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ABSTRACT: Human programmed cell death 5 (PDCD5) is
a protein playing a significant role in regulating both the
apoptotic and paraptotic cell deaths. Resent findings show that
PDCD5 is a positive regulator of Tip60 and also has a potential
ability to interact with p53. Here we aim to experimentally
characterize the nature of the interactions between PDCD5 and
the p53 N-terminal domain (NTD) and to depict the binding
mode between two proteins. The interprotein binding interfaces
were determined by NMR experiments performed with PDCD5
and various fragments of p53 NTD. The binding affinity was
investigated using the NMR titration experiments. Analysis revealed that the PDCD5 binding site on p53 is localized within residues
41−56 of p53 TAD2 subdomain while p53 binds preferentially to the positively charged surface region around the C-terminals of
helices α3 and α5 and the N-terminal of helix α4 of PDCD5. The binding is mainly mediated through electrostatic interactions. The
present data suggested a model for the interaction between PDCD5 and the p53 NTD.

The gene of human programmed cell death 5 (PDCD5)
encodes a protein expressed in tumor cells and trans-

located rapidly from the cytoplasm into the nuclei of cells during
apoptosis independent of the apoptosis-inducing stimuli.1,2

PDCD5 protein is an important regulator in both apoptotic
and nonapoptotic programmed cell death.3 The recombinant
PDCD5 has a remarkable role in intercellular transport in various
cells, serving as a vehicle having potential in the field of protein
delivery to the cells. Studies by deletion mutagenesis indicated
that PDCD5 can introduce the Mdm-2 binding domain of human
p53 into living cells to induce cell death in human cancer cells.4

Recently, it was found that PDCD5 can interact with Tip60, a
histone acetyltransferases, and function as a coactivator to pro-
mote apoptosis via the Tip60-p53 signaling pathway. PDCD5
plays a positive role in Tip60-mediated p53 acetylation and p53-
dependent proapoptotic gene expression. Interestingly, the GST
pull-down assay has identified a potential ability of PDCD5 to
physically interact with p53. These raise a possibility that PDCD5,
Tip60, and p53 may form a ternary complex, and among them
there may be an interregulatory network.5

The p53 protein is an important tumor suppressor, function-
ing by inducing apoptotic target genes to eliminate developing
tumor cells. The basis for p53’s apoptotic and tumor suppressive
potency lies in its transcription-dependent and -independent
functions.6 In most human cancers, p53 is inactivated as a result
of mutations in the p53 gene or as a result of alterations in genes
whose products interact with p53 or transmit information to or
from p53.7 Recent research has confirmed that p53 can be
activated by a variety of cellular stresses including DNA damage,

oncogene activation, or hypoxia. After the activation, p53 can
induce transcriptional activation of the apoptosis-related genes.
Activation of p53 generated the subsequent biological outputs
such as apoptosis, cell-cycle arrest, senescence, or modulation
of autophagy.8−10 The stress-induced p53 can translocate to
mitochondria during p53-dependent apoptosis after DNA
damage and hypoxia and can localize to the mitochondria outer
membrane, inducing permeabilization of the outer mitochondrial
membrane, which causes the release of potent death factors
from the intermembraneous space into the cytosol, promoting
apoptosis.6,11 p53 is biologically active as a homotetramer com-
prising 4 × 393 amino acid residues, with each of its subunits
having a modular structure. The natively unfolded N-terminal
domain (NTD) contains a transactivation domain (TAD,
residues 1−61) and a proline-rich region (PRR, residues 64−
92). The TAD is further subdivided into the subdomains TAD1
(residues 1−40) and TAD2 (residues 40−61). The structured
DNA-binding (DBD, residues 94−292) and tetramerization
domains (TD, 324−355) are connected through a flexible
linker region (residues 301−323). Similarly to the TAD region,
the regulatory domain at the extreme carboxyl terminus (CTD,
360−393) is also intrinsically disordered.12−16

The 3D solution structure of human PDCD5 containing 125
amino acid residues has a compact core structure consisting of
three helices α3, α4, and α5, forming a triple-helix bundle, and
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two terminal regions. The mobile N-terminal region comprises
helices α1 and α2 while the flexible C-terminal region is un-
structured.17 Recent finding of the potential ability of PDCD5
to interact with p53 raised a question how PDCD5 interacts
with p53. In order to address this question, various p53
fragments were obtained and used for determining the domain
involved in the interaction with PDCD5. The protein−protein
interaction studies using NMR method were carried out to
further characterize and map the binding interfaces between
two proteins. The results show that the PDCD5 binding site on
p53 is localized within residues 41−56 of p53 TAD2 subdomain
while p53 binds preferentially to the positively charged surface
region around the C-terminals of helices α3 and α5 and the
N-terminal of helix α4 of PDCD5. The possible binding mode is
discussed.

■ MATERIALS AND METHODS
Protein Preparation. The PDCD5 and p53 fragments

were used in the present study of the interaction between two
proteins. The full-length PDCD5 and its fragment containing
residues 20−104, namely PDCD5(20−104), were expressed
and purified according to the procedures described previ-
ously.17−19 The p53 fragments, namely p53(1−96), p53(1−73),
p53(1−61), p53(1−40), p53(15−61), and p53(37−61), encod-
ing residues 1−96, 1−73, 1−61, 1−40, 15−61, and 37−61,
respectively, were amplified by PCR. Genes of these fragments
were cloned into a modified version of pGBO expression
vector,20 in which an additional PreScission protease cleavage site
was introduced between the His6-GB1 fusion partner and target
proteins. The expression pGBO plasmids were transformed into
Escherichia coli BL21(DE3) cells which were grown overnight in
20 mL LB medium at 37 °C. The overnight culture was used to
inoculate another 1000 mL LB media (with 50 μg/mL kanamycin
sulfate). Protein expression was induced with 1.0 mM isopropyl-
D-thiogalactoside (IPTG) when the bacterial cells were grown to
an A600 value of 0.8. After incubation for 4 h, the bacterial cells
were collected by centrifugation at 4000 rpm for 30 min at 4 °C
and stored at −20 °C. The cell pellets were lysed by sonication in
buffer A (8 M urea or 6 M GdmCl, 25 mM Tris-HCl, pH 8.0,
150 mM NaCl). The clarified supernatant was loaded onto a Ni-
NTA column pre-equilibrated with buffer A. The column was
then washed with 6- to 10-column volumes of buffer A and
20 mM imidazole. Afterward, the column was washed with
10-column volumes of buffer B (25 mM Tris-HCl, pH 8.0,
150 mM NaCl). The protein was eluted from the column with
500 mM imidazole and was dialyzed against buffer B at 4 °C
overnight. Then, the PreScission protease was added for cleavage
of the fusion tag. The solution was concentrated to 1−2 mL and
further purified using a Superdex 75 (Pharmacia) gel filtration
column pre-equilibrated with 100 mM NH4HCO3. The purified
protein was lyophilized and stored at −20 °C. The DNA
fragment coding for p53(94−312) containing residues 94−312
was cloned into the NdeI and XhoI restriction sites of pET15b
(Novagen). The p53(94−312) proteins were expressed and
purified according to the procedures described in the early
report.21

Three single-cysteine mutations, S15C, D61C, and M44C of
p53(15−61) (which contains no cysteine in wild type), were
constructed using site-directed mutagenesis for introduction of
the nitroxide spin-label MTSL. The S15C, D61C, and M44C
mutant p53(15−61), namely [S15C]p53(15−61), [D61C]-
p53(15−61), and [M44C]p53(15−61), were expressed using the
same protocol as described above. However, in the purification of

mutant p53 fragments, the buffer for lysis of the cell pellets by
sonication was changed to 8 M urea or 6 M GdmCl, 25 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 10 mM β-mercaptoethanol. After
washing the column using buffer B, the spin-label reagent MTSL
(Toronto Research Chemicals) used for attaching the nitroxide
spin-label to the single-cysteine variants of mutant p53 fragments
was added from a concentrated stock in acetonitrile at a molar
ratio of 5:1 MTSL:protein and incubated at room temperature for
more than 12 h. Excess MTSL reagent was washed out using
buffer B. The spin-labeled mutant fragments were checked using
MALDI-TOF mass spectrometry.
Uniformly 15N- and/or 13C-labeled proteins were obtained

by growth in M9 minimal media containing 15NH4Cl and/or
[13C]-glucose as the sole nitrogen and/or carbon sources,
respectively. The purity of proteins was checked by SDS-PAGE
to ensure a single band.

NMR Spectroscopy. PDCD5 and its mixtures with p53
fragments used in the corresponding experiments were
dissolved in 90% H2O/10% D2O containing 50 mM potassium
phosphate buffer (pH 6.5), 200 mM NaCl, and 0.01% (w/v)
sodium 2,2-dimethylsilapentane-5-sulfonate (DSS), whereas the
samples for p53 fragments and their mixtures with PDCD5
contained 50 mM potassium phosphate buffer (pH 6.0), 100 mM
KCl, and 0.01% (w/v) DSS. All NMR experiments were run on a
Bruker DMX 600 spectrometer equipped with a triple-resonance
cryo-probe. The 3D 1H−13C−15N HNCACB, CBCA(CO)NH,
HNCO, and HNCA and the 2D 1H−15N HSQC experiments
were performed with p53 fragments at 298 K for assignment of
backbone 1H, 15N, and 13C resonances. The 2D 1H−15N HSQC
experiments were adopted for investigation of the interaction
between PDCD5 and p53 fragments. All NMR data were pro-
cessed and analyzed using software FELIX 98.0 (Accelrys Inc.)
and NMRView.22 1H chemical shifts were referenced to internal
DSS. 15N and 13C chemical shifts were referenced indirectly to
DSS.23

Heteronuclear steady-state 1H−15N NOE was measured at
298 K for 0.46 mM p53(15−61) in the free state and for
0.46 mM p53(15−61) in the mixture with PDCD5(20−104) at
PDCD5:p53(15−61) = 2.0 and 4.1 using standard pulse
sequences. The proteins were dissolved in 92% H2O/8% D2O
containing 50 mM potassium phosphate buffer (pH 6.0), 100 mM
KCl, and 0.05 mM DSS, 0.02% (w/v) NaN3, 1 mM EDTA, and
1/200 protease inhibitor (Novagen). The steady-state 1H−15N
NOE spectra were acquired with and without 1H saturation in an
interleaved manner. The NOE values were calculated from the
ratios of the peak intensities with and without proton saturation.
In order to identify residues in PDCD5(20−104) affected by

the interaction of spin-labeled [S15C]p53(15−61), [D61C]-
p53(15−61), and [M44C]p53(15−61), the 2D 1H−15N HSQC
spectra of the 15N-labeled PDCD5(20−104) were recorded at
298 K in the presence of spin-labeled p53 fragments. All experi-
ments were repeated after the spin-label was reduced with 10-fold
excess ascorbic acid. The NMR samples were prepared by mixing
of 0.3 mM 15N-labeled PDCD5(20−104) with nitroxide spin-
labeled [S15C]p53(15−61), [D61C]p53(15−61), and [M44C]-
p53(15−61) at a molar ratio of 1:1. To ensure complete
reduction of the spin-label, the samples containing ascorbic acid
were placed at room temperature for 1 h.

NMR Titration Experiments. Titration of PDCD5(20−
104) with p53(15−61) and reverse titration were monitored by
2D 1H−15N HSQC spectra of titrated PDCD5(20−104) and
p53(15−61) at 308 and 298 K, respectively. The 2D 1H−15N
HSQC spectra of 0.3 mM 15N-labeled PDCD5(20−104) were

Biochemistry Article

dx.doi.org/10.1021/bi201822x | Biochemistry 2012, 51, 2684−26932685



acquired with increased amount of unlabeled p53(15−61) at
p53(15−61):PDCD5(20−104) molar ratio of 0, 0.25, 0.5,
0.73, 1.0, 1.22, 1.46, 1.9, 2.9, and 3.9. In the reverse titration
experiments, the concentration of 15N-labeled p53(15−61) was
fixed at 0.46 mM, and 2D 1H−15N HSQC spectra of p53(15−
61) were recorded at PDCD5(20−104):p53(15−61) molar
ratio of 0, 0.125, 0.27, 0.5, 0.77, 1.0, 1.5, 2.0, 2.5, 3.1, 3.6, and
4.1. The observed chemical shift changes in the titration
experiments were calculated according to the equation

Δ = δ − δ

+ δ − δ

{0.5[( )

0.04( ) ]}

obs H,bound H,free
2

N,bound N,free
2 1/2

where δH,bound and δN,bound are the chemical shifts of amide 1H
and 15N resonances, respectively, at a bound state, whereas
δH,free and δN,free are those at a free state of the protein. Based on
the PDCD5(20−104):p53(15−61) = 1:1 binding mode, the
dissociation constant Kd was obtained by fitting the observed
chemical shift changes to the equation24

Δ = Δ

× + + − + +

−

X K X K

X

0.5

{(1 /[P] ) [(1 /[P] )

4 ] }

obs max

d 0 d 0
2

1/2

where Δobs is the observed chemical shift change at any arbitrary
equilibrium state, Δmax is the chemical shift change at a fully

bound state, X is the molar ratio of ligand to protein, and [P]0 is
the initial concentration of protein.

■ RESULTS

Resonance Assignments for p53 Fragments. It was
proposed that the lack of a rigid structure of p53 may allow its
physiological interaction with a multitude of partner proteins
and the regulation of its turnover.15 The entire N-terminal
domain (NTD) of p53 (residues 1−93) containing an acidic
transactivation domain (TAD) and a proline-rich domain is
natively unfolded under physiological conditions since it is
devoid of tertiary structure and largely missing secondary struc-
ture elements.16 The TAD domain was found to be required
for interaction with components of the transcriptional
machinery.25 The present study adopted the NTD domain of
p53 to explore the interaction between PDCD5 and p53 by
NMR spectroscopy. A series of fragments of p53 NTD domain
were obtained to identify the sites for interacting with PDCD5.
Among them fragment p53(1−73) was subjected to the 3D
heteronuclear NMR studies for obtaining the residue-specific
assignment.
The fragment p53(1−73) contains two subdomains (TAD1

and TAD2) of the p53 TAD domain. Figure 1A shows the
resonance assignments for backbone nitrogen and amide
protons of p53(1−73). All of the cross-peaks for 60 residues of
p53(1−73) in the 2D 1H−15N HSQC spectrum were identified

Figure 1. Residue-specific assignments for backbone amide groups of p53 fragments. The assignments of cross-peaks are given by one-letter amino
acid code and the sequence positions in the corresponding 2D 1H−15N HSQC spectra obtained at 298 K and pH 6.0. A prime mark denotes folded
cross-peaks. (A) The assignments for 60 residues of p53(1−73), except 13 prolines. Cross-peaks labeled as G-1 and S0 are from glycine and serine in
the tag residues GPGS appended to residue M1 in p53(1−73) sequence resulting from fusion tag cleavage by PreScission protease digestion. (B)
Assignments for 41 residues of p53(15−61), except 6 prolines. Cross-peaks labeled as G14 is the tag residue appended to residue S15. (C) The
sequence of p53(1−73).
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except 13 prolines. The resonances of amide protons for 60
cross-peaks crowded a narrow range of 7.6−8.7 ppm in the
spectrum, indicating a largely unfolded conformation of the
fragment p53(1−73), which was consist with the secondary
structure analysis with TALOS+ (Figure S1 in the Supporting
Information). Figure 1B shows the 2D 1H−15N HSQC
spectrum of p53(15−61), a p53 fragment chosen for extensive

studies in the present work (see below). The resonance signals
of almost all the cross peaks in the spectrum of p53(15−61)
show very similar chemical shifts to those of the corresponding
cross-peaks in the spectrum of p53(1−73), except two terminal
residues S15 and D61. Resonance assignments for residues of
p53(15−61) were achieved simply following the assignments of
resonances in the spectrum of p53(1−73).

Figure 2. Detecting the binding site of p53(1−96) on PDCD5. (A) 2D 1H−15N HSQC spectrum of full-length PDCD5 showing the residue-specific
assignments of backbone amide groups. The assigned cross-peaks are indicated by labeling the one-letter amino acid code and residue number. (B)
2D 1H−15N HSQC spectrum of 0.2 mM 15N-labeled PDCD5 (black) is overlaid with the spectrum recorded for 15N-labeled PDCD5 mixed with
unlabeled p53(1−96) in 1:1 molar ratio (red). (C) Overlay of the 2D HSQC spectra of 15N-labeled PDCD5 in mixture with unlabeled p53(94−
312) (green) and free 15N-labeled PDCD5 (black). (D) Mapping of the p53(1−96) binding surface on the PDCD5 structure (PDB ID 2K6B).
Residues with significant chemical shift differences are shown in blue.
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Interaction between PDCD5 and p53 Proteins. For
detecting the interaction surfaces between p53 and PDCD5,
the fragments p53(1−96) containing entire NTD domain and
p53(94−312) consisting of a structured DBD domain were
adopted for preparing the mixture samples with PDCD5. The
2D 1H−15N HSQC spectra of 15N-labeled full-length PDCD5
in the mixtures with p53(1−96) and p53(94−312), respec-
tively, were obtained, which were compared to the 2D HSQC
spectrum of free PDCD5 (Figure 2). The resonance assign-
ments for backbone amide groups of full-length PDCD5
(Figure 2A) were quoted from the previous study.17 Figure 2B
shows shifting of resonance signals for a number of residues of
PDCD5 while interacting with p53(1−96). Relatively signifi-
cant changes in chemical shifts of 1HN and 15N resonances were
observed for residues Q50, A52, R53, R55, S57, and L59 in the

helix α3 (residues 50−62); M77 in the C-terminal region of
helix α4 (residues 64−79); I93, I95, L96, K97, V99, and S100
in the helix α5 (residues 89−101); Y80 and S84 in the loop
Lα4α5 between helices α4 and α5 and K63 linking helices α3 and
α4; and residue I43 in the C-terminal region of helix α2
(residues 26−47) according to the 3D solution structure of
PDCD5 (PDB ID 2K6B).17 Apparently, p53(1−96) interacts
mainly with the core structural region of PDCD5 (Figure 2D).
Nevertheless, fragment p53(94−312) did not interact with
PDCD5, and no resonance shifting can be observed in the 2D
1H−15N HSQC spectrum of PDCD5 mixed with p53(94−312)
(Figure 2C). Therefore, the interaction of PDCD5 with p53
mainly occurs to the core structure of PDCD5 and NTD
domain of p53.

Figure 3. 2D 1H−15N HSQC spectra of the mixtures of PDCD5 and different p53 fragments. (A) Overlay of the spectra of 15N-labeled PDCD5 in
the mixtures with unlabeled p53(1−73) (red), p53(1−61) (blue), and p53(15−61) (green). (B) Overlay of the spectra of 15N-labeled PDCD5 in
mixture with unlabeled p53(15−61) (green) and free 15N-labeled PDCD5 (black). (C) Overlay of the spectra of 15N-labeled p53(15−61) in mixture
with unlabeled PDCD5 (green) and free 15N-labeled p53(15−61) (blue). (D) Overlay of the spectra of 15N-labeled PDCD5 in mixture with
unlabeled p53(1−40) (orange) and free 15N-labeled PDCD5 (black). All the mixtures of PDCD5 with p53 fragments were prepared in 1:1 molar
ratio except the mixture of PDCD5 and p53(1−40).
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To detect which region in the NTD domain of p53 is
responsible for interacting with PDCD5, fragments p53(1−40),
p53(1−61), p53(1−73), and p53(15−61) were added into the
15N-labeled full-length PDCD5 sample solution making the
corresponding mixture samples. 2D 1H−15N HSQC spectrum
was recorded for each of these mixture samples. The 2D HSQC
spectra of PDCD5 mixed with p53(1−61), p53(1−73), and
p53(15−61) were essentially identical (Figure 3A). Of them,
the 2D HSQC spectrum of PDCD5 mixed with p53(15−61)
(Figure 3B) showed the resonance shifting similar to that of
PDCD5 mixed with p53(1−96) (Figure 2B). This indicated

that two subdomains, TAD1 and TAD2, in the NTD domain of
p53 may be involved in the interaction with PDCD5. On the
other hand, the 2D HSQC spectrum of p53(15−61) in the
mixture with PDCD5 (Figure 3C) showed resonance shifting
of the cross peaks for residues S20, W23, K24, L25, L26, L32,
L45, S46, D48, I50, E51, Q52, W53, F54, and T55 of p53(15−
61). Of them, the former six residues are in the C-terminal
portion of TAD1 subdomain and the rest residues are in the
TAD2 subdomain. The same resonance shifting was observed
in the spectrum recorded for p53(1−73) mixed with PDCD5
(Figure S2 in the Supporting Information). Therefore, the

Figure 4. Titration of p53(15−61) and PDCD5(20−104) by monitoring the chemical shift changes of resonance signals in the 2D 1H−15N HSQC
spectra of PDCD5(20−104) and p53(15−61), respectively. (A) Spectrum of PDCD5(20−104) combined together the spectra recorded at various
p53(15−61) concentrations. (B) Weighted chemical shift differences (Δδ) between resonances for PDCD5(20−104) in the presence of p53(15−
61) at p53(15−61):PDCD5(20−104) = 3.9 and those in the absence of p53(15−61). Solid and dashed horizontal lines correspond to the average
chemical shift change and one standard deviation above the average, respectively. (C) Chemical shift changes for A52, L83, I95, and K97 as a
function of p53(15−61) concentration in the titration experiments. The solid curves are the curve fitting results from the 1:1 binding mode. (D)
Molecular surface of PDCD5 colored by electrostatic potential (blue, positively charged; red, negatively charged; white, neutral). The positively
charged residues on the molecular surface are labeled. Only the core structural region (R40-Q101) of PDCD5 is shown. (E) Spectrum of p53(15−
61) combined together the spectra recorded at various PDCD5(20−104) concentrations. (F) Weighted chemical shift differences (Δδ) between
resonances for p53(15−61) in the presence of PDCD5(20−104) at PDCD5(20−104):p53(15−61) = 4.1 and those in the absence of PDCD5(20−
104). Solid and dashed horizontal lines correspond to the average chemical shift change and one standard deviation above the average, respectively.
(G) Chemical shift changes for L26, S46, E51, Q52, F54, and T55 as a function of PDCD5(20−104) concentration in the titration experiments. The
solid curves are the curve fitting results from the 1:1 binding mode. (H) Heteronuclear steady-state 1H−15N NOE values as a function of sequence
for p53(15−61) in the free state (black) and in the mixture with PDCD5(20−104) at molar ratio of PDCD5(20−104):p53(15−61) = 2 (red) and
4.1 (blue).
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TAD2 subdomain and the C-terminal portion of TAD1
subdomain of p53 NTD domain should be involved in the
interaction with PDCD5, and p53(15−61) is a fragment which
happens to cover these sequence regions. However, p53(1−40), a
fragment containing only TAD1 subdomain, provided a 2D
HSQC spectrum showing very slightly chemical shift changes of a
few cross-peaks (Figure 3D). This implies that the TAD2 sub-
domain may be a region in p53 NTD domain responsible for
interacting with PDCD5.
Characterizing the Binding of PDCD5 with p53

Fragment. In order to characterize the binding features of
PDCD5 and p53 fragments, the PDCD5(20−104) and p53(15−
61) were adopted in the titration experiments for facilitating the
spectral analysis by reducing the cross-peak crowding in the 2D
1H−15N HSQC spectra. The 2D 1H−15N HSQC spectrum of
15N-labeled p53(15−61) mixed with PDCD5(20−104) (spec-
trum not shown) was very similar to that of 15N-labeled p53(15−
61) mixed with full-length PDCD5 because the N-terminal helix
α1 (residues 2−17) and C-terminal loop (residues 102−125) of
PDCD5 was not involved in the interaction with p53 fragments.
A series of 2D 1H−15N HSQC spectra of 15N-labeled
PDCD5(20−104) and p53(15−61) were recorded in the
presence of increased amounts of unlabeled p53(15−61) and
PDCD5(20−104), respectively. In the titration of PDCD5-
(20−104) with p53(15−61), the 2D HSQC spectra of
PDCD5(20−104) showed shifting of resonance signals for a
number of residues as the concentration of p53(15−61)
increased (Figure 4A). Relatively significant changes in
chemical shifts of 1HN and 15N resonances were observed for
residues A52, R55, L56, V70, E71, M77, R79, L83, I95, and
K97 (Figure 4B). The dissociation constant Kd of p53(15−61)
with PDCD5(20−104) was obtained by fitting the chemical
shift changes of amide group resonances for residues A52, L83,
I95, and K97 (Figure 4C), assuming a single binding mode.
Averaging the Kd values obtained for these four residues gave a
value of 410 ± 59 μM. On the other hand, titration of p53(15−
61) with PDCD5(20−104) caused the significant chemical shift
changes for residues W23, K24, L26, S46, D48, E51, Q52, W53,
F54, and T55 of p53(15−61) (Figure 4E,F). Fitting the
chemical shift changes of amide resonances for residues L26,
S46, E51, Q52, F54, and T55 of p53(15−61) (Figure 4G) gave
an average Kd value of 412 ± 52 μM, which is in close proximity
to that obtained by titration of PDCD5(20−104) with p53(15−
61). The isothermal titration calorimetry (ITC) studies using the
same p53 fragment and PDCD5 protein as in the NMR titration
experiments gave a Kd value of 138 ± 18 μM for binding of
p53(15−61) with PDCD5(20−104) (Figure S3 in the
Supporting Information). Therefore, the binding between p53
and PDCD5 was not very tight and was on the fast-exchange time
scale relative to the resonance frequency differences between the
free and bound proteins since both titration induced continuous
movements of specific cross-peaks in the corresponding 2D
HSQC spectra.
Because the entire N-terminal part of p53 (1−93) is natively

unfolded under physiological conditions,16 p53(15−61) is
natively unfolded with flexible backbone. To examine changes
in the backbone flexibility of p53(15−61) while bound to
PDCD5, the heteronuclear steady-state 1H−15N NOE values
were obtained for p53(15−61) and for its mixtures with
PDCD5(20−104) (Figure 4H). Majority residues in p53(15−
61) have NOE values below zero except residues 21−26 having
NOE values >0. However, binding of PDCD5 caused an
increase in 1H−15N NOE values of residues 19−31 and 39−56

of p53(15−61). Especially, the NOE values for residues 41−56
increased largely from the values below zero to the values
around 0.2 under the interaction of PDCD5. Therefore,
restriction of the local motions of residues 41−56 is increased
while PDCD5 binds to p53(15−61), although the entire
fragment of p53(15−61) is still highly flexible with 1H−15N
NOE values <0.6.

■ DISCUSSION
Preferential Binding Sites on p53(15−61) and

PDCD5(20−104). The fragment p53(1−73) contains two
contiguous subdomains (TAD1 and TAD2) of the natively
unfolded acidic transcriptional activation domain (TAD). An
NMR study of p53(1−73) fragment at 5 °C has revealed that
an amphipathic helix (residues 18−26 of TAD1 subdomain)
and two nascent turns (residues 40−44 and 47−53 of TAD2
subdomain) populated in the fragment while there is no
ordered structure formation.26 Fragment p53(15−61) happens
to cover these sequence regions, which means natively unfolded
p53(15−61) can be populated such local secondary structures.
According to the chemical shift changes (Figure 3C), it seems
residues S20, W23, K24, L25, and L26 in the amphipathic helix
and residues L45, S46, D48, I50, E51, Q52, W53, F54, and T55
in the extended second nascent turn of p53(15−61) are involved
in the interaction with PDCD5. However, the relatively large
chemical shift changes of resonance signals were observed for
residues in the region around second nascent turn in comparison
with that in the region of amphipathic helix of p53(15−61)
(Figure 4F). Besides, the 2D 1H−15N HSQC spectrum of frag-
ment p53(37−61) (Figure S4 in the Supporting Information),
but not the spectrum of p53(1−40) (Figure 3D), showed large
shifting of resonance signals under the interactions of PDCD5.
Therefore, the TAD1 subdomain of p53 along has no significant
interaction with PDCD5, and the TAD2 subdomain is a main
region responsible for interacting with PDCD5. The TAD2 sub-
domain contains sequence region 41−56 which has conformation
of two nascent turns. The heteronuclear 1H−15N NOE
measurements for p53(15−61) in the absence and presence of
PDCD5(20−104) indicated that binding of PDCD5(20−104) to
p53(15−61) largely influenced the backbone local motions of the
residues 41−56 but not the residues in the region around
amphipathic helix of p53(15−61) (Figure 4H). This suggested
strongly that residues 41−56 of TAD2 subdomain form a
preferential binding site for PDCD5(20−104) on p53(15−61).
The sequence of p53(15−61) contains 11 negatively charged

residues, of them six (D41, D42, D48, D49, E51, and E56) are
located in the sequence region 41−56 (Figure 1C). Therefore,
the PDCD5(20−104) binding site on p53(15−61) is a highly
anionic moiety since no any positively charged residue is in this
region. On the other hand, 15 positively charged residues in
PDCD5(20−104) distributed mainly in the core structural
region. Residues K33, H34, R35, and R40 are in the helix α2;
helix α3 has residues R53 and R55 including K63 linked to its
C-terminal end; residues K66, K68, and R79 are located in the
helix α4; residues K97 and K98 are in the helix α5; and K86 is
in the loop Lα4α5. The other two are at the N-terminal end of
PDCD5(20−104).17 According to the 3D solution structure of
PDCD5, helix α2 of PDCD5 has a mobile N-terminal part
(26−43) and a less mobile C-terminal portion (44−47). Among
the positively charged residues only the residues R55 and K63 in
the structural region of helix α3; K66 in the helix α4; and K97
and K98 in the helix α5 can create a positively charged surface on
PDCD5(20−104) (Figure 4D), showing a relatively high
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concentration of positive charge at a surface region around the C-
terminals of helices α3 and α5 and the N-terminal of helix α4. It
seems this positively charged surface region on PDCD5(20−104)
can preferentially recognize the anionic moiety of p53(15−61).
Besides, the most strong chemical shift perturbation was observed
for the bulk of residues over the helices α3, α4, and α5 of PDCD5
while binding to p53(15−61) (Figures 2B and 4B). Therefore,
the binding of PDCD5(20−104) with p53(15−61) may occur
between residues 41−56 of p53(15−61) and the positively
charged surface region of PDCD5(20−104). Presumably, the
electrostatic interactions mediated predominantly the binding
between two proteins.
The Possible Mode of Binding. The weak binding of

p53(15−61) with PDCD5(20−104), having a Kd of 412 μM, was
on the fast-exchange between free and bound states. Besides,
p53(15−61) is a natively disordered fragment. Therefore, it was
unable to obtain the intermolecular NOE data for structural
analysis using NMR technique. To further map the binding site
for p53(15−61) on PDCD5(20−104), paramagnetic relaxation
was adopted since the magnitude of the paramagnetic relaxation
enhancement (PRE) is proportional to the ⟨r−6⟩ average distance
between a proton and a paramagnetic center, and the effect of the
spin-labels can be observed up to 20 Å from the paramagnetic
center.27 The PRE effect is reflected by the ratios of cross-peak
heights between oxidized and reduced spectra (Iox/Ired). The
pronounced minima in the PRE profiles of PDCD5(20−104)
under the interactions of p53(15−61) with the N- and C-terminal
spin probes from [S15C]p53(15−61) and [D61C]p53(15−61),
respectively, and with the middle-region spin probe from
[M44C]p53(15−61) were revealed in Figure 5. Figure 5A,B
shows that the amide protons of residues in the C-terminal
portions of helices α2 and α4 and the loop Lα4α5 of PDCD5(20−
104) were affected significantly by the spin-labels. Besides, the
relatively weak PRE effect was seen on the N-terminal of helix α4
and the C-terminal portions of helices α3 and α5. In addition,
the PRE effect on PDCD5(20−104) by the N-terminal spin
probe from [S15C]p53(15−61) was much stronger than that by
the C-terminal spin probe from [D61C]p53(15−61). However,
the relatively stronger PRE effect on the C-terminal portions of
helices α3 and α5 and the N-terminal of helix α4 of PDCD5(20−
104) under the interaction of [M44C]p53(15−61) was observed
in Figure 5C as compared with Figure 5A,B.
The above-described PRE effect on PDCD5(20−104) may

depict a possible binding mode between p53(15−61) and PDCD5-
(20−104). In the binding of p53(15−61) with PDCD5(20−104),
the segment 41−56 containing residues D41, D42, D48, D49, E51,
and E56 of p53(15−61) preferentially binds to the positively
charged surface region formed by residues R55, K63, K66, K97,
and K98 in the C-terminal portions of helices α3 and α5 and the
N-terminal of helix α4 of PDCD5(20−104). The interprotein
orientation of p53(15−61) to PDCD5(20−104) could be alter-
native due to the nonspecific binding. In such binding mode, the
N- and C-terminal spin probes of p53(15−61) cannot affect the
residues in the binding surface of PDCD5(20−104). However,
the long N-terminal portion (15−40) of p53(15−61) presumably
has the superiority over the short C-terminal portion (57−61) to
contact with loop Lα4α5 and the C-terminal portions of helix α4 and
α2 according to the 3D structure of PDCD5. Thus, statistically, the
N-terminal spin probe from [S15C]p53(15−61) has more
significant PRE effect on the corresponding parts of PDCD5
(Figure 5B) than the C-terminal spin probe from [D61C]p53(15−
61) (Figure 5A). Nevertheless, the M44C spin probe is in the
segment D41-E56 of p53(15−61). The anionic moiety of residues

D41-E56 drives the binding of p53(15−61) to the positively
charged surface region of PDCD5(20−104); thus, M44C spin
probe generates relatively strong PRE effects on the residues in the

Figure 5. Bar graphs of intensity ratios of backbone amide protons
versus primary sequence for PDCD5(20−104) in mixture with spin-
labeled p53(15−61) at single-cysteine mutant positions D61C (A),
S15C (B), and M44C (C). The 2D 1H−15N HSQC spectra of
PDCD5(20−104) in the presence of spin-labeled p53(15−61) before
(paramagnetic) and after (diamagnetic) reduction of the spin-label
with ascorbate were recorded and the intensity ratios of the backbone
amide signals between oxidized (Iox) (paramagnetic) and reduced
(Ired) (diamagnetic) spectra (Iox/Ired) was determined. Blank spaces in
the diagrams are either due to proline residues (position 24 and 64) or
the inability to measure the peak height as a consequence of
overlapping or nonassigned residues.
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C-terminals of helices α5 and α3 and the N-terminal of helix α4
of PDCD5. Since the effect of the spin-label can be observed up to
20 Å from the M44C, residues in the locations other than the
binding surface of PDCD5 can be affected also by M44C as shown
in Figure 5C. However, for further clarifying the binding between
PDCD5 and p53(15−61), three-dimensional binding mode will be
interested.
As is known, both PDCD5 and p53 are apoptosis-related

proteins. PDCD5 translocated to cellular nucleus during
apoptosis.1 p53 can be activated in response to DNA damage
and other cellular stresses, which was found to trigger apoptosis
even in the absence of nucleus.28 The K120 acetylation of p53
is induced by DNA damage and may have a decisive function in
determining the outcome of p53 apoptosis induction.29 PDCD5
could enhance the acetylation of p53 at K120 and is required for
cell apoptosis induced by DNA damage.5 Nevertheless, the
present NMR study reveals that PDCD5 can interact with p53
NTD but not p53 DBD which contains the acetylation site K120
of p53. According to the reports, Tip60 is required for the
acetylation of the endogenous p53 protein at K120, and PDCD5
binds to Tip60 and increases Tip60-dependent K120 acetylation
of p53 (5). From these results, it can be postulated that PDCD5
may interact simultaneously with acetyltransferase domain of
Tip60 and p53 NTD and facilitate the acetylation of p53 at K120
in the DNA binding domain. As a consequence, the results of
present study on interaction between PDCD5 and p53 may
provide some positive information for further investigation of
apoptosis mechanism of PDCD5.
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