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Abstract Time-resolved fluorescence anisotropy spectros-
copy was applied to study the interaction between a peptide
truncated from the binding site of tumor suppressor p53 protein
and the DNAs covalently labeled with 6-carboxyfluorescein
(FAM) dye. Fluorescence intensity quenching and changes of
anisotropy decay lifetime were monitored when FAM labeled
DNA formed complex with the peptide. The results demon-
strated that the sequence of DNA could not define the binding
specificity between the peptide and DNA. But the anisotropy
decay of FAM can be used to examine the binding affinity of
the peptide to DNA. The fluorescent dynamics of FAM can
also be used to represent the rigidity of the complex formed
between the peptide and DNA.
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Introduction

Molecular recognition in protein-DNA interactions is central
to many fundamental biological processes involved in regu-
lating gene function. It had long been proposed that the
sequence of the DNA acted as a template that selected the
identity and coordinated the assembly of multiple proteins
[1, 2]. However, recent studies of large amount of protein-
DNA complexes suggested that the DNA sequence alone
could not define the binding specificity between DNA and
protein although there appeared to be favored interactions
[3, 4].

Mutations occurred in the core domain of tumor suppressor
p53 protein was identified relating to various human cancers
[5–7]. Investigating the binding specificity of p53 to DNA is
important to reveal the mechanism of its tumor suppressing
process. In 1992, el-Deiry, et al. found out that the binding
sequences within 18 human genomic clones that bound to p53
protein consisted of two copies of a 10 base pair motif 5′-
PuPuPuC(A/T)(T/A)GPyPyPy-3′ separated by 0–13 base pairs
(Pu and Py refers to purine and pyrimidine, respectively) [1].
Crystal structures and molecular dynamics simulation studies
revealed that p53 core domain interacted with DNA mainly
through hydrogen bonding of basic amino acid residues with
DNA bases at the major groove and through van der Waal’s
contact at minor groove [2, 8–11]. The crystal structures showed
the direct interactions between the p53 core domain and the
target DNA but could not address the dynamics of the DNA
recognition. NMR studies suggested that non-specific DNAalso
bound to p53 although not as tight as the specific DNA [12–14].
To understand the dynamics that define the binding specificity
in solution, fluorescence approaches have been used to study the
coupling between DNA and the p53 protein [15–24]. Weinberg
et al. concluded that the p53 tetramer was required for increased
binding affinity at high ionic strength by steady-state fluores-
cence anisotropy and analytical ultracentrifugation studies [16].
Ishimaru et al. suggested that binding of p53 to specific DNA
resulted in a dramatic stabilization of the p53 protein compared
to nonspecific sequence DNA [17]. While favored binding was
supported in various experimental and theoretical studies, the
role of the two decameric ‘half-site’motifs in recognition of the
p53 protein is still not fully understood.

In this work, the dynamics of the interaction between a
peptide, RVCACPGRDRR (Arg-Val-Cys-Ala-Cys-Pro-
Gly-Arg-Asp-Arg-Arg), truncated from the core domain
of p53 protein (273–283) and a 20-mer DNA AGACATGC
CTAGACATGCCT containing the two “half-site” decameric
motifs are studied by time-dependent fluorescence anisotropy
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spectroscopy. Unlike fluorescence intensity decay, anisotropy
decay is very sensitive to the change of the dipole orientation
[25–28]. Fluorescence anisotropy decay analysis can provide
information of the rotational motion of the fluorophore and
hence the properties of biological macromolecules which the
fluorophore attaches. The truncated peptide contains the ami-
no acid residues (Arg273, Ala276, Cys277, Arg280, Arg283)
which interacting with the bases and the backbone of DNA at
the major groove side [2, 9]. In order to focus the investigation
on the interaction at the binding site and prevent the big size of
p53 protein from reducing the sensitivity of the fluorescence
measurements, the truncated peptide was used in this study.
Fluorescence resonance energy transfer (FRET) method is
also applied to study the interaction between the p53 truncated
peptide and the target DNA. The binding specificity of the
20-mer DNA is compared with a 12-mer DNA TAGACA
TGCCTT which containing only one “half-site” decameric
motif. The result will help to understand the binding
specificity of the p53 core domain to the DNA with the
recognition unit, and evaluate the application of time-
resolved fluorescence anisotropy measurements in studying
the molecular recognition between protein and DNA.

Materials and Methods

Oligonucleotides and the peptide RVCACPGRDRR (HPLC
purified) were provided by Shanghai Sangon Cooperative.
The top strand oligonucleotides (5′-AGACATGCCTAGAC
ATGCCT-3′ and 5′-TAGACATGCCTT-3′) were labeled with
6-carboxyfluoresein (FAM) at 5′-end via a six-carbon linker.
For 12-mer DNA (5′-TAGACATGCCTT-3′ and 5′-TAGA
TATTCCTT-3′), samples with FAM labeled on the base T7

(the 7th base of the 12-mer DNA numbered from 5′-end) were
also used for investigating the influence of the FAM location.
To form a double-stranded DNA (dsDNA), the labeled oligo-
nucleotide was hybridized with its unlabeled complementary
strand in hybridization buffer (pH 7.2) prepared with 10 mM
Tris (Aladdin, 100 %) and 10 mM NaCl (Beijing Chemical
Works, 99.5 %). Oligomers were annealed by heating at the
respective Tm for 10 min and then cooled to 25 °C over
20 min. The formation of the peptide-DNA complex was
carried out at ambient temperature by adding peptide to the
solution of dsDNA or single-stranded DNA (ssDNA) and
mixed for 5 min. When FRET experiments were conducted,
the acceptor fluorophore, 6-carboxytetramethylrhodamine
(TAMRA) was covalently attached to the N-terminal of the
peptide. The concentrations of DNAs used in the experiments
were 5 μM. The concentration of the p53 truncated peptide
was 5–150 μM, depending on the experiment. Millipore water
(18.2 MΩ cm) was used throughout the experiments.

Steady-state spectroscopic experiments were carried out on
TU-1901 UV Spectrometer (Persee, China) and Cary Eclipse

fluorescence spectrometer (Varian, American). Time-resolved
fluorescence experiments were conducted on Tempro-01
spectrometer (IBH, UK) using the time-correlated single-
photon-counting (TCSPC) technique. The excitation source
was a pulsed laser diode (490 nm) with a repetition rate of
1 MHz and a pulse width <1.4 ns. Typically, 10000 photon
counts were collected in the maximum 4096 channels. The
decay parameters were determined by reconvolution analysis
and the fitting quality was judged by the reduced χ2 values
and the randomness of the weighted residuals. Time-resolved
anisotropy decay of FAM labeled on DNA was monitored.
The anisotropy decay, r(t) , was derived according to the
equation below [29],

r tð Þ ¼ IVV tð Þ−G⋅IVH tð Þ
IVV tð Þ þ 2G⋅IVH tð Þ ð1Þ

in which the G factor was calculated byG = IHV (t)/IHH (t), I
represented the intensity of the fluorescence signal and the
subscripts defined the orientation (H for horizontal and V for
vertical) of the excitation and emission polarizers, respec-
tively. In the exponential fitting of the anisotropy decay
signal, the time when the signal of the prompt reached its
maximum was selected as the time zero point because the
prompt signal represented the instrumental response.

Results and Discussion

Steady-State and Time-Resolved Fluorescence Measurements

Absorption and fluorescence spectra of FAM 5′-end labeled
20-mer dsDNA and its complex with the peptide were first
studied. A slight red shift (~2 nm) of the band peak in the

Fig. 1 Fluorescence intensity decay of free FAM in buffer, FAM-
labeled 20-mer dsDNA (5 μM) and its complex formed with the peptide
(DNA: peptide = 1:30)
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steady-state spectra was observed, but no lifetime difference
was detected in the time-resolved fluorescence intensity decay
curves when the dsDNA was in contact with the peptide
(Fig. 1). When time-resolved fluorescence anisotropy signal
was examined, significant difference was observed (Figs. 2
and 3). The anisotropy signal of free FAM in buffer solution
exhibited single exponential decay decreasing from r0 0.12 to
r∞ 0.00 with a short lifetime of 0.63 ns (Table 1), suggesting
the fast rotation of free FAM in buffer solution. The r0 value
increased to 0.21 when FAM was attached to the 20-mer
dsDNA. Exponential fits (Fig. 3) showed that the correlation
time of the fluorescence anisotropy decay of FAM-dsDNA

increased to 1.46 ns. Increasing of the initial anisotropy r0 and
the depolarization time τ indicated that the orientation of FAM
changed when it was covalently attached to dsDNA. Compar-
ing to the rotational correlation time of free FAM, we assigned
this longer decay time to the overall rotation diffusion of
FAM-dsDNA. Rotational diffusion of fluorophores is a dom-
inant cause of fluorescence depolarization, while the isotropic
fluorescence data are insensitive to the orientation changes of
electronic transition dipole moments [25, 30]. Changes of the
decay time observed in the anisotropy depolarization experi-
ments instead of in the fluorescence intensity decay measure-
ments confirmed that the observed lifetime changes in the
time-resolved fluorescence anisotropy spectra was due to the
changing of the overall rotational diffusion rate of FAM in
solution. The r0 value further increased to 0.27 as the DNA-

Fig. 3 Time-resolved fluorescence anisotropy decays of free FAM in buffer
(△), 20-mer FAM-dsDNA (☆), and 20-mer FAM-dsDNA-peptide (○)

Table 1 Fluorescence anisotropy decay data for FAM in various
environments

Sample r0 τ (ns)

free FAM 0.12 0.63

FAM-dsDNA(20-mer) 0.21 1.46

FAM-dsDNA(20-mer)-peptide 0.27 2.83

FAM-dsDNA(12-mer) 0.24 1.45

FAM-dsDNA(12-mer)-peptide 0.28 3.16

FAMT-dsDNA(12-mer) 0.22 1.45

FAMT-dsDNA(12-mer)-peptide 0.31 4.54

FAMT-dsDNA(12-mer,TATT) 0.22 1.44

FAMT-dsDNA(12-mer,TATT)-peptide 0.29 4.40

Fig. 2 Measurements and the
exponential fits of time-
dependent anisotropy decay
curves of 20-mer FAM-dsDNA
(a and b) and FAM-dsDNA-
peptide (c and d)
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peptide complex formed. The depolarization lifetime also
increased further to 2.83 ns, which was longer than the depo-
larization lifetime for the FAM-dsDNA. Thus reflected that
the rotation of the FAM-dsDNA-peptide complex was slower
than the FAM-dsDNA itself presumably due to the bigger
size of the complex. To ensure whether there was a second
component in the time-resolved anisotropy decay signals of
the FAM-dsDNA and the FAM-dsDNA-peptide complex,
biexponential fittings were tried [31]. No consistent life-
times and corresponding amplitudes could be obtained if
introducing a second component, i.e. no evidence for a
biexponential anisotropy decaywas observed. The experimental
data suggested that the FAM-dsDNA and the FAM-dsDNA-
peptide complex rotated as a rigid body without significant free
rotation of the FAM group.

Time-resolved fluorescence anisotropy experiments of the
5′-end labeled 12-mer FAM-dsDNA (TAGACATGCCTT)
with only one recognition unit and the complex it formed
with the peptide were also conducted. No significant differ-
ence was observed compared to the results of 20-mer DNA
(Fig. 4a). Therefore, under the condition of our experiments,
no advanced binding specificity was detected for the full
two “half-site” motifs compared to the 12-mer DNA con-
taining only one “half-site” sequence. The anisotropy decay
of a 12-mer FAM-dsDNA (TAGATATTCCTT), in which the
C and G residues of the CATG center [1, 29] in the “half-
site” motif was replaced by T bases, was also studied and no

significant difference was observed (Table 1). This result
suggested that the dynamic role of the DNA sequence in
defining the binding specificity between the peptide and the
dsDNA was not significant. This might due to the nature of
the interaction between proteins and DNA, which was the
combination of hydrogen bonding, van der Waals forces,
and electrostatic interactions instead of any one-to-one
chemical bonding force [3, 32, 33]. The substitution of the
central C and G bases in the DNA sequence eliminated the
hydrogen bonding interaction between the two bases and the
side chain of the basic residues of the peptide, but the
quantitative effect might only become significant when large

Fig. 4 The anisotropy decay curves of DNA-peptide complexes formed with 20-mer and 12-mer dsDNA (a) and the 20-mer ssDNA (b)

Fig. 5 Absorption and fluorescence spectra of 12-mer FAMT-dsDNA
(5 μM) and FAMT-dsDNA-peptide (1:15), in which the superscript ‘T’
represents that FAM was labeled on the T7 base of the DNA
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amount of hydrogen bonding interactions were affected in
the formation of complex between the p53 protein and the
DNA. The peptide RVCACPGRDRR truncated from the
binding domain of p53 protein contained several basic amino
acid residues. The basic residues could form hydrogen bonds
and other interaction forces with different bases in the DNA
sequence [3, 33], thus made the binding non-specific. Similar
anisotropy decay curves obtained for the FAM-ssDNA and the
FAM-ssDNA-peptide complex agreed with this assumption
(Fig. 4b).

To exam the effect of the FAM location on DNA to the
time-resolved fluorescence anisotropy study, the 12-mer DNA
(TAGACATGCCTT) with FAM labeled on T7, which was in
the CATG center of the “half-site” motif specifically binding
to the p53 protein [34], was used to repeat the experiments
above. A distinct red shift (~7 nm) in the absorption spectrum
was observed when the FAMT-dsDNA formed complex with
the peptide (Fig. 5). A red shift of ~2 nm was also detected in
the fluorescence spectrum. Compared to the negligible red

shift in the absorption spectrum of the 5′-end labeled FAM-
dsDNA-peptide complex, it was obvious that the spectra of
FAM were more sensitive to the interaction when it was
labeled at a location close to the interaction site of the DNA-
peptide complex. The time-resolved fluorescence anisotropy
experiments supported this conclusion with a longer decay
time recorded for the T7 labeled FAMT-dsDNA-peptide com-
plex (Fig. 6). However, labeling the fluorophore close to the
binding site could not always be achieved practically when the
binding site expanded over a long range of the DNA sequence
or was unknown.

FRET Studies

When a second fluorophore TAMRAwas labeled on the pep-
tide, the interaction between the dsDNA and the peptide com-
plex could be probed via the FRET effect between the donor
FAM labeled on dsDNA and the acceptor TAMRA labeled on
the peptide. In the absorption spectrum (Fig. 7) of the TAMRA-
labeled peptide, the intensity of the blue band (525 nm) of
TAMRAwas strong due to the interaction between the labeled
peptide molecules [35–38]. When the peptide formed complex
with the dsDNA, the intensity of the 525 nm band decreased
significantly and became a shoulder of the longer wavelength
absorption band (~555 nm) of TAMRA. Similar phenomenon
was reported by Spring et al. in the study of TAMRA labeled
metal-DNA complex [36]. The experimental observation
confirmed the formation of the dsDNA-peptide complex.
Fluorescence quenching of the donor FAM induced by
FRET effect was also observed but no significant increase
of the acceptor fluorescence was recorded (Fig. 8). This
might due to that the blue shoulder in the absorption spectrum
of TAMRA corresponded to a dark state [36].

Conclusion

In this work, we studied the interaction between a peptide
truncated from the binding domain of p53 protein and DNAs

Fig. 7 Absorption spectrum of 20-mer FAM-dsDNA, TAMRA-peptide,
and FAM-dsDNA-TAMRA-peptide (dsDNA: peptide = 1:5)

Fig. 8 Fluorescence quenching of 20-mer 5′-end labeled FAM-dsDNA
by the TAMRA-peptide (dsDNA: peptide = 1:5)

Fig. 6 Comparison of the time-dependent anisotropy decay curves of 12-
mer T7 labeled FAMT-dsDNA-peptide and 5′-end labeled FAM-dsDNA-
peptide complexes
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with specific designed sequences by fluorescence spectrosco-
py of FAM labeled on DNA. The results revealed that the
sequence of DNA could not define the binding specificity
between the peptide and DNA. But the time-resolved fluores-
cence anisotropy spectroscopy can be used to examine the
binding affinity of the peptide to DNA. The fluorescence
anisotropy dynamics of FAM can also be used to represent
the rigidity of the complex formed between the peptide and
DNA. However, a detail mechanism of the binding specificity
of the peptides to the duplex DNA remained unresolved for
future research.
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