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a b s t r a c t

Human programmed cell death 5 (PDCD5) is a translocatory protein playing an important role in the
apoptotic process of cells. Although there are accumulated data about PDCD5 function, the correlation
of the structure with the function of PDCD5 has not been investigated. Here, we report the studies of
structure–function relationship of PDCD5 by multidimensional NMR methods and by FACScan flow
cytometer and fluorescence microscope. The 3D structure of intact PDCD5 and the internal motions of
PDCD5 have been determined. PDCD5 has a compact core structure of low flexibility with two mobile
a-helices at N-terminal region and a flexible unstructured C-terminal region. The flow cytometry and
internalization measurements of different PDCD5 fragments indicate that the charged residues are crucial
for the ability of apoptosis-promoting and cell translocation of the protein. Combined analyses reveal a
fact that the regions that seem to be most involved in the function also are more flexible in PDCD5.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Human PDCD52 (human programmed cell death 5), formerly des-
ignated as TFAR19 (TF-1 cell apoptosis-related gene 19), is a gene
cloned from TF-1 cells undergoing apoptosis. PDCD5 protein is an
important regulator in both apoptotic and paraptotic cell deaths.
The expression of PDCD5 is increased during the apoptotic process
of TF-1 cells induced by cytokine withdrawal using a cDNA-RDA
method (cDNA representation differences analysis) [1]. The overex-
pression of PDCD5 can also enhance TAJ/TROY-induced paraptotic
cell death, a death pathway distinct from apoptosis [2]. Moreover,
the expression of PDCD5 protein is also down-regulated in some hu-
man tumors [3–7]. The expressed PDCD5 was found to translocate
rapidly from cytoplasm to the cellular nucleus during apoptosis,
and the appearance of PDCD5 in the nuclei of apoptotic cells pre-
cedes the externalization of phosphatidylserine (PS) and fragmenta-
tion of chromosome DNA [8]. 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. It was observed that PDCD5 can introduce the Mdm-2 binding
domain of human p53 into living cells to induce cell death in human
cancer cells [9].
ll rights reserved.
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PDCD5 containing 125 amino acid residues is a well-conserved
protein, sharing significant homology to the corresponding pro-
teins of species ranging from yeast to mice [1]. An orthologue of
human PDCD5 in a thermophilic archaeon, MTH1615 (Methanobac-
terium thermoautotrophicum 1615), has 34.2% sequence similarity
to the PDCD5 protein (Fig. 1). The 3D solution structure of the pro-
tease resistant domain of MTH1615 protein was determined,
showing an ordered region which is consisted of three helices
(PDB ID: 1EIJ). However, the N-terminal 31 residues of MTH1615
were reported as an unstructured region [10]. For human PDCD5,
the early studies have shown that the protein can be divided into
three structural regions: a rigid core region and two dissociated
terminal regions. The core region (residues 41–101) represents a
rigid sub-domain consisting mainly of three a-helices. The C-ter-
minal residues (102–125) represent a flexible unstructured region
with a very mobile tail of residues V116-Y125. The N-terminal 38
residues (3–40) are ordered, but not a rigid structural region [11]. A
fragment containing the N-terminal 1–26 residues of PDCD5
(PDCD5(1–26)) can form a stable a-helix (D3-A19) in solution
(PDB ID: 1YYB) [12]. Recently, the atomic co-ordinates for solution
structure of human PDCD5 lacking the N-terminal 1–8 residues
(PDCD5(9–113)) appeared in the Protein Data Bank under the
accession code 2CRU, which has been determined by RIKEN Struc-
tural Genomics/Proteomics Initiative (RSGI). However, there is no
report for further studying the relationship of structure and func-
tion of PDCD5.

To advance investigations into the structure–function correla-
tion of PDCD5, we have expressed and purified various fragments
of PDCD5: PDCD5(1–112), PDCD5(1–104), PDCD5(34–125),
PDCD5(34–112), PDCD5(34–104), and PDCD5(20–104) containing
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Fig. 1. Sequence alignment of human PDCD5 with MTH1615 from M. thermoautotrophicus. The secondary structural elements obtained for PDCD5(1–112) were labeled at the
top of the sequences.
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residues 1–112, 1–104, 34–125, 34–112, 34–104, and 20–104,
respectively. We have employed the fluorescence microscope and
FACScan flow cytometer to analyze the functions in the cell trans-
location and cell apoptosis of different PDCD5 fragments as well as
full-length PDCD5. We have determined the solution structure of
PDCD5(1–112) and the backbone dynamic features of PDCD5(20–
104). The relationship between the structure and the function of
PDCD5 was discussed based on the experimental data.
Materials and methods

Preparation of deletion mutants of PDCD5

PDCD5 fragments, namely PDCD5(1–112), PDCD5(1–104), PDC
D5(34–125), PDCD5(34–112), and PDCD5(34–104), and PDCD
5(20–104) containing residues 1–112, 1–104, 34–125, 34–112, 34–
104, and 20–104, respectively, were used in this study. The fusion
expression system used for expression of the intact human PDCD5
was adopted for expression of deletion mutants of PDCD5, except
PDCD5(20–104), [13]. The target genes were amplified from the
plasmid pET-3d-HR52-PDCD5 and cloned into the pET-3d-HR52
vector with the KpnI and BamHI restriction sites to generate expres-
sion plasmids. In each of these expression plasmids, there is a
thrombin cleavage site (LVPR;GS) between the fusion partner
HR52, a His6-tagged N-terminal 52-residue fragment of staphylo-
coccal nuclease R, and the target PDCD5 fragment for removing the
fusion partner. For the expression of PDCD5(20–104), the target gene
was amplified from the plasmid pET-3d-HR52-PDCD5 and cloned
into the NdeI and EcoRI restriction sites of the vector pGBO [14] to
generate expression plasmid pGBO-PDCD5(20–104). The expres-
sion and purification of PDCD5(20–104) were carried out using
similar method as described in the previous study for isolation
of PDCD5 protein [11]. As a result of thrombin cleavage, residues
Gly-Ser replaced the N-terminal residue M1 in the sequences of
PDCD5(1–112) and PDCD5(1–104), and were appended to the
N-terminal residue H34 of PDCD5(34–125), PDCD5(34–112),
and PDCD5(34–104). Also, four residues Gly-Ser-His-Met are ap-
pended to the N-terminal residue K20 of PDCD5(20–104) as a
result of the thrombin cleavage.

Uniformly 15N and/or 13C-labeled PDCD5 fragments for NMR
studies were obtained by the growth in M9 minimal media con-
taining 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.
Preparation of FITC–PDCD5 complex

Fluorescein isothiocyanate (FITC) conjugated recombinant
PDCD5 fragment that is FITC–PDCD5 fragment complex was pre-
pared for fluorescence microscopic studies. FITC (Merk) labeling
of recombinant PDCD5 fragment was prepared as described previ-
ously [15]. Briefly, different recombinant PDCD5 fragments (2 mg/
ml) were mixed with DMSO lysed FITC (0.1 mg), and incubated for
16 h at 4 �C. Then, the FITC–PDCD5 fragment complex was further
purified using a Sephadex G-50 gel filtration column. The purified
FITC–PDCD5 fragment complex was stored in PBS buffer contain-
ing 0.1% NaN3 and 0.1% BSA, and ready for use.

NMR spectroscopy

Samples of uniformly 13C-, 15N-, or 13C/15N-labelled PDCD5(1–
112) for determination of 3D solution structure by NMR method
were prepared as follows: 1.0–2.0 mM 15N- or 13C/15N-labelled
PDCD5(1–112) in 90% H2O/10% D2O containing 100 mM deuter-
ated acetate buffer (pH 4.7) and 100 mM NaCl; 1.0–2.0 mM 13C-la-
belled PDCD5(1–112) in 99.996% D2O containing 100 mM
deuterated acetate buffer (pH 4.7) and 100 mM NaCl. The sample
for backbone dynamic studies was 1.0 mM 15N-labelled
PDCD5(20–104) in 90% H2O/10% D2O containing 100 mM deuter-
ated acetate buffer (pH 4.7) and 100 mM NaCl. The sample for
hydrogen exchange experiments was 1.0 mM 15N-labelled PDCD5
protein dissolved in 90% H2O/10% D2O containing 50 mM phos-
phate buffer (pH 6.5) and 200 mM NaCl. All the NMR samples con-
tain 0.01% 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) and 0.01%
NaN3.

The heteronuclear NMR experiments were carried out for iso-
tope-labeled PDCD5(1–112) at 308 K on a Bruker DMX600 spec-
trometer equipped with a z-gradient triple-resonance cryo-probe.
The 3D 1H–13C–15N HNCA, HN(CA)CO, HNCACB, CBCA(CO)NH,
H(CC)(CO)NH, and HNCO, 3D 1H–15N TOCSY-HSQC (sm = 60 ms),
and 3D 1H–13C HC(C)H-COSY and HC(C)H-TOCSY (sm = 12 ms)
experiments [16] were performed for backbone and side chain res-
onance assignments. The 3D 1H–15N NOESY-HSQC and 1H–13C
NOESY-HSQC experiments with mixing time sm = 200 ms were
performed for obtaining the NOE distance constraints. The mea-
surements of 1H–15N relaxation parameters were performed for
15N-labeled PDCD5(20–104) at 308 K using the standard methods
[17]. For 15N T1 measurements, the delay times were set to 10,
30, 80, 160, 280, 380, 530, 760, 1200, and 1600 ms, whereas for
T2 measurements, the relaxation delays were 16.96, 33.92, 50.88,



Fig. 2. Residue-specific assignments for backbone amide groups of PDCD5(1–112).
The assignments are indicated in the corresponding 2D 1H–15N HSQC spectrum by
labeling the one-letter amino acid code and the residue number.
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67.84, 84.80, 101.76, 118.72, 152.64, 186.56, 220.48, and
254.40 ms. In the 2D 1H–15N NOE experiments, a delay of 3 s was
followed by 1H saturation for 6 s, whereas the saturation period
was replaced by a delay of equivalent duration in the control
experiment. Two experiments were run in an interleaved manner.
For amide proton H/D exchange measurements, 2D 1H–15N HSQC
spectra of intact PDCD5 were recorded successively after every
245 s at 298 K. Each 2D spectrum required 240 s to complete. All
NMR data were processed and analyzed using FELIX98 (Accelrys
Inc.). 1H chemical shifts were referenced to internal DSS. 15N and
13C chemical shifts were referenced indirectly [18].

Detecting the cell translocation of PDCD5 fragments

For detecting the structural correlation of internalization of
PDCD5, the deletion mutants of PDCD5 were employed. The FITC
conjugated PDCD5 fragment complexes: FITC–PDCD5(1–125),
FITC–PDCD5(1–112), FITC–PDCD5(1–104), FITC–PDCD5(34–125),
FITC–PDCD5(34–112), and FITC–PDCD5(34–104) were con-
structed. The fluorescence microscopy study was performed by
adding these six complexes into cell culture medium.

HL-60 cells were cultured in 35-cm of specialized glass-bottom
microwell dishes (MatTek Corp.) with RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FCS). For fluorescent protein
treatments, 1 lM of different FITC–PDCD5 fragment was added.
Five-h later, cells were rinsed twice with PBS buffer and fixed with
4% paraformaldehyde in PBS for 15 min at 4 �C. Fixed cells were
permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed
and stained with DAPI (0.25 lg/ml) for 15 min. Cells were rinsed
and imaged using a TCS-SP laser-scanning confocal microscope
(Leica Microsystems, Mannheim, Germany).

Detecting the effects of different PDCD5 fragments on cell apoptosis

The promoting-apoptosis effects of intact and different frag-
ments of PDCD5 can be detected by determining the exposure of
PS at the surface of apoptotic cells. For this, the apoptotic HL-60
cells were analyzed by flow cytometry using fluorescence-labeled
annexin-V [19,20].

HL-60 cells were cultured as described above. For induction of
apoptosis, HL-60 cells were washed and adjusted to 2 � 105/ml
in serum-free RPMI-1640. Cell suspensions were added into 24-
well plates (0.5 ml for each well), and then 20 lg of different re-
combinant PDCD5 fragment were added. About 20 lg of BSA and
etoposide were used as negative and positive controls, respec-
tively. The cells were harvested after treatment for 20 h and
washed twice with PBS, followed by resuspending in 100 ll of an-
nexin-V-binding buffer (10 mM Hepes, 140 mM NaCl, 2 mM MgCl2,
5 mM KCl, and 2.5 mM CaCl2, pH 7.4). FITC-conjugated annexin-V
(10 ll) (Beijing Biosea Biotechnology Co.) was added according to
the manufacturer’s protocol. After incubation for 20 min at room
temperature in the dark, another 400 ll of binding buffer was
added, and samples were immediately analyzed on a FACSCalibur.
Cells (1 � 104) were collected and analyzed with CELLQuest soft-
ware (BD Bioscience). Apoptotic cells are expressed as a percentage
of total cells. This experiment was done at least three times.

Structure calculations

Initial structures of PDCD5(1–112) were generated using CAN-
DID module of CYANA software [21]. The NOE assignments given
by CANDID were checked manually and the structures were re-
fined in explicit water using CNS software [22] and RECOORDScript
[23]. Dihedral angel restrains were obtained using the program TA-
LOS [24]. A family of 100 structures was generated, and the 20
structures with lowest energies were selected for analysis. Struc-
tural analysis and statistics were obtained using the programs
MOLMOL [25] and PROCHECK-NMR [26]. The molecular figures
were generated with MOLMOL.

Analysis of 15N relaxation parameters

R1 and R2 relaxation rates for each residue were determined by
fitting peak intensities of the spectra acquired at various relaxation
delay times to an exponential decay function, I/I0 = exp(�R1,2 � t),
where I0 is the intensity at t = 0 and I is the intensity after a time
delay t. The steady-state 1H–15N NOEs were calculated from the ra-
tio of peak intensities in the NOE spectra obtained with and with-
out proton saturation. The uncertainties of the R1 and R2 values
were estimated from the signal-to-noise ratios. The root-mean-
square (RMS) value of the noise of background regions in the spec-
trum was used to estimate the standard deviation of NOE values.

Results and discussion

3D solution structure of PDCD5(1–112)

As was indicated [11], the C-terminal residues Q102-Y125 of
PDCD5 represent a flexible unstructured region. Therefore, 3D
structure of PDCD5(1–112) actually is a representative of 3D struc-
ture of intact PDCD5. Backbone and side-chain resonance assign-
ments and intramolecular NOE connectivities for PDCD5(1–112)
have been identified. More than 99% and 88% backbone and side-
chain assignments were achieved, respectively (totally more than
92%). Fig. 2 shows the assignments of amide resonances for
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PDCD5(1–112). The number of assigned NOEs is summarized in Ta-
ble 1. An ensemble of 20 lowest energy NMR-derived solution
structures of PDCD5(1–112) is shown in Fig. 3. The structural sta-
tistics of the PDCD5(1–112) ensemble are summarized in Table 1.

PDCD5(1–112) is an a-helix protein consisting of five a-helices
(a1:A2-L17, a2:D26-V47, a3:Q50-V62, a4:P64-R79, and a5:E89-
Q101) (Fig. 3A). The helix a1 shows no NOE connectivity with rest
of the PDCD5(1–112) structure, and thus is a dissociated structural
region. The helices a3–a5 construct a triple-helix bundle, while the
helix a2 connects the helix a1 and the triple-helix bundle through
the loop La1a2 (Q18-G25) and the linker La2a3 (L48-D49), respec-
tively. The C-terminal fragment (Q102-N112) is an unstructured
region (Fig. 3B–D). 16 of 20 hydrophobic residues in the triple-he-
lix bundle: A52, L56, L59, V62, A69, V70, Y73, L74, I75, M77, A78,
G91, L92, I95, L96, and V99 form a hydrophobic core together with
residues G81, L83, and V87 in the loop La4a5 between the helices
a4 and a5. The side-chains of residues I43, L44, and V47 in the C-
terminal region of the helix a2 and residue L48 in the linker
La2a3 are also involved in the hydrophobic core (Fig. 4A). The long
amphiphilic side-chains of residues R53 and K66 in the helices a3

and a4, respectively as well as K63 between the helices a3 and
a4 can be also placed in the hydrophobic core. Therefore, the seg-
ment Q50-Q101 including mainly the triple-helix bundle forms a
core structure of the protein.

In the sequence of PDCD5(1–112), there are 37 charged residues.
The molecular surface depicting the distribution of electrostatic po-
tential is shown in Fig. 4B. The ionic interactions could be estab-
lished between some of these charged residues. The tentative salt-
bridges were found using distance cutoffs of 4.2 and 6.0 Å. In the
loop La4a5 (Y80-S88), residues Y80-G81-Q82 construct a b-turn s1
with residue R79 in the C-terminal of helix a4 (s1: R79-Y80-G81-
Q82), and residues L83-S88 is close to the structural region around
La2a3 in the structure of PDCD5(1–112). Thus, residues E85 and
K86 in the loop La4a5 as well as E89 in the N-terminal end of the he-
Table 1
Restraints and structure statistics for 20 lowest energy conformers of human PDCD5
1–112 fragment.

Parameter Value

Number of distance restraints
Total NOEs 2007
Intraresidual NOEs 903
Sequential NOEs 500
Medium range NOEs 407
Long range NOEs 197

Number of dihedral angle restraints
/ angle 82
w angle 82

Number of restrain violations (maximum violation)
Distance restraint violations > 0.2 Å 0 (0.182 Å)
Dihedral angle restrains > 5� 0 (4.28�)

PROCHECK-NMR Ramachandran map analysis (%)
Most favored regions 87.5
Additional allowed regions 10.4
Generously allowed regions 1.4
Disallowed regions 0.7

RMS deviations (Å) (secondary structure residues)
a1 helix (residues 2–17)a 0.56 ± 0.26;

1.36 ± 0.25b

a2 helix (residues 26–47)c 1.22 ± 0.57;
1.77 ± 0.50b

Core region (residues 41–101)d 0.58 ± 0.14;
1.13 ± 0.11b

Core secondary structure region(residues 50–62, 64–80,
and 89–101)d

0.42 ± 0.09;
1.06 ± 0.10b

a Structures are fitted by backbone heavy atoms of residues 2–17.
b For backbone and all heavy atoms, respectively.
c Structures are fitted by backbone heavy atoms of residues 26–47.
d Structures are fitted by backbone heavy atoms of residues 50–62, 64–80, and

89–101.
lix a5 form a charged surface with residues D49 in the linker La2a3

and R55 in the helix a3 (Fig. 4C). The pairs of residues R55-E89 and
D49-K86 may form two cross-segment salt-bridges on this charged
surface, indicating that the N-terminal region of the helix a3 is close
to the N-terminal end of the helix a5 in the core structure. In addi-
tion, residues E71 around the middle of helix a4 and K98 in the C-ter-
minal region of helix a5 may also form salt-bridges with residues
R40 in the C-terminal region of the helix a2 and E104 in the C-termi-
nus of PDCD5(1–112), respectively.

Therefore, it appears from the structural information of
PDCD5(1–112) that the tertiary interactions including the hydro-
phobic and cross-segment ionic interactions may play an impor-
tant role in the packing of the triple-helix bundle in the core
structural region. However, there are no indications of the tertiary
interactions between residues in the core structure and the resi-
dues in the helix a1, and between the residues in the core structure
and the residues in the N-terminal segment (D26-M39) of the helix
a2. For the helix a2, the C-terminal segment (R40-V47) correlates
with the triple-helix bundle by hydrophobic interactions between
residues I43, L44, and V47 in the helix, L48 in the loop La2a3 and
residues L56, L74, I75, A78, L83, and V87 in the triple-helix bundle.
Moreover, the ionic interactions between R40 in the helix a2 and
E71 in the helix a4 may enhance this correlation. Contrary, the
N-terminal portion of helix a2 shows no interactions with the core
structure. Such a specific structural construction may account for
the unique backbone dynamic features of the helix a2 as described
in the following two chapters.

Dali [27] and SSM [28] searches have provided that the triple-
helix bundle structure of human PDCD5 is similar to parts but
not entire structure of many proteins. The triple-helix bundle
structure of PDCD5(1–112) is very similar to the solution structure
of the protease resistant domain of archaeal MTH1615 (SD Fig. 1A
in supplementary data) which is 14 residues shorter than human
PDCD5 protein (Fig. 1) [10]. The RMSD between human
PDCD5(1–112) and archaeal MTH1615 structures aligned by SSM
is �3.05 Å. The significant diversities are observed especially in
the N-terminal region. The sequence region representing the helix
a2 according to the structure of PDCD5(1–112) was found to be
unstructured in MTH1615. However, the overall structure of
PDCD5(1–112) is very similar to PDCD5(9–113) determined by
RSGI (SD Fig. 1B).

Different hydrogen-bond-breaking motions of the helices in PDCD5

The structural stability of the intact PDCD5 was probed by H/D
exchange which was monitored by a series of 2D 1H–15N HSQC
spectra recorded at 298 K. The 2D 1H–15N HSQC spectrum of
freshly dissolved PDCD5 in D2O provided cross peaks for 22 amide
groups (18% of the 123 residues) (SD Fig. 2). 1HN of all other resi-
dues in PDCD5 exchanged too rapidly to record in the first spec-
trum of measurements. Assignments of these 22 resonance
signals were straightforward in comparison with the assignments
of 1HN resonances in the spectrum of PDCD5 [11]. The 22 amide
groups are from residues L44 and V47 in the C-terminus of the he-
lix a2, L48 and D49 in the loop linking the helices a2 and a3, R53,
R55, and L56 in the helix a3, V70, E71, Y73-L74-I75-Q76-M77 in
the helix a4, L92-I93-E94-I95-L96-K97 in the helix a5, V87 in the
loop La4a5, and the C-terminal residue Y125. Except Y125, these
residues reside in the triple-helix bundle of PDCD5, and most of
them are involved in the hydrophobic core. Interestingly, these res-
idues are located around the cross-segment ion-pairs D49-K86,
R55-E89, E71-R40, and K98-E104. Besides, residues E94-K98 may
form a side-chain-to-side-chain lactam bridge in the helix a5

which can stabilize helix structure [29,30]. After half hour of dis-
solving PDCD5 in D2O, only the signals of residues L74, I75, I95,
and L96 can be observed in the 2D HSQC spectra. The resonance



Fig. 3. Solution structure of human PDCD5(1–112). Ribbon structure (A) shows a representative conformer of the ensemble of PDCD5(1–112) structures. The 20 lowest
energy conformers calculated for PDCD5(1–112) are superimposed by three different ways: superimposed in the helix a1 (B), superimposed in the helix a2 (C), and
superimposed in the triple-helix bundle a3–a5 (D).
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signals for residues I75 and L96 retain their intensities after one
hour. These observations reveal that amide protons of residues in
the C-terminal unstructured region and the N-terminal helix a1

of PDCD5 and amide protons of N-terminal residues in the helix
a2 exchanged much faster than those in the helices a3-a5. Besides,
the residues at the C-terminus of helix a2 showed much slower H/
D exchange than that at the N-terminus.

In D2O solution, a backbone amide proton of protein exchanges
with solvent deuterium, when it is exposed through a transient
conformational opening event. The amide protons of residues in
the C-terminal unstructured region of PDCD5 are exposed to sol-
vent, thus exchanged with solvent deuterium very fast. In a helix,
1HN of ith residue and O of (i�4)th residue can form a 1HNi–Oi�4

hydrogen bond. The exchange of the hydrogen-bonded amide pro-
tons to the solvent requires occasional opening of the bonds.
Amide protons for residues in the helix a1 and majority residues
in the helix a2 of PDCD5 exchanged too fast to detect their reso-
nance signals in the H/D exchange measurements. This implies
that the localized hydrogen-bond-breaking motion (local breath-
ing) of the helix a1 and the N-terminal portion of the helix a2 is
much faster than the motion of the helices in the triple-helix bun-
dle of the protein. It is quite evident that the triple-helix bundle
structure of PDCD5 is stabilized by the tertiary interactions includ-
ing the hydrophobic and the cross-segment ionic interactions.
However, there are no tertiary interactions to stabilize the struc-
ture of the helix a1 and the N-terminal structure of the helix a2

in PDCD5. The helix a2 exhibits a relatively stable to very flexible
transition in the structure.

Stabilities of different structural regions of PDCD5

The backbone 1H–15N relaxation parameters, R1 and R2 relaxa-
tion rates and 1H–15N NOEs, of intact PDCD5 have been reported
early [11]. However, a number of overlapped cross peaks in the
2D 1H–15N HSQC spectrum of intact PDCD5 prevented us from
obtaining more accurate relaxation data for the helix a2. Obtaining
the reliable backbone relaxation data of the helix a2 is more inter-
esting for analyzing dynamic features of the protein since the helix
a2 connects the N-terminal helix a1 with the triple-helix bundle of
the protein. In this study, the 1H–15N relaxation parameters were
measured for PDCD5(20–104) which lacks 19 and 8 residues in
the N- and C-terminal regions, respectively compared to
PDCD5(1–112). Deletion of these residues should not disturb the
3D structure of PDCD5(1–112) and the intact PDCD5 as well since
both the N- and C-terminal segments have no correlation to the
core structure of the protein [11]. Besides, the signal overlapping
in the 2D 1H–15N HSQC spectrum of PDCD5(20–104) is largely re-
duced. SD Fig. 3 provided spectral evidences that the PDCD5(20–
104) is a valid model for investigation of internal motions of the
helices a2–a5 and the loops linking these helices in PDCD5(1–112).

Fig. 5 shows the relaxation parameters of PDCD5(20–104) at
308 K. In PDCD5(20–104), residues K20-G25 are in the loop
La1a2 and residues D26-V47 form an ordered helix a2 while resi-
dues Q50-Q101 are in the core structural region of the protein
according to the 3D structure of PDCD5(1–112). Sequence varia-
tions of the relaxation parameters can be observed for residues
K20-M39 in the N-terminus of PDCD5(20–104) including the loop
La1a2 and the N-terminal portion of the helix a2, residues Y80-K86
in the loop La4a5, and residues S100-E104 in the C-terminus of
PDCD5(20–104). These regions are highly flexible with 1H–15N
NOE values < 0.6. The C-terminal residues of the helix a2 and vast
majority residues in the helices a3, a4, and a5 have 1H–15N NOE
values P 0.7, reflecting the relatively restricted high-frequency
motions of backbone of the core structural region in PDCD5(20–
104). These observations may indicate that the internal motion of
the helix a1 is independent of the rest part of the protein.

Residues forming the helix a2 (D26-V47) have widely spread R2

values from 3.68 ± 0.10 to 20.92 ± 0.97 Hz (Fig. 5). In the helix a2,
residues R35-I43 have R2 values close to those for the residues in
the triple-helix bundle. However, residues D26-H34 showed R2

values decreasing gradually from residue H34 towards D26. Appar-
ently, the internal motions of D26-H34 are less restrictive than res-
idues R35-I43. Thus, a relatively rigid to very flexible transition
occurred in the helix a2. Unexpectedly, residues L44-V47 in the



Fig. 4. Analysis of PDCD5(1–112) structure. (A) Hydrophobic core (R40-Q101) of PDCD5(1–112). (B) Molecular surface of the core structure colored by electrostatic potential
(blue, positively charged; red, negatively charged; white, neutral). The left-hand representation is the front face and the right-hand one is the back face of potential surface.
(C) Charged surface having salt-bridges of the core structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
paper.)
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C-terminus of the helix a2 as well as L48 in the linker La2a3

showed significant increase in R2 but moderately decrease in R1.
Since residues L44-L48 reside in the structural region linking the
flexible portion of the helix a2 and the relatively rigid triple-helix
bundle of the protein, the unique dynamic features of these resi-
dues probably can be explained if residues L44-L48 are undergoing
simultaneously a fast motion and a conformational exchange due
to its structural specificity. Therefore, the helix a2 has a mobile
N-terminal portion and a less mobile C-terminal portion which is
fixed to the core. The increased R2 and decreased R1 values were
also observed for residues L61-K63 in the C-terminus of the helix
a3, presumably due to the abrupt transition from one helix to an-
other since the helices a3 and a4 run anti-parallel to each other
with a turning point at residue K63.

Since the shorter protein PDCD5(20–104) is a valid model in
studying the backbone dynamics of the large protein PDCD5(1–
112), PDCD5(1–112) can be regarded to have a relatively rigid core
structure, and the backbone of this structural region undergoes rel-
atively high restrictive internal motions as compared to the helices
a1 and a2. The helix a2 in PDCD5(1–112) has a mobile N-terminal
portion and a less mobile C-terminal portion showing relatively
restrictive internal motions as the core. Apparently, the unique
internal motions of the helix a2 may be favorable to the helix a1

for having individual backbone internal motions. In the intact
PDCD5, the helix a1 is mobile and exhibits a slow sub-nanosecond
motion as described previously [11].

Evidently, the solution structure of intact PDCD5 consists of a
relatively stabilized core structural region, a mobile helix a1, a par-
tially mobile helix a2, and an unstructured flexible C-terminal re-
gion. Actually, the flexible C-terminal region (Q102-Y125) has a
very mobile tail region (V116-MDSDEDDD-Y125) [11]. It was
shown that the 1H–15N NOE and R2 as well as R1 values of the seg-
ment K105-K115 are higher than the values obtained for tail seg-
ment V116-Y125 and lower than the values for segment Q102-
E104 in the C-terminal region of PDCD5 [11]. Thus, the segment
K105-K115 in intact PDCD5 shows the relatively higher conforma-
tional flexibility than the segment Q102-E104 but the reduced
backbone flexibility than the tail segment V116-Y125.

Structure–function correlation of PDCD5

The correlation of the internalization with the structure of
PDCD5 was demonstrated by the FITC–PDCD5 fragment complexes
(SD Fig. 4). The results suggested that both the C-terminal unstruc-
tured region and N-terminal helix a1 of PDCD5 are related with cell
translocation, and the C-terminal portion of PDCD5 contains a
structural region which is a main region responsible for the cell
translocation of the protein.



Fig. 5. 1H–15N NMR relaxation parameters for PDCD5(20–104). The secondary structures are labeled at the top of the figure.
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The effects of different PDCD5 fragments on HL-60 cell apopto-
sis were observed from the exposure of PS at the surface of apop-
totic HL-60 cells determined by flow cytometry using fluorescence-
labeled annexin-V [20]. As shown in Fig. 6, PDCD5(1–125) signifi-
cantly enhanced cell apoptosis induced by serum withdrawal.
Deletion of the C-terminal residues R113-Y125 of PDCD5 largely
weakened the effect on apoptosis-promoting of FITC–PDCD5(1–
112). Further deletion of 8 amino acids in the C-terminal sequence
of PDCD5(1–112), namely residues K105-N112, can further weak-
en (but not much) the effect on apoptosis-promoting of FITC–
PDCD5(1–104) compared to those of FITC–PDCD5(1–112). Similar
phenomena were observed for PDCD5 lacking the first 33 residues
in the N-terminal sequence and having different deletions of the C-
terminal residues. Therefore, PDCD5 protein lacking the C-terminal
residues can not enhance cell apoptosis triggered by growth factor
deprivation. Meanwhile, PDCD5 shortening the N-terminal 33 res-
idues can also influence cell apoptosis. This means the cell apopto-
sis is correlated with both C-terminal region and N-terminal helix
a1 of PDCD5, but more strongly with the C-terminal region of the
protein.

The results of flow cytometry measurements and internaliza-
tion analysis collectively indicate that there is a close link in PDCD5
between apoptosis-promoting and cell translocation. It appears
that the cell translocation and the effect on apoptosis-promoting
of PDCD5 are closely related to both terminal regions, especially
to the C-terminal region of PDCD5.

According to the M1 value in Fig. 6 which can be considered as a
level of HL-60 cell apoptosis, the apoptosis of HL-60 cell treated
with intact PDCD5 has the maximum apoptosis level. Truncation
of the C-terminal residues R113-Y125 made the fragment
PDCD5(1–112) to reduce 14.47% of the apoptosis level as compared
to that of intact PDCD5. However, further truncation of the C-ter-
minal residues K105-N112 (fragment PDCD5(1–104)) only reduces
additionally 3.88% of the apoptosis level. Therefore, the C-terminal
segment R113-Y125 might be more responsible for the cell apopto-
sis than the segment K105-N112. The segment R113-Y125 contains
not only positive charged residues R113, R114, and K115 but also
negative charged residues D118-X-D-E-D-D-D124 and aromatic
residue Y125. The segment K105-N112 contains two basic residues
K105 and K110 and one aromatic residue F111. It was also reported
that EGFP–PDCD5(1–115) was internalized while EGFP–PDCD5(1–
108) was almost not internalized when HEK293 cells were incu-
bated with EGFP–PDCD5 fusion protein, suggesting that residues
V109-K115 might be important for the capability of PDCD5 to
translocate through plasma membranes [9].

The recent research has suggested that PDCD5 behaves as a
molecule similar to Tat involved in lipid rafts/caveolae endocytosis,
making use of clathrin-independent endocytosis to enter the cells
[9]. The Tat-PTD, a protein transduction domain consisting of
GRKKRRQRRRPPQ, can be used to transport oligonucleotides, pep-
tides, and proteins into a broad range of cell types [31]. The lipid
rafts or caveolae is referred to the membrane domain containing
sphingolipids and cholesterol. The sphingolipids include glyco-
sphingolipids (GSL) and sphingomyelin (SM). Here, GSL may be
either neutral or negatively charged in the case of ganglioside, a
sialic acid-containing cell surface GSL. SM carries one positive
and one negative charge. The interactions of protein with lipid rafts
may be achieved through electrostatic interactions between the
charged residues (preferentially basic) of protein and the polar
heads of SM and gangliosides. Furthermore, a conveniently ori-
ented solvent-exposed aromatic side-chain can stack on the sugar
ring of GSL [32].

Based on the above experimental information, it can be consid-
ered that residues K105-K115 in the C-terminal region of PDCD5



Fig. 6. Flow cytometric analysis of HL-60 cell apoptosis induced by serum withdrawal. HL-60 cells were treated with the different PDCD5 fragments at concentration of
20 lg/ml. Percentages of cell apoptosis were determined by flow cytometry with annexin-V–FITC. Numbers of M1 indicate the corresponding proportions of apoptotic cells
that display positive annexin-V–FITC labelling. BSA and etoposide were used as negative and positive controls, respectively. Experiments were performed at least in triplicate,
with similar results.
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might be more crucial for the biological function of the protein
since it contains 5 basic amino acids K105, K110, R113, R114 and
K115 and one aromatic amino acid F111. Besides, the dynamic fea-
tures of segment K105-K115 may facilitate the interactions of the
basic and aromatic residues with the polar heads of SM and gan-
gliosides in lipid rafts of the plasma membrane. On the other hand,
residues D118-SDEDDD-Y125 in the tail of PDCD5 probably can
interact with the positive charges of SM and the sugar ring of
GSL in the lipid rafts of cell membrane, since the mobile tail is very
flexible in conformation. Presumably, the biological function of
PDCD5 has close relation to the distribution of charged residues
and the conformational flexibility of corresponding sequence re-
gions in the protein, since the apoptosis-promoting is closely
linked to the cell translocation.

Fragment PDCD5(34–125) was obtained by deletion of N-termi-
nal 33 residues: MADEELEALRRQRLAELQAKHGDPGDAAQQEAK
which constructs the helix a1 (A2-L17) and the loop La1a2 as well
as the N-terminal residues (D26-K33) of the helix a2. Similar to the
C-terminal of PDCD5, the N-terminal helix a1 is more flexible than
the main part of the protein and provides the negative and positive
charged residues DEE-E-RR-R. These charged residues may also
interact with lipid rafts, which can account for the observed phe-
nomena in the cell translocation and the apoptosis-promoting ef-
fect of PDCD5 caused by deletion of the helix a1.
The above analysis reveals a fact that the regions that seem
to be most involved in the function also are more flexible in
PDCD5. Whether this could be pure coincidence remains a ques-
tion. However, a conjecture can be made from this fact that the
charged residues of PDCD5 are crucial for the ability of apopto-
sis-promoting and cell translocation of PDCD5, and the location
of the charged residues in the conformational flexible regions
may be also a positive factor for PDCD5 to exert its biological
functions.

Accession numbers

The atomic coordinates and NMR restraints of PDCD5(1–112)
have been deposited in the Protein Data Bank under ID code
2K6B. The chemical shifts of 1H, 15N, and 13C resonances for
PDCD5(1–112) have been deposited in the BioMagResBank data-
base with accession number 15864.
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