shown to be phosphorylated by
cdc2 kinase [26]. Phosphorylation of Ser315 can be
a potential regulatory mechanism of DNA topoiso-
merase I binding and tetramerization of p53.

Methods based on fluorescence polarization are
able to overcome the bias introduced by specific cell
lines and the expression of mutated proteins. FP
is increasingly used for studying peptide–protein
interactions [51] and phosphopeptide binding to
various biopolymers [52]. Direct DNA binding of

the extreme C-terminal, basic regulatory domain
of p53 (that follows the tetramerization domain)
was investigated by using unphosphorylated and
phosphorylated p53 peptides and 5′- fluorescein-
labelled oligonucleotides [23]. In recent competition
FP assays the interaction of phosphorylated p53
peptides and Mdm and p300 was studied [20,21].
However, these assays featured single fluorescein-
labelled peptides (an unphosphorylated or a Ser15-
phosphorylated one), to which the competing power
of test phosphopeptides was recorded. Indeed, in
these studies not a single phosphopeptide–protein
binding showed the traditional dose-response curve.
A true comparison of Kd figures of protein binding
to analogous peptides can only be obtained, if each
peptide is independently labelled with fluorescein,
and the individual binding constants are recorded.
For these studies there is a need for a set
of differentially phosphorylated fluorescein-labelled
peptides representing the appropriate binding site
of a given protein.

To demonstrate the feasibility of the synthesis
of such highly complex reagents, in the current
study we prepared a series of peptides comprising
of amino acids 10–27, the Mdm2 and p300 bind-
ing site, with and without fluorescein-labelling, by
step-by-step solid phase synthesis. We prepared the
unphosphorylated fragment, as well as the Ser15,
Thr18 and Ser20 monophosphorylated, the three pos-
sible diphosphorylated and the triphosphorylated
analogues. In addition, we prepared an unphospho-
rylated and a Ser315-phosphorylated 53-mer corre-
sponding to the N-terminally extended tetramer-
ization domain of p53 with a similar synthetic
strategy. Fluorescein-labelling of the N-terminus of
the peptides, performed on the solid support using
5(6)-carboxy-fluorescein, resulted in the formation
of an amide bond stable during acidic treatments.
Repeated HPLC purification in 0.1% TFA containing
eluent provided pure products in all cases. In con-
trast to the serine-phosphate esters that proved to
be stable, the threonine-phosphates slowly decom-
posed when stored in solution.

Fluorescence polarization analysis of the 10–27
fragments revealed that phosphorylation at Thr18

decreased the Mdm2 binding compared with the
unphosphorylated and the two other single phos-
phorylated peptides. This is in good agreement
with recent findings on p53–Mdm2 interaction.
Various groups reported that phosphorylation of
Thr18 reduces binding of N-terminal p53 peptides
to Mdm2. Regardless of whether the peptides are
fluoresceinated and used in a competition binding
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experiment [21], or biotinylated p53 fragments are
assayed in direct ELISA [19,43], 18P peptides form
the least stable complexes with Mdm2. While we
could support the findings of these studies in qual-
itative terms, our multiphosphorylated peptides did
not give quantitative information about the bind-
ing affinity. As the number of phosphate groups
increased, the fluorescence signal decreased, ren-
dering the comparison of the millipolarization values
meaningless. This observation may be due to the
strong hydrophilic character of the relatively large
phosphate groups. It is known from the crystal
structure of the 109-amino-acid N-terminal domain
of Mdm2 bound to a peptide from the transactivation
domain of p53 that three hydrophobic amino acids
of p53, Phe19, Trp23 and Leu26 are the key recogni-
tion elements [13]. A possible explanation of our low
millipolarization values observed for the multiphos-
phorylated peptides was that the large hydrophilic
phosphate groups close to the Mdm2 interacting
region of p53 disrupted the insert of the hydrophobic
side chains into the Mdm2 cleft.

The set of unlabelled 10–27 peptides proved to be
a powerful tool in analysing the phosphate speci-
ficity of anti-p53 monoclonal and polyclonal anti-
bodies using direct ELISA. While anti-phospho-Ser15

antibodies recognized the Ser15 phosphorylated pep-
tides, an anti-phospho-Ser20 antibody displayed
affinity for those peptides in which Ser20 was intro-
duced as a phosphate ester. This binding assay
documents not only the phosphate specificity of the
characterized antibodies, but also the high quality
and integrity of our complex synthetic phospho-
peptides. Based on the presented ELISA data, the
phosphate group did not migrate from one residue to
another, even if the Thr18 phosphopeptides proved
to be chemically unstable during storage.

According to our fluorescence polarization anal-
ysis, the fluorescein-labelled Ser315 phosphorylated
peptide corresponding to the N-terminally extended
tetramerization domain of p53, bound to DNA topoi-
somerase I with slightly higher affinity than the
unphosphorylated analogue. However, the differ-
ence was not high enough to draw quantitative
conclusions from this single experiment and fur-
ther investigations are needed to provide additional
evidence to this finding.

CD analysis of the unlabelled 308–360 analogues
of p53 revealed that both peptides exhibited fairly
helical structure and no major difference in the
secondary structure could be observed upon phos-
phorylation. Lee et al. reported similar observations
by examining the structure of the 303–360 p53

fragment by NMR [53]. In contrast to these results,
Sakamoto et al. detected an increase in the α-helix
content upon phosphorylation at Ser315 using CD
spectroscopy [54]. However, this study involved a C-
terminally extended tetramerization domain peptide
corresponding to amino acids 303–393 suggest-
ing that the effect of phosphorylation might have
been due to an interaction with the highly positively
charged regulatory domain located at the extreme
C-terminus.

Size-exclusion HPLC indicated that the syn-
thetic 308–360 fragments underwent pH-dependent
tetramerization as expected from the highly hydro-
philic nature of the two terminal domains of the full-
sized p53 protein. Both the unphosphorylated and
phosphorylated 308–360 peptides formed tetramers
at pH 7.1 but appeared to be in a monomeric
state at pH 3.0. While the synthetic peptides might
truly represent an independently functioning unit
of a multi-domain structured protein during the
oligomerization experiment, SE-HPLC did not show
a difference between the tetramer forming abilities
of the unphosphorylated and Ser315 phosphory-
lated fragments. This finding is in good agreement
with analytical ultracentrifugation of p53 fragments,
published by Sakaguchi et al. demonstrating that
phosphorylation does not change the oligomeric
state of synthetic p53 peptides [55].

The study reported here demonstrates not only
the possibility of the synthesis of phosphopeptides
carrying multiple substitutions as well as other mod-
ifications or the preparation of protein fragments
longer than 50 amino acids in doubly modified
forms, but also the ability of appropriately designed
peptides to model full-length proteins that are orga-
nized in independently functioning domains.
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