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p8 is a small-stress protein involved in several cellular functions
including apoptosis. To identify its putative partners, we screened
a HeLa cDNA library by using the two-hybrid technique and found
that p8 binds the antiapoptotic protein prothymosin � (ProT�).
Fluorescence spectroscopy, circular dichroism, and NMR spectros-
copy showed that p8 and ProT� formed a complex. Binding
resulted in important changes in the secondary and tertiary struc-
tures of the proteins. Because p8 and ProT� form a complex, they
could act in concert to regulate the apoptotic cascade. We induced
apoptosis in HeLa cells by staurosporine treatment and monitored
the effects of knocking down p8 and�or ProT� or overexpressing
p8 and�or ProT� on caspase 3�7 and 9 activities and on cell death.
Transfecting ProT� or p8 small interfering RNAs increased the
activities of both caspases and the number of apoptotic nuclei.
However, transfecting both small interfering RNAs resulted in no
further increase. Overexpressing p8 or ProT� did not alter caspase
activities, whereas overexpressing both resulted in a significant
reduction of caspase activities. These results strongly suggest that
the antiapoptotic response of HeLa cells upon staurosporine treat-
ment requires expression of both p8 and ProT�.

caspases � unfolded proteins � CytoTrap � stress proteins

The p8 gene, first described as overexpressed in the pancreas
during pancreatitis (1), encodes a ubiquitous stress protein

(2). p8 is a highly basic 80-aa polypeptide containing a canonical
bipartite domain of positively charged amino acids typical of
nuclear-targeting signals (1). A nuclear�cytoplasmic location
was demonstrated in Cos7 cells (3), in pancreatic � cells (4), and
in several cancer cell lines. The p8 protein shares biochemical
and biophysical features with the high mobility group HMG-I�Y
family (5). Sequence identity of p8 and HMG-I�Y is only �35%,
but molecular mass, isoelectric points, hydrophilicity plots, and
charge distributions along the polypeptides are very similar (5).
An architectural role in transcription was proposed for p8 by
analogy with HMG-I�Y, and recent reports are consistent with
this hypothesis (6–8).

Several apparently unrelated functions have been ascribed to p8.
It was involved in cell cycle regulation as a growth promoter (1, 3,
4) or inhibitor (9, 10), its overexpression was also associated with a
low apoptotic index in pancreatic cancer cells (11), and p8 could
control tumor progression (12, 13). Also, p8 activation stops cell
growth upon nutriment deprivation in Drosophila melanogaster
(14). Moreover, p8 is an important component of the defense
program against lipopolysaccharide challenge (15), and it improves
liver response to CCl4 challenge (16) and pancreatic response to
acute pancreatitis by enhancing the expression of the antiinflam-
matory protein PAP I (8). To account for these various functions,
it is suggested that the small size of the protein, its lack of specific
tridimensional structure, and its nuclear�cytoplasmic localization
(5) allow its interaction with several partners to target different
signaling pathways.

Prothymosin � (ProT�) is a small, 12.4-kDa protein, highly acidic
and lacking secondary structure, with a wide tissue distribution and
a highly conserved among mammals (17). ProT� was associated

with cellular proliferation and carcinogenesis (18, 19), cellular and
viral transcription (19, 20), and remodeling of chromatin (21). More
recently, ProT� was shown to inhibit caspase 9 activation by
blocking apoptosome formation, which prevents the activation of
effector caspases (22)

p8 and ProT� are two small proteins without stable secondary
structure in solution, showing opposite electrostatic charges at
neutral pH. They could therefore interact and promote mutual
stabilization of their structures in a particular conformation, the
resulting p8�ProT� complex becoming able to exert a specific
function. In this work, we show that p8 and ProT� can indeed form
a complex involved in the regulation of staurosporine-induced
apoptosis.

Results
ProT� Is a Partner of p8. We identified proteins interacting with p8
by two-hybrid screening of a cDNA library. The p8 cDNA sub-
cloned into pSos provided the bait to screen a HeLa cDNA library
constructed in pMyr. After cotransfection into Saccharomyces
cerevisiae, strain cdc25H, 2 � 106 clones were screened, and 51
positives were identified. All clones were PCR-amplified. Their
sequences were identified by comparison with the GenBank rep-
ertoire (Table 1, which is published as supporting information on
the PNAS web site).

The interaction between p8 and ProT� was confirmed by trans-
forming S. cerevisiae with both pMyr-ProT� and pSos-p8 constructs
and allowing the transformants grow on synthetic dropout (SD)
glucose and galactose agar plates lacking leucine and uracil [SD�
glu(-LU) and SD�gal(-LU)] at the stringent temperature of 37°C.
Clones growing on SD�gal(-LU) plates but not on SD�glu(-LU)
plates at 37°C are interaction-positive clones. Growth was observed
when pSos-p8 and pMyr-ProT� were both present but not when
pSos-p8 or pMyr-ProT� was used separately. Negative and positive
controls were grown as suggested by the manufacturer with ex-
pected results. These data show that p8 interacts with ProT� and
that the interaction is specific.

The pMyr-ProT�-1–54 and pMyr-ProT�-42–110 constructs that
encode the N-terminal and C-terminal parts of the human ProT�
were used separately in two-hybrid experiments to identify which
part of the ProT� molecule is involved in p8 binding. The constructs
were cotransfected with the p-Sos-p8 plasmid. Surprisingly, neither
the N-terminal nor the C-terminal parts of ProT� showed inter-
action with p8, indicating that binding requires most, if not all, of
the ProT� sequence.

Interaction of p8 and ProT� in Cells. Interaction between p8 and
ProT� was controlled by coimmunoprecipitation assays. 293T
cells were transfected with ProT�-V5 and p8-GFP, alone or in
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combination. ProT�-V5 and p8-GFP were immunoprecipitated
from cell extracts with anti-ProT� or anti-p8 antibodies, respec-
tively, and analyzed by Western blot. Anti-V5 antibody was used
to detect tagged ProT� and anti-GFP was used to detect tagged
p8. ProT�-V5 was detected in the complex containing p8,
whereas p8-GFP was detected in the complex containing ProT�-
V5. Tags were not detected in the negative control (Fig. 1A).
These results confirm that ProT� interacts with p8 in 293T cells.

Structural Analysis of p8 Binding to ProT�. Fluorescence spectroscopy. p8
has two tyrosine residues (3), Tyr-30 and Tyr-36. The emission
fluorescence spectrum of p8 showed a maximum at 305 nm (Fig.
1B), as expected for a protein containing only tyrosine residues
(23). Addition of an equal concentration of ProT� induced an

increment in the intensity of the emission spectrum (Fig. 1B),
showing that the structural environment of a fluorescent residue
had changed. Because ProT� does not contain any fluorescent
residue, this increase must be due to conformational rearrange-
ments around at least one of the two tyrosines of p8 upon
interaction with ProT�.
Far-UV CD. The far-UV CD spectrum of p8 shows typical features of
a random-coil protein (5), as does the ProT� spectrum (24). The
far-UV CD spectrum of an equimolar mixture of the two proteins
(Fig. 1C) differed from the spectrum expected for the same mixture
in the absence of binding, which would be the mere addition of the
individual spectra of the two proteins. The major difference was a
decrease in raw ellipticity between 200 and 230 nm, indicating major
modifications of secondary structure. These findings suggest that

Fig. 1. Interaction of p8 with ProT�. (A) 293T cells were cotransfected with 2 �g of pcDNA4-ProT�-V5 and pEGFP-C2p8 as indicated. Immunoprecipitation was
performed by using an anti-p8 rabbit antibody or an anti-ProT� mouse monoclonal antibody. Cell lysates prepared with a buffer containing 1% Triton X-100
were used for precipitations with Sepharose beads. The precipitated material was immunoblotted with anti-GFP or anti-V5 antibodies. TCL, total cell lysate. (B)
Fluorescence spectrum of the p8�ProT� complex. Emission fluorescence spectra were obtained in 25 mM phosphate buffer (pH 7)�150 mM NaCl at 298 K with
20 �M p8 (continuous line) and a mixture of p8 and ProT� (20 �M each) (dotted line). (C) Far-UV CD of the p8�ProT� complex. The spectrum obtained by the
sum of the individual spectra of p8 and ProT� (30 �M each, continuous line) differs from that of the mixture of p8 and ProT� (30 �M each, dotted line). (C Inset)
p8 isolated in solution (dotted line); ProT� isolated in solution (continuous line). Solution conditions were the same as in B. (D and E) 1D-1H-NMR spectra of p8
and ProT� were obtained in the amide and aromatic region (D) and methyl region (E) for p8 (150 �M) (a), ProT� (150 �M) (b), p8-ProT� mixture (150 �M each)
(c), and spectrum resulting from the sum of p8 and ProT� individual spectra (d). Asterisks indicate the regions where the most important changes were detected
(see text for details). Solution conditions were the same as in B.
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the secondary structure of p8, ProT�, or both changed upon
binding.
NMR spectroscopy. The spectra of p8 and ProT� showed typical
features of random-coil chains (5, 24, 25): All of the amide protons
appeared clustered between 8.0 and 8.7 ppm (Fig. 1D), with
complete lack of dispersion in the methyl region (Fig. 1E). The
amide protons of both proteins exchanged within 5 min in the
presence of deuterated water, suggesting weak hydrogen bonding,
if any. The spectrum of the mixture was different from that obtained
by superposing the individual spectra acquired for both proteins.
For instance, in the amide region, the positions of the aromatic
protons and of some of the amide protons around 8.0 ppm were
different. Because there is no aromatic side chain in ProT�, changes
in the aromatic region must be attributed to changes in the
environment of Tyr-30 and�or Tyr-36 in p8, in agreement with
results from fluorescence experiments. Small changes were also
observed in signals corresponding to protons of the methyl groups
of Leu, Ile, and Val side chains in p8 and ProT� sequences, and also
near 1.7 ppm, corresponding to the protons of the long side chain
residues Ile, Leu, Lys, and Arg (Fig. 1E). It is interesting to note that
three Leu residues are present in the vicinity of Tyr-30 and Tyr-36
(Leu-29, Leu-32, and Leu-37).

To further confirm the binding, we compared the height of the
strongest methyl resonance (SMR) signal, at 0.8 ppm in the
spectrum of the protein mixture (Fig. 1E), with the same peak
obtained from the superposition of the two individual spectra (26).
The SMR signal was 10% smaller in the spectrum of the mixture
than in the superposed spectra. This change in the intensity revealed
protein binding, as described in ref. 26.

Influence of p8 and ProT� Knockdown on Caspase 3�7 and Caspase 9
Activities. In response to apoptogenic stimuli, Apaf1 oligomerizes
to form the apoptosome that recruits and activates caspase 9,
that, in turn, activates effector caspases 3, 6, and 7. ProT�
impedes apoptosome formation, which prevents caspase 9 acti-
vation and blocks the apoptotic cascade (22). Because p8 and
ProT� form a complex, the two proteins could act in concert to
regulate the apoptotic cascade. To check this hypothesis, we
monitored the effects of knocking down p8 and�or ProT� or
overexpressing p8 and�or ProT� on caspase activities after
inducing apoptosis with staurosporine.

Expression of p8 and�or ProT� was knocked down in HeLa cells
(Fig. 6, which is published as supporting information on the PNAS
web site), and cells were treated with staurosporine for 4 h. Caspase
3�7 activity was measured after 1, 2, 3, and 4 h. Staurosporine
treatment induced caspase 3�7 activity (Fig. 2) in cells transfected
with control small interfering RNA (siRNA) with the same inten-
sity as in nontransfected HeLa cells (data not shown). In cells in
which ProT� or p8 had been knocked down with appropriate
siRNAs, staurosporine treatment resulted in a larger increase in
caspase 3�7 activation, �2-fold the level observed with control
siRNA. However, when p8 and ProT� were concomitantly knocked
down, caspase 3�7 activity was �2.4-fold higher than in cells treated
with control siRNA, only slightly more than after ProT� or p8
knock down, showing that the effects of inhibiting ProT� and p8
expressions were not cumulative. Similar results were obtained
when monitoring caspase 9 activity (Fig. 3). As control, these
experiments were repeated by using other siRNAs against p8 and
ProT�, with comparable results (data not shown). Finally, similar
data were obtained when the pancreatic cancer cell line MiaPaca2
was used in the same experimental setup (Fig. 7, which is published
as supporting information on the PNAS web site).

Caspase 3�7 and Caspase 9 Activities in Cells Overexpressing p8 and
ProT�. HeLa cells were transiently transfected with p8 and�or
ProT� expression plasmids, then treated with staurosporine for 4 h
before caspase 3�7 and caspase 9 activities were measured (Fig. 4).
Overexpression of ProT� or p8 resulted in a moderate decrease in

the induction of caspase 3�7 by staurosporine (15 and 20%,
respectively). By contrast, induction of caspase 3�7 activity was
dramatically inhibited (�70%) when p8 and ProT� were concom-
itantly overexpressed. Similar results were found when induction of
caspase 9 activity by staurosporine was monitored (Fig. 4).

Caspase 3�7 Activity in HeLa S-100 Cytosolic Fraction Is Inhibited by
p8 and ProT�. As shown in Fig. 4, basal caspase 3�7 activity is found
in the S-100 fraction of HeLa cell extracts as published in ref. 22.
Interestingly, the presence of a 150 nM concentration of p8 or
ProT� recombinant proteins didn’t induced inhibition of caspase

Fig. 2. Kinetics of caspase 3�7 activity in p8 and ProT� knocked-down cells.
HeLa cells transfected with control siRNA or siRNAs for p8 and�or ProT�, were
plated at 2.5 � 104 cells per well in 48-well plates. After 24 h, cells were
incubated with staurosporine (1 �M) for the indicated time, and caspase 3�7
activity was quantified. Activity was measured by cleavage of the fluorescent
caspase 3�7 substrate Z-DEVD-R110. Results are expressed as relative fluores-
cence units (RFLU) per cell viability as measured by the 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrasodium bromide assay. Error bars represent the SEM
from six experiments. Statistically significant differences from cells treated
with control siRNA plus staurosporine are indicated as *, P � 0.05 and **, P �
0.01. Inhibition of p8 or ProT� expression enhanced caspase 3�7 activation.

Fig. 3. p8 and ProT� are required for caspase 9 activation in staurosporine-
treated cells. Cells transfected with control siRNA or with siRNAs for p8 and
ProT�, alone or together were plated at 2.5 � 104 cells per well in 48-well
plates. After 24 h, cells were incubated 4 h with 1 �M staurosporine. Caspase
9 activity was measured as described in Methods. Results are expressed as in
Fig. 2. Caspase 9 activity was enhanced upon p8 or ProT� knockdown.
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3�7 activity. On the contrary, a significant inhibition was found
when p8 and ProT� were added together to the reaction mix.

Effect of p8 and ProT� Knockdown on Staurosporine-Induced Cell
Death. We used specific siRNAs to assess the effects of p8 and�or
ProT� on staurosporine-induced cell death (Fig. 5). Transfection of
HeLa cells with p8 siRNA, ProT� siRNA, or both led after 24 h to
the appearance of condensed and fragmented chromatin typical of
apoptosis in 6–9% of nuclei, compared with �2% in cells trans-
fected with control siRNA. After staurosporine treatment, apopto-
tic nuclei were strikingly more abundant in cells with reduced
expression of p8 (57%), ProT� (60%), or both (61%) than in cells
transfected with control siRNA (33%). These experiments were
repeated by using other siRNAs against p8 and ProT� with
comparable results (data not shown).

Discussion
p8 and ProT� are stress proteins involved in limiting apoptosis. It
is surprising that proteins so small in size (�8–10 kDa), with no
stable tridimensional structure (5), can play such an important role.
Yet, an increasing number of functional proteins with unordered
backbone structure have been described over the last years because
of increased performances of biophysical techniques, helped by the
development of algorithms allowing accurate identification of ex-
tended regions of disordered structure (27). Several cases have been
reported of unordered proteins that acquire a stable structure after
binding to the correct partner. Some eukaryotic transcription

factors presenting with a basic region largely unstructured can fold
into a stable helical structure upon binding to DNA (28). This
structural stabilization is also the case for p8 upon interaction with
DNA (5). Finally, many activation domains fold only upon binding
to their protein target. For example, the cyclin-dependent kinase

Fig. 4. p8 and ProT� inhibit caspase3�7 and 9 activations. HeLa cells were transfected with pcDNA3-p8 and�or with pcDNA4-ProT�-V5. (A) Immunoblot analyses
by using the anti-p8 and anti-ProT� antibodies were performed with whole protein extracts. �-actin was used as control. (B and C) Caspase 3�7 (B) and caspase
9 (C) activities were monitored after incubating cells 4 h with 1 �M staurosporine. Results are expressed as in Fig. 2. Cotransfection of p8 and ProT� expression
vectors inhibited the activations of both caspases. (D) Fourteen micrograms of HeLa S-100 cytosolic fraction was incubated in the presence of a 150 nM
concentration of recombinant p8, ProT�, or both and the fluorescent caspase 3�7 substrate Z-DEVD-R110 in a final volume of 80 �l. Fluorescence was measured,
and results are expressed as in Fig. 2.

Fig. 5. Correlation between caspase activation and apoptosis. Cell viabil-
ity was assessed by morphological observation of nuclei counterstained
with Hoechst 33258. Staurosporine (1 �M) strongly induced apoptosis, this
effect being enhanced in the absence of p8 and ProT�. Results are ex-
pressed as in Fig. 2.
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inhibitor p21 is unfolded in the absence of its ligand CDK2.
Two-hybrid screening actually shows that p8 binds a large number
of potential biological partners (Table 1), which might account for
its various functions.

ProT�, one of p8 potential ligands revealed by our screening, was
particularly interesting because, like p8, it is involved in several
regulatory pathways, and the two proteins share strong implication
into apoptosis. ProT� is a small ubiquitous protein, generally
abundant, and present both in nucleus and cytoplasm. It is involved
in the proliferation of mammalian cells (19), in transcription (20),
in chromatin remodeling, and in protection against apoptosis (22).
The molecular mechanisms are unknown, except for the antiapo-
ptotic activity of ProT�, which occurs through inhibition of apop-
tosome formation (22). We wished to test the hypothesis that the
two proteins require binding to each other to acquire their antiapo-
ptotic properties.

We first confirmed the results of the two-hybrid screening, even
if the CytoTrap technique used in this study is known to generate
very few false positives and ProT� represented �10% of the
positive clones. Coimmunoprecipitation of tagged proteins from
293T cell extracts showed that p8 and ProT� actually formed a
complex (Fig. 1). Biophysical techniques were used to further
characterize the complex (Fig. 1). Fluorescence and NMR spec-
troscopies showed that the binding involved the regions around the
tyrosine residues in p8. Far-UV CD revealed that, upon binding, at
least one of the proteins acquires secondary structure.

Coimmunoprecipitation experiments indicated that the p8�
ProT� complex was stable enough to be functional, and we could
assess the contribution of each member of the complex to the
control of staurosporine-induced apoptosis. We first knocked down
each of the two proteins, then both of them, and compared the
extent of apoptosis in the cells, keeping in mind that inhibition of
expression by siRNAs is never complete. Suppressing the expres-
sion of p8 or ProT� led to the same increase in caspase activity
(Figs. 2 and 3) and the number of apoptotic nuclei (Fig. 5),
suggesting that the two proteins are equally important to the
antiapoptotic function. Suppressing both expressions had no further
effect. This result suggests that each protein is indispensable to the
mechanism by which apoptosis is inhibited. Results from experi-
ments in which p8, ProT�, or both were overexpressed led to the
same conclusion: Overexpressing one of the two proteins had no
effect on caspase activities (Fig. 4), whereas overexpressing both led
to a significant decrease. In addition, in vitro experiments also
support the fact that both proteins are necessary to inhibit the
caspase activation. Altogether, these findings are in agreement with
the hypothesis that p8 and ProT� require forming a complex to
exert their antiapoptotic activity.

In conclusion, p8 and ProT� are two small proteins with unor-
dered backbones which, when associated in a heterodimer, inhibit
staurosporine-induced apoptosis. Demonstration that p8 can gain a
specific function when associated with a specific partner suggests
that other potential partners of p8 identified by two-hybrid screen
might, upon binding to p8, generate complexes with important
functions presently attributed to p8 alone.

Methods
Yeast Two-Hybrid Screen. We used the CytoTrap two-hybrid system
(Stratagene). The complete coding sequence of human p8 (3) was
subcloned into the Mlu1 restriction site of the pSos vector to
generate the fusion protein pSos-p8. That construct was used as bait
to screen a human HeLa cDNA library (Stratagene) constructed
into the pMyr vector; pMyr-ProT�-1–54 and pMyr-ProT�-42–110,
encoding ProT� fragments from amino acids 1 to 54 and 42 to 110,
respectively, were obtained by subcloning specific RT-PCR-
amplified DNA fragments into the pMyr vector. Screening was
conducted as recommended by the manufacturer.

Cell Viability. HeLa, 293T, and the human pancreatic cancer-
derived MiaPaca2 cell lines were cultivated and treated as recom-
mended by American Type Culture Collection. Their viability was
determined by using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrasodium bromide viability assay (Promega) according to the
manufacturer’s recommendations.

Coprecipitation Assays. The full-length sequence of ProT� was
cloned into pcDNA4 to generate the ProT�-V5 recombinant
protein. p8-GFP was generated by in-frame ligation of the full-
length sequence of human p8 into the pEGFP-C2 vector (Clon-
tech). Plasmids were transfected into 293T cells by using Lipo-
fectamine 2000 and following the manufacturer’s
recommendations (Invitrogen). These cells are easily transfected,
with an efficiency close to 100%. They produce high amounts of
recombinant proteins. After cell lysis in 50 mM Tris�HCl, pH
8.0�0.5% Nonidet P-40 with protease inhibitors, p8 and ProT�
were immunoprecipitated with rabbit antibodies against the ERK-
LVTKLQNSERKKRGARR p8 epitope (3) or with an anti-ProT�
monoclonal antibody (Axxora), respectively. After a 2-h incubation
with rocking, 20 �l of protein A-Sepharose or protein G-Sepharose
conjugate (Zymed Laboratories) was added, and incubation was
continued 2 h at 4°C. After three washes, Sepharose beads were
treated for SDS�PAGE and Western blotting with anti-V5 (In-
vitrogen) or anti-GFP (Roche Diagnostics) antibodies.

Detection of Morphological Changes in Nuclei. Morphological
changes in chromatin structure typical of apoptotic cell death were
detected by Hoechst 33258 staining. Briefly, attached cells were
washed with PBS and fixed in PBS�paraformaldehyde 4% for 20
min at room temperature. Cells were permeabilized in PBS�0.2%
Triton X-100 for 10 min and stained with 2 g�liter Hoechst 33258
in the dark for 10 min. Cell suspensions were mounted on glass
slides and examined by fluorescence microscopy. Apoptotic cells
were identified by their morphology and their staining.

siRNA Transfection. p8–4 siRNA [sense 5�-GGAGGACCCAGGA-
CAGGAUd(TT)-3�] and ProT�-1 siRNA [sense 5�-AUCACCAC-
CAAGGACUUAAd(TT)-3�] were the most efficient of the eight
siRNA obtained from Qiagen (Valencia, CA). Silencing by these
siRNAs was maximal after 72 h. Cells were plated in 6-well plates
to give 60–80% confluence. The next day, they were washed once
with serum-free medium and transfected by using a mix composed
of 6 �l of XtremeGENE (Roche Diagnostics) and 10 �l of p8
siRNA, ProT� siRNA, or control siRNA diluted in 240 �l of
serum-free medium. After incubating 4 h at 37°C, the transfection
medium was replaced by fresh medium. Twenty-four hours later,
2.5 � 104 cells were plated in 48-well plates for 24 h and then treated
with 1 �M staurosporine (Sigma).

Transfection of p8 and ProT� Expression Plasmids. The full-length
cDNA encoding human ProT� was subcloned into the pcDNA4-V5
expression vector; pcDNA3-p8 (3) and pcDNA4-ProT�-V5 expres-
sion plasmids were transfected by using the FuGENE reagent by
following the manufacturer’s recommendations (Roche Diagnos-
tics) and allowed to express for 24 h. Empty vectors were used as
control or to complete to identical amounts the mass of transfected
DNA.

Semiquantitative RT-PCR Analysis. Expressions of p8, ProT�, and
TATA box-binding protein (TBP) mRNAs were determined by
semiquantitative RT-PCR on RNA extracted from HeLa cells by
using the forward (5�-TAGAGACGGGACTGCG-3�) and reverse
(5�-GCGTGTCTATTTATTGTTGC-3�) primers for p8 amplifi-
cation (32 cycles), the forward (5�-TCAGACGCAGCCGTAGA-
CAC-3�) and reverse (5�-TCTAGTCATCCTCGTCGGTCT-3�)
primers for ProT� amplification (25 cycles), and the forward
(5�-TGCACAGGAGCCAAGAGTGAA-3�) and reverse (5�-
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CACATCACAGCTCCCCACCA-3�) primers for TBP amplifica-
tion (22 cycles). Amplification products were submitted to electro-
phoresis on a 1.5% agarose gel and stained with ethidium bromide.

Quantitative RT-PCR Analysis. First-strand cDNA was synthesized in
a 20-�l reaction mix with 1 �g of total RNA by using Expand
Reverse Transcriptase (Roche Diagnostics) for 10 min at 30°C, then
45 min at 42°C. Quantitative PCR was performed with a LightCy-
cler (Roche Diagnostics) and Takara reagents. Five microliters of
10-fold diluted cDNA was mixed with 10 �l of SYBR Premix Ex Taq
(including Taq polymerase, reaction buffer, MgCl2, SYBR green I
dye, and dNTP mix) and 4 nmol of forward and reverse primers in
a volume of 20 �l. After an initial Taq activation for 10 sec at 95°C,
LightCycler PCR was performed at 45–55 cycles with the following
cycling conditions: 95°C for 5 sec, 58°C for 6 sec, and 72°C for 12
sec. Each sample was analyzed in duplicate, and the experiment was
repeated two to three times. Results were analyzed by using
REALQUANT (Roche Diagnostics) and expressed as a percent of
control values.

Measurement of Caspase 3�7 and Caspase 9 Activities. Caspase 3�7
and caspase 9 activities were measured by using the Apo-ONE
Homogeneous Caspase 3�7 Assay Fluorometric Kit and Caspase-
Glo 9 Assay, respectively (Promega), and performed as recom-
mended by the manufacturer. Results are expressed as relative
fluorescence units per cell viability as measured by the 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrasodium bromide assay.

Structural Studies. Protein expression and purification. The p8 protein
was expressed and purified as described in ref. 5 and stored in 25
mM sodium phosphate buffer, pH 6.0. ProT� was cloned into the
pQE30 vector, expressed as a His-tagged protein and purified as
described in ref. 5. Purity of the samples (�95%) was assessed by
SDS�PAGE and confirmed by MALDI mass spectrometry (data
not shown). Protein concentration was calculated by using the
extinction coefficients of amino acids for p8 (29) and the molar
extinction coefficient at 215 nm for ProT� (24).
Fluorescence measurements. Fluorescence spectra were collected in
a Cary Eclipse spectrofluorometer (Varian) interfaced with a
Peltier cell. A 1-cm path-length quartz cell (Hellma, Forest Hills,
NY) was used. Experiments were acquired at 298 K, with a 20
�M concentration of each molecule in PBS, pH 7. Samples were
excited at 280 nm, and the slit widths were 5 nm for excitation
and emission. The signal was acquired for 1 sec, and the

increment of wavelength was set to 1 nm. Blank corrections were
made in all spectra. Experiments were repeated four times with
independent samples and good reproducibility.
Far-UV CD measurements. Protein concentrations were 30 �M for
both p8 and ProT� in phosphate buffer, pH 7�100 mM NaCl. CD
spectra were collected on a Jasco (Easton, MD) J810 spectropo-
larimeter fitted with a thermostated cell holder and interfaced with
a Neslab RTE-111 water bath, set at 298 K. Spectra were acquired
at a scan speed of 50 nm�min with a response time of 2 sec and
averaged over six scans. Reproducibility was assessed by repeating
experiments four times with fresh samples.

NMR Spectroscopy. Spectra were recorded in a Bruker DRX-500
spectrometer at 298 K and processed by using the BRUKER-
XWINNMR software on a personal computer workstation. An ex-
ponential window function and polynomial base line corrections
were applied in all cases. 1H chemical shifts were quoted relative to
external reference 3-(trimethylsilyl)propionic-(2,2,3,3- 2H4) acid
sodium salt. The 1D-1H-NMR spectra were acquired with 32 K data
points by using the WATERGATE sequence (30). Typically, 2 K scans
were acquired, and the spectral width was 7,000 Hz. p8 and ProT�
concentrations were 150 �M at pH 7 in 25 mM phosphate buffer
in 90% H2O�10% 2H2O (150 �M each for experiments with both
proteins). The final 1D-1H-NMR file contained 64 K data points.

Caspase 3�7 Activity in HeLa S-100 Cytosolic Fraction. The S-100
fraction of HeLa cell extracts was prepared as described by Jiang
et al. (22). Fourteen micrograms of S-100 were incubated 30 min in
the presence of the fluorescent caspase 3�7 substrate Z-DEVD-
R110 (Promega) with a 150 nM concentration of recombinant p8,
ProT�, or both in a final volume of 80 �l. Fluorescence was
measured by using a Wallac (Gaithersburg, MD) Victor 2 Multi-
label counter 1420 with excitation at 495 nm and emission at 525
nm. Results are expressed as relative fluorescence units per well.

Statistics. Statistical analysis was performed by ANOVA with post
hoc analysis Student–Neuman–Keuls test. Results shown represent
mean � SE.
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