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Human papillomavirus 16 is a causative agent of most cases of cervical cancer and has also been implicated
in the development of some head and neck cancers. The early viral E6 gene codes for two alternatively spliced
isoforms, E6large and E6*. We have previously demonstrated the differential effects of E6large and E6* binding
on the expression and stability of procaspase 8, a key mediator of the apoptotic pathway. Additionally, we have
reported that E6 binds to the FADD death effector domain (DED) at a novel E6 binding domain. Sequence
similarities between the FADD and procaspase 8 DEDs suggested a specific region for E6large/procaspase 8
binding, which was subsequently confirmed by mutational analysis as well as by the ability of peptides capable
of blocking E6/FADD binding to also block E6large/caspase 8 binding. However, the binding of the smaller
isoform, E6*, to procaspase 8 occurs at a different region, as deletion and point mutations that disrupt
E6large/caspase 8 DED binding do not disrupt E6*/caspase 8 DED binding. In addition, peptide inhibitors that
can block E6large/procaspase 8 binding do not affect the binding of E6* to procaspase 8. These results
demonstrate that the residues that mediate E6*/procaspase 8 DED binding localize to a different region on the
protein and employ a separate binding motif. This provides a molecular explanation for our initial findings
that the two E6 isoforms affect procaspase 8 stability in an opposing manner.

The relationship between viruses and cancers is reflected in
the observation that viral infections account for approximately
10 to 15% of the cancer burden worldwide (6, 60). This makes
viral infections one of the preventable risk factors of cancer.
Viruses are associated with several human malignancies, in-
cluding hepatitis B and C virus-associated hepatocellular car-
cinomas (48), Epstein-Barr virus-associated nasopharyngeal
carcinomas and lymphomas (36), and human T-cell leukemia
virus-associated adult T-cell leukemia (8, 28). Although there
is a correlation between infection and the onset of cancer, the
frequency of infection supersedes the incidence of cancer in-
ception, suggesting that the presence of the virus alone is not
sufficient to trigger carcinogenesis. Progression from viral in-
fection to tumor development therefore requires additional
environmental and cellular factors in addition to the expres-
sion and activity of virus-encoded proteins (40).

High-risk strains of human papillomavirus (HPV) (high-risk
HPV [HR-HPV]) such as HPV16 and HPV18 have been im-
plicated in most cases of cervical cancer and also in a subset of
head and neck cancers (24, 26, 39). Infection with oncogenic
strains of HPV represents up to 75% of all infections. Further-
more, 1/10 of all deaths among women worldwide can be at-
tributed to HR-HPV-related cancers (44, 45). The key players
in promoting cell transformation and immortalization follow-
ing HPV infection are the viral early proteins E6 and E7.
These proteins are well known for their ability to interact with
the tumor suppressor p53 or members of the retinoblastoma

family of proteins including pRb, p107, and p130, respectively
(3, 17, 41). In addition to p53, HR-HPV E6 (HR-E6) binds to
a number of cellular proteins involved in various aspects of cell
proliferation and virus survival (reviewed in references 34 and
53). Our laboratory has reported that E6 binds to key media-
tors of the apoptotic pathway including tumor necrosis factor
(TNF) R1 (22), the FADD death effector domain (DED) (21),
and the procaspase 8 DED (20) and, in doing so, impedes
apoptosis from taking place.

As noted above, HR-E6 binds to TNF R1, blocking the
adaptor molecule TRADD from binding to the membrane
receptor. Similarly, the binding of HR-E6 to the FADD DED,
a molecule common to the TNF-, Fas L-, and TRAIL-medi-
ated extrinsic pathways of apoptosis, leads to the accelerated
degradation of FADD and thereby inhibits the binding of
additional downstream molecules necessary for programmed
cell death. Additionally, we have reported that HR-E6 binds to
procaspase 8, another molecule common to all three receptor-
mediated pathways. The importance of procaspase 8 can be
demonstrated by the many proteins produced by viruses to
either inactivate or inhibit this apoptotic mediator in order to
evade clearance by the host immune response. Such proteins
include the herpes simplex virus R1 subunit that interferes with
caspase 8 activation (31); the molluscum contagiosum virus
MC159 protein that binds to the DEDs of both FADD and
procaspase 8, thereby inhibiting their interaction (25); the hu-
man herpesvirus 8 FLICE protein that obstructs procaspase 8
cleavage and prevents its activation (4); and the cowpox virus
serpin CrmA, which, along with the human cytomegalovirus
UL136 proteins, inhibits caspase 8 activation (50, 56). In a like
manner, HR-HPV16 produces the early protein E6 that binds
to procaspase 8. Interestingly, however, we have found that the
two splice products of the E6 gene, E6large, a protein of about
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16 kDa, and E6*, a protein less than half the size of E6large,
bind to and affect procaspase 8 stability differentially. While
the large isoform accelerates the degradation of procaspase 8,
leading to its destabilization, the short isoform leads to the
stabilization of protein expression and an increase in activity.
These observations suggest that the bindings of these two E6
isoforms have different functional consequences and may well
localize to different regions on procaspase 8.

We have previously identified a novel E6 binding site on the
FADD DED (54). Based on sequence comparisons between
the DEDs of FADD and procaspase 8, we proposed that the
binding motif that mediates oncoprotein binding to both pro-
teins would be similar. To test this possibility, we performed a
series of mutational and peptide competitor-based experi-
ments and discovered that the motifs on caspase 8 and on
FADD that mediate binding between E6 and its cellular part-
ner are indeed similar. Interestingly, however, the motif by
which E6* binds to procaspase 8 is located in another region of
the protein. These findings provide a molecular explanation for
our previously reported observations concerning the differen-
tial effects of the binding of each isoform to the procaspase 8
DED. These findings also demonstrate the ability of peptide
inhibitors to successfully impair E6 binding to its cellular tar-
gets and contribute to the discovery of therapeutic agents that
are effective against cervical cancer.

MATERIALS AND METHODS

Reagents. The following reagents were used in these studies: lyophilized hu-
man recombinant TNF-� (R&D Systems, Minneapolis, MN), monoclonal anti-
bodies directed against Fas (clone CH-11; Medical and Biological Laboratories
Co., Ltd., Nagoya, Japan), mouse monoclonal antibodies against caspase 8 (BD
Pharmingen, San Jose, CA), monoclonal antibodies directed against �-actin or
against Flag (Sigma), monoclonal antibodies directed against the HPV16 E6 N
terminus (Euromedex, France), peroxidase-coupled anti-mouse polyclonal anti-
bodies (Thermo Fisher), polyclonal anti-FADD, monoclonal anti-green fluores-
cent protein (GFP), and peroxidase-coupled monoclonal antibodies against glu-
tathione (GSH) S-transferase (GST) (Santa Cruz Biotechnology, Santa Cruz,
CA), cycloheximide (Sigma), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) (Sigma, St. Louis, MO).

Cell culture. U2OS cells derived from a human osteosarcoma were obtained
from the ATCC (Manassas, VA) and cultured in McCoy’s 5A medium (Invitro-
gen, Carlsbad, CA) supplemented to contain 10% fetal bovine serum (Invitro-
gen), penicillin (100 U/ml), and streptomycin (100 �g/ml) (Sigma). Cells were
passaged and used at approximately 80% confluence. The production of the
stably transfected U2OStet, U2OStetE6, and U2OSE6large (U2OSE6L) cell lines
was described previously (18, 20).

Plasmids. Carl Ware (La Jolla Institute for Allergy and Immunology, La Jolla,
CA) kindly provided plasmid pcDNA3-FADD. To express FADD and its vari-
ants in the Escherichia coli system for subsequent protein purification, the
EcoRI-XhoI fragment from pM-FADD, coding for FADD, was cloned in frame
with the His6 epitope of pTriEx-4 (Novagen) by using the SmaI-XhoI sites in the
multiple-cloning site to produce plasmid pHis-FADD.

To express His-tagged E6AP in E. coli for subsequent protein purification,
EcoRI was used to remove the sequence of E6AP necessary for E6 binding from
plasmid pOTB7 (Open Biosystems), amino acids (aa) 288 to 496. This fragment
was subsequently cloned in frame with the His6 epitope of pTriEx-4 (Novagen)
by using the SmaI-PvuII sites in the multiple-cloning site to produce plasmid
pHis-E6AP.

To express GST-tagged E6 in E. coli cells for subsequent protein purification,
we created a plasmid coding for the fusion protein GST-E6 by cloning E6
(Ecl136II-EcoRI blunt-end fragment) into the SmaI site of pGEX-2T (GE
Healthcare). The creation of plasmids that express GST-tagged versions of the
large (E6large) and small (E6*) isoforms of E6 in E. coli was previously described
(20). Mutagenesis of GST-E6* was performed as described previously (54). To
produce the pGST-E6*QA mutant, H21 was exchanged with a Q, and L22 was
replaced with an A. According to the three-dimensional (3D) structure predicted

previously by Nomine et al. (42), these two amino acids are positioned within a
loop and have the potential to be part of a fragile site.

The sequence for the caspase 8 DED was obtained from cDNA prepared from
U2OS cells by PCR amplification using primers 5�-GACTTCAGCAGAAATC
TTTATGATATTGGGGAAC-3� and 5�-GAGATTGTCATTACCCCACAC
A-3� and served as the basis for our additional caspase 8 DED-expressing con-
structs. It produces a protein of approximately 25 kDa, while the full-length,
endogenous procaspase 8 encodes a protein of approximately 50 kDa. To express
wild-type (wt) caspase 8 and its variants in the E. coli system or in mammalian
cells, the sequence coding for the procaspase 8 DED was cloned in frame with
the His6 epitope of pTriEx-4 (Novagen) to produce pTriEx-casp 8 ded. This is
the plasmid that was used for the bead-based binding assays as well as the
pulldown assays, as it contains a His tag. To remove the first 16 aa from the N
terminus of the caspase 8 DED, plasmid pTriEx-casp 8 ded was digested with
BglII. The BglII-BglII fragment was then cloned into the pTriEx-4 vector to
produce the �N version of the plasmid. To produce the pcDNA-3 version of the
plasmid, which was used for assays examining how E6 affects caspase 8 stability,
the caspase 8 DED sequence was cloned into the pcDNA-3 vector (Invitrogen);
this version of the protein lacks the His tag.

Transfections and siRNA treatment. FuGENE VI (Roche Applied Science)
was used to transfect cells (Roche Applied Science) with the indicated plasmids
as directed by the manufacturer and as described previously (21). siControl,
siFADD, and siCaspase 8 were obtained from Santa Cruz Technology. For
siRNA inhibition experiments, X-tremeGENE small interfering RNA (siRNA)
transfection reagent (Roche) was used according to the manufacturer’s protocol.

Treatment of cells with anti-Fas and TNF-�. To measure cell survival follow-
ing anti-Fas or TNF-� treatment, U2OS cells (1 � 104 cells/well) were seeded
into 96-well plates and allowed to adhere overnight. Anti-Fas (50 ng/ml) or
TNF-� (5 ng/ml) was then added in the presence of cycloheximide (5 �g/ml) to
inhibit de novo protein synthesis, and the cells were incubated for 16 h prior to
measuring cell viability by the MTT assay (20).

Immunoblotting. To prepare cell lysates for immunoblotting, 5 � 105 cells
were lysed in 100 �l of lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 5% glycerol, 1 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF]) for 10 min on ice. One tablet of protease
inhibitor mixture (Roche Applied Science) was added per 10 ml of lysis buffer
just prior to use. The protein concentration in cleared lysates was measured by
using the Bio-Rad DC protein assay (Bio-Rad). Anti-caspase 8 monoclonal
antibodies at a 1:3,000 dilution, anti-GST monoclonal antibodies at a 1:5,000
dilution, and horseradish peroxidase (HRP)-conjugated secondary anti-mouse
antibodies at a 1:3,000 dilution were used for detection using the chemilumines-
cent SuperSignal West Femto or Pico maximum-sensitivity substrate (Thermo
Fisher).

Expression and purification of recombinant proteins. The purification of
GST-E6large, GST-E6*, and the various His-tagged proteins was carried out as
previously described (21).

In vitro pulldown assays. In vitro pulldown assays were performed to assess the
ability of bead-bound GST-E6 proteins (glutathione beads from Sigma) to bind
to the caspase 8 protein as previously described (21).

Bead-based binding assay. AlphaScreen technology was used to assess the
interaction between GST-bound E6 and the various His-tagged caspase 8 DED
mutants, His-tagged FADD, or His-tagged E6AP proteins as previously de-
scribed (54). For experiments involving peptide A, the indicated concentrations/
dilutions were added prior to the initial 1-h incubation.

qRT-PCR. Quantitative real-time PCR (qRT-PCR) to measure the levels of
the E6 isoforms was conducted by using primers designed as described previously
by Hafner et al. (27) along with the Absolute QPCR Sybr green kit according to
the manufacturer’s protocol (ABgene). Observed E6 isoform concentrations
were normalized using the level of GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) expression.

Statistics. Experiments were done in triplicate, and the error bars represent
the standard deviations. Asterisks are used to indicate comparisons where the
level of confidence is greater than 0.99.

RESULTS

The TNF-mediated apoptotic pathway inhibited by E6large is
caspase 8 dependent. The interaction between E6large and pro-
caspase 8 destabilizes procaspase 8 by accelerating the rate at
which it is degraded and therefore impairs procaspase 8 dimer-
ization and the procaspase 8/FADD association (19). This in-
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activation of procaspase 8 activity in cells expressing E6large

then leads to the resultant inability of these cells to respond to
treatment with TNF or Fas. To validate the importance of
procaspase 8 in the apoptotic cascade, U2OS cells were trans-
fected with siRNA targeting procaspase 8 or FADD or a con-
trol siRNA and subsequently treated with TNF-� or anti-Fas
to trigger cell death. Figure 1A shows that a deficiency of
functional procaspase 8 impairs both TNF- and Fas-induced
apoptosis. Interestingly, cell viability measurements obtained
following the treatment of cells expressing reduced FADD
protein levels with apoptosis-inducing agents revealed that al-
though FADD is necessary for the mediation of Fas-triggered
apoptosis, it does not seem to be necessary for TNF-mediated
apoptosis. Figure 1B illustrates the effectiveness of the respec-
tive siRNAs in inhibiting procaspase 8 and FADD protein
expression.

HPV16 E6large binds to the caspase 8 DED and decreases its
level in cells. We previously reported that levels of the exog-

enously expressed caspase 8 DED are lower in E6-expressing
cells than in cells lacking E6 (20). To further confirm this
finding, U2OS cells expressing the HA-E6 wild type under the
control of the tet-responsive element were maintained in the
presence of different concentrations of doxycycline (0, 0.4, and
100 ng/ml) in the growth medium. In this system, high levels of
doxycycline (100 ng/ml) correspond to low levels of E6, while
low levels of doxycycline (0 ng/ml) correspond to high levels of
E6. Cells were then transfected with plasmid pcDNA3-casp 8
ded, and 48 h posttransfection, the lysates were subjected to
SDS-PAGE. As expected, the expression of the caspase 8 DED
was not detected at high and moderate levels of E6 expression
(0 and 0.4 ng/ml doxycycline). At lower levels of E6 expression
(100 ng/ml doxycycline), however, the caspase 8 DED was
detected, although the level of expression was significantly
lower than that seen for control, non-E6-expressing cells
(U2OStet) (Fig. 2A). qRT-PCR was used to quantify the
mRNA levels of both E6 isoforms in cells grown in the pres-
ence of 0 or 100 ng/ml doxycycline (Fig. 2B), and as expected,
the levels of both the full-length and shorter isoforms were
much lower for cells grown in the presence of high levels of
doxycycline. Interestingly, the level of expression of the shorter
isoform, E6*, was higher than that of the full-length isoform.
The decreased levels of procaspase 8 in the presence of E6
correlate with the ability of E6 to bind to this protein, and the
binding of E6large to the caspase 8 DED is demonstrated by the
pulldown assays shown in Fig. 2C. In this experiment, GST-
E6large was expressed in and purified from E. coli, and the
caspase 8 DED was either expressed in and purified from E.
coli or expressed in U2OS cells after transient transfection.

Overexpression of the caspase 8 DED resensitizes E6large-
expressing cells to TNF. Since it is E6large that is responsible
for the degradation of procaspase 8 and since our results
shown in Fig. 1 demonstrate that reduced procaspase 8 levels
impair apoptosis, it seemed plausible that increasing the cel-
lular level of procaspase 8 by transfection could lead to the
resensitization of E6large-expressing cells to TNF-induced apop-
tosis. To test this possibility, cells expressing the 16-kDa iso-
form of E6, U2OSE6large (U2OSE6L), were transfected with a
plasmid coding for the caspase 8 DED and then tested for their
response to TNF. As expected, the levels of both endogenous
procaspase 8 and the exogenously expressed caspase 8 DED
were lower in cells expressing E6large than in the parental
U2OS cells (Fig. 3B and C). The results following TNF treat-
ment (Fig. 3A) demonstrate that the overexpression of pro-
caspase 8 did indeed restore the sensitivity of E6large-express-
ing cells to TNF.

The E6large binding sites on the FADD DED and procaspase
8 DED are similar. Apoptosis can proceed via the mitochon-
drion-mediated intrinsic pathway or by way of the cell mem-
brane receptor-mediated extrinsic pathway (46, 55, 58, 59).
The engagement of a receptor with its appropriate ligand at
the cell surface initiates the extrinsic arm of the apoptotic
cascade and leads to the recruitment of an adaptor molecule
such as FADD or TRADD and the ensuing interaction be-
tween these molecules and procaspase 8. The binding of pro-
caspase 8 to FADD is mediated by amino acids in the death
effector domain (DED) regions of both proteins. We previ-
ously identified a novel binding site for E6 on the FADD DED
(54) that differs from the previously reported binding domains

FIG. 1. Caspase 8 is required for apoptosis induced by both TNF
and anti-Fas. (A) siRNA directed against procaspase 8 affects the
cellular response to both TNF and Fas, while siRNA directed against
FADD affects only the cellular response to Fas. U2OS cells were
transfected with siRNA targeting procaspase 8 (siCas8) or FADD
(siFADD) or a control siRNA (siCont) followed by treatment with
TNF-� (5 ng/ml) or anti-Fas (50 ng/ml) in the presence of cyclohexi-
mide (5 �g/ml) for 16 h. Cell viability was then measured with the MTT
assay and is presented as a percentage of viable cells, with untreated
cells serving as the control. Measurements were made in triplicate, and
the error bars represent the standard deviations. (B) siRNA efficiently
reduces FADD and procaspase 8 protein expression. (Left) U2OS cells
were transfected with control siRNA or siRNA targeting FADD and
were cotransfected with pcDNA-FADD and pcDNA-GFP the next
day. Forty-eight hours posttransfection, the level of expressed FADD
was determined by immunoblotting using antibodies directed against
FADD. The membrane was then stripped and reblotted with antibod-
ies against GFP in order to normalize for sample loading. (Right)
U2OS cells were transfected with control siRNA or siRNA targeting
procaspase 8. Forty-eight hours posttransfection, cells were lysed and
subjected to immunoblot analysis. The resultant blot was initially
probed with antibodies directed against procaspase 8. The same mem-
brane was then stripped and reprobed with antibodies against �-actin
to normalize for loading.
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for HPV16 E6 (2, 15, 23, 32, 35). Since E6 binds to both FADD
and procaspase 8, we performed a sequence alignment of the
two proteins to look for possible sequence similarities. If re-
gions of conserved residues exist, this may indicate that E6

utilizes a similar binding domain to bind to procaspase 8. An
alignment conducted with Biology Workbench indicates that
there are indeed a number of conserved residues between the
two proteins, with a few of these residues being in the region
which aligns with the novel E6 binding domain on the FADD
DED (Fig. 4A).

Previously, we identified a novel E6 binding site on the
FADD DED through the creation and use of site-directed and
deletion mutants as well as by employing blocking peptides in
biological assays. We found that the E6 binding domain local-
ized to the N-terminal 23 amino acids of the FADD DED and
incorporated serine 16, serine 18, and leucine 20 of the protein
and that a peptide mimicking the E6 binding motif, peptide A,
significantly impaired the ability of E6large to efficiently bind to
the FADD DED (54). Due to the similarities in the DED
sequences of FADD and procaspase 8, it seemed plausible that
the blocking peptide used to obstruct the E6/FADD interac-
tion might also hinder E6/procaspase 8 binding.

Figure 4B shows the aligned sequences of FADD and pro-

FIG. 2. E6 binds to the caspase 8 DED and reduces its level in cells.
(A) Caspase 8 DED levels are reduced in cells expressing E6.
U2OStetE6 cells grown in medium containing the indicated concen-
trations of doxycycline (Dox) and control U2OStet cells that do not
express E6 were transfected with a plasmid expressing the caspase 8
DED (pcDNA/cas 8 ded). Cells were lysed after a 48-h incubation
period at 37°C and subjected to SDS-PAGE separation. The levels of
procaspase 8 were estimated by immunoblotting with antibodies di-
rected against procaspase 8. (B) Doxycycline reduces the level of
expression of both E6 isoforms. A total of 106 U2OStetE6 cells were
grown in the absence (0 ng/ml) or presence (100 ng/ml) of doxycycline.
RNA was extracted and purified, cDNA was synthesized, and qRT-
PCR was performed using primers specific for the E6large or E6*I
transcripts. Results are presented relative to the level of E6large tran-
scripts produced in U2OStetE6 cells grown in the absence of doxycy-
cline. (C) E6large and procaspase 8 physically bind to one another. The
His-caspase 8 DED protein was expressed in E. coli cells and purified
or expressed in U2OS cells. Either the purified protein (lanes 1 and 2)
or the cell lysate (lanes 3 and 4) was then incubated with GST (lanes
1 and 3) or GST-E6large (lanes 2 and 4) bound to glutathione beads.
Proteins bound to GST or to GST-E6large were then subjected to
immunoblot analysis. The detection of the caspase 8 DED was per-
formed by using antibodies directed against caspase 8, and the GST
and GST-E6large proteins were detected by using antibodies directed
against GST.

FIG. 3. Overexpression of the caspase 8 DED in E6-expressing
cells resensitizes the cells to TNF-induced apoptosis. (A) E6-express-
ing cells regain sensitivity to TNF following the expression of the
exogenous caspase 8 DED. Control U2OS and E6large-expressing
U2OSE6L cells were transfected with either the empty pcDNA vector
or with pcDNA/cas8 ded. Forty-eight hours posttransfection, cells were
treated with TNF-� (5 ng/ml) in the presence of cycloheximide (5
�g/ml) and incubated for an additional 16 h. Viability was determined
by using the MTT assay. Measurements were made in triplicate, and
the error bars represent the standard deviations. (B and C) E6 expression
reduces the level of both endogenous procaspase 8 and the exogenously
expressed caspase 8 DED. (B) Lysates of U2OS and U2OSE6L cells were
subjected to SDS-PAGE, and the level of endogenous procaspase 8 was
estimated by immunoblotting using anti-caspase 8 antibodies (top). Nor-
malization for loading using antibodies directed against �-actin is shown
(bottom). (C) U2OS and U2OSE6large cells were transfected with plas-
mids coding for the caspase 8 DED and GFP. Forty-eight hours post-
transfection, cell lysates were prepared, and proteins were separated by
SDS-PAGE and transferred onto a membrane. The membrane was then
probed with antibodies against caspase 8 (top), GFP (middle), and E6
(bottom).
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caspase 8 along with the amino acid sequences of two peptides
used to test for the obstruction of E6/FADD binding in vitro
(peptides A and B) together with that of peptide D, which
contains 2 mutations that disrupt E6large/FADD binding. To
test the possibility that peptide A could block E6large/pro-
caspase 8 binding, 0, 10, or 25 �M peptide A was incubated
with the indicated mixtures of E6/FADD, E6/caspase 8, or
E6/E6AP. E6AP is a known cellular binding partner of HPV16
E6, and together, these two proteins form the ubiquitin ligase
moiety responsible for the ubiquitination and subsequent deg-
radation of the tumor suppressor p53 (11, 38, 51). E6AP there-
fore served as a positive control for determining the effective-
ness of the assay for detecting protein-protein interactions and
also allowed us to assess the specificity of peptide A. Figure 4C
demonstrates that in the absence of peptide A, all proteins
tested bound maximally to E6. However, when peptide A was
added to the mixtures containing either purified E6/FADD or
E6/procaspase 8, there was a significant decrease in the level of
E6 binding. In contrast, the interaction between E6 and E6AP
remained unchanged at both of the tested concentrations of
peptide A, indicating the specificity of this peptide for ob-
structing E6 binding to FADD and procaspase 8. These results
support our earlier findings regarding the identification of a
novel E6 binding site that differs from the E6/E6AP binding
motif and provide evidence that the residues on procaspase 8
that localize to the E6large binding site are somewhat homol-
ogous to those that govern the E6/FADD interaction.

Figure 4 collectively demonstrates not only that the binding
of E6large to both the FADD DED and procaspase 8 DED is
mediated by a similar set of amino acids but also that a peptide
composed of residues within this novel binding domain can
block E6 binding in vitro. We have previously shown that the
cellular overexpression of the region of FADD involved in E6
binding can obstruct E6/FADD binding, prevent the subse-
quent degradation of FADD, and rescue FADD in E6-express-
ing cells (54). Since peptide A is able to block E6/procaspase 8
binding (Fig. 4C), it seemed possible that the overexpression of
this same 23-aa sequence in vivo could lead to the restoration
of procaspase 8 DED levels in a similar manner. To test this
hypothesis, E6large-expressing U2OSE6L cells were transfected
with either control plasmid (pcDNA) or pcDNA 23 aa, a plas-
mid encoding the E6large binding domain. U2OS cells trans-
fected with pcDNA served as a control. An immunoblot of the
collected lysates (Fig. 5) demonstrates that in U2OSE6L cells
transfected with vector alone (pcDNA), lowered levels of both
the endogenous procaspase 8 and the exogenously expressed
caspase 8 DED can be detected due to E6-mediated protein
degradation. The overexpression of the 23 aa involved in
E6large binding, however, restores the expression of both en-
dogenous procaspase 8 and the plasmid-encoded caspase 8
DED, consistent with the peptide effectively blocking E6/pro-
caspase 8 binding and the ensuing protein degradation.

Both E6large and E6* bind to the caspase 8 DED. We have
previously reported that both isoforms of HPV16 E6 can in-

FIG. 4. The residues that comprise the DEDs of caspase 8 and FADD share homology, and a peptide inhibitor of the E6/FADD interaction
also impedes the E6/caspase 8 DED interaction. (A) Sequence alignment of the DEDs of both caspase 8 and FADD utilizing Biology Workbench
(http://workbench.sdsc.edu). Arrows indicate the amino acid residues required for E6/FADD binding, � indicates homologous amino acids, and :
indicates similar amino acids. (B) Sequence alignment of the DEDs of procaspase 8 and FADD; two peptide inhibitors designed to inhibit
E6/FADD binding, peptides A and B (54); and a negative control peptide, peptide D. (C) Peptide A inhibits both the E6/FADD and E6/caspase
8 DED interactions but does not affect the E6/E6AP interaction. A total of 1 � 10�3 �M GST-tagged E6large was incubated with 0.5 �M His-tagged
caspase 8 DED, 0.4 �M His-tagged FADD, or 0.3 �M His-tagged E6AP along with various concentrations of peptide A (0, 10, and 25 �M) at room
temperature for 1 h. GSH-coated donor beads and nickel-coated acceptor beads were then added, and plates were read on an EnVision multilabel
plate reader after an overnight incubation period in the absence of light. Measurements for each point were made in triplicate, and the reduction
of binding in the presence of peptide A was calculated as a percentage of the observed binding in the absence of peptide.
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teract with procaspase 8 and influence its stability and activity
(20). To verify binding between the E6 and procaspase 8 pro-
teins, Perkin-Elmer’s AlphaScreen technology was used to
assess these protein-protein interactions in vitro. Bacterially
expressed and purified GST, GST-E6large, GST-E6*, and His-
caspase 8 DED proteins were used to demonstrate that both
isoforms of E6 bind to procaspase 8, as determined by the
emission of a detectable signal following the incubation of the
bead-bound proteins with each other (Fig. 6A). These data
also suggested that the level of binding between GST-E6* and
the His-caspase 8 DED was lower than that of the binding of
GST-E6large to the His-caspase 8 DED, in contrast to our
previous findings using coimmunoprecipitation and in vitro
pulldown assays where we found that the binding between E6*
and the caspase 8 DED was at least as robust as that of the
larger isoform (20). Interestingly, we also found that although
a binding signal was consistently obtained for each of the two
E6 isoforms, the intensity of the E6*/caspase 8 signal varied
from one experiment to another.

One possible explanation for this decreased and variable
signal was that GST-E6* was particularly subject to proteolytic
cleavage during purification and/or performance of the bead-
based binding assay. Figure 6B shows that the degradation of
GST-E6* does indeed occur, resulting in the presence of GST
and GST-truncated E6* within the reaction mixture. These
species are likely to compete with the intact GST-E6* for
binding to the donor beads. To reduce this degradation and to
increase the yield of our full-length GST-E6*, mutagenesis of
H23 and L24, the amino acids located at the site predicted for
the major breakpoint, was carried out. H23 was mutated to Q,
and L24 was mutated to A; these changes significantly reduced
the degree of GST-E6* degradation, as determined by immu-
noblotting using antibodies directed against either GST or the
N terminus of E6 (Fig. 6B). To ensure that this mutated form
of E6* retained the ability to bind to the caspase 8 DED,

various amounts of GST-E6*QA were incubated with the His-
caspase 8 DED, and binding was measured by using the bead-
based binding assay (Fig. 6C). These results show that GST-
E6*QA binds approximately as well to the His-caspase 8 DED

FIG. 5. Overexpression of a 23-amino-acid peptide homologous to
the E6large binding domain of FADD restores cellular levels of both
endogenous procaspase 8 and the exogenously expressed caspase 8
DED in E6-expressing cells. U2OS and E6-expressing U2OSE6L cells
were transfected with the empty pcDNA vector or with pcDNA 23 aa,
a plasmid encoding 23 amino acids from the FADD E6 binding do-
main, along with pcDNA/cas 8 ded. After 48 h of incubation at 37°C,
lysates were prepared and subjected to SDS-PAGE analysis. The re-
sulting immunoblot was probed with antibodies to procaspase 8 and
�-actin. The levels of endogenous procaspase 8 (top) and the exoge-
nous caspase 8 DED (middle) were detected by using antibodies di-
rected against caspase 8. The membrane was stripped and reblotted by
using antibodies directed against �-actin to demonstrate equal loading.

FIG. 6. Both splice isoforms of E6 bind to the caspase 8 DED.
(A) E6large and E6* each bind to procaspase 8, as assessed by the
AlphaScreen bead-based assay. A total of 1 � 10�3 �M GST, GST-
tagged E6large, or GST-tagged E6* was incubated for 1 h with 0.5 �M
His-tagged caspase 8 DED at room temperature. GSH-coated donor
beads and nickel-coated acceptor beads were then added, and plates
were read on an EnVision multilabel plate reader after an overnight
incubation period in the absence of light. Counts recorded in the
presence of GST and His-caspase 8 were considered to represent
nonspecific background and were subtracted from the raw experimen-
tal data. Assays were performed in triplicate, and error bars represent
the standard deviations. (B) GST-E6*QA is more resistant to proteo-
lytic degradation than is GST-E6*wt. GST, GST-E6*wt, and GST-
E6*QA were expressed in E. coli cells and purified. Approximately 1
�g of each sample was separated by SDS-PAGE, and detection was
performed by using antibodies directed against GST (top) or the N
terminus of E6 (bottom). (C) GST-E6*QA binds to the His-caspase 8
DED with an affinity comparable to that of GST-E6large. A total of 30
(0.05 � 10�3 �M), 10 (0.02 � 10�3 �M), or 3 ng (0.005 � 10�3 �M)
of GST-E6*QA or 18 ng (0.02 � 10�3 �M) of GST-E6large was com-
bined with 6 ng (0.01 � 10�3 �M) of the caspase 8 DED and assessed
for binding by using the bead-based assay. GST-E6*QA in the absence
of the His-caspase 8 DED was used as the background, and the signal
from this incubation mixture was subtracted from the raw data. Assays
were performed in triplicate, and error bars represent the standard
deviations.
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as does GST-E6L, and subsequent experiments using the bead-
based binding assay were therefore carried out using GST-
E6*QA.

E6large and E6* binding interactions localize to different
regions of procaspase 8. Figure 4C shows that the binding
between E6large and the caspase 8 DED can be inhibited by a
peptide homologous to the FADD binding motif, demonstrat-
ing that the regions on FADD and procaspase 8 to which
E6large binds are similar. The next question was whether the
large and small isoforms of E6 bound to the same region or to
different regions of procaspase 8. To address this question, we
first asked whether a peptide capable of blocking the E6large/
caspase 8 interaction would also inhibit the E6*/caspase 8
interaction. Reaction mixtures containing GST-E6large or
GST-E6*QA together with the His-caspase 8 DED were incu-
bated in the presence or absence of either peptide B, a hep-
tameric peptide that matches the FADD binding motif, or
peptide D, a similar heptameric peptide that incorporates two
amino acid changes (Fig. 4B). These two amino acid changes
correspond to two of the three mutations that disable the
ability of FADD to bind to E6large and were therefore expected
to prevent this peptide from blocking binding. Reaction mix-
tures were then analyzed by using the AlphaScreen bead-based
binding assay. The results from this experiment are shown in
Fig. 7A and demonstrate that, as expected, peptide B but not
peptide D can block the binding between E6large and the
caspase 8 DED. Interestingly, however, neither peptide was
able to block the binding between E6*QA and the caspase 8
DED, suggesting that the two E6 isoforms employ different
binding sites. The amounts of the two E6 isoforms used in this
experiment are shown in Fig. 7B.

We then asked whether amino acids in the N terminus of the
caspase 8 DED were required for binding to either the full-
length protein or the shorter isoform of the protein by using an
in vitro pulldown assay. Because the region of the caspase 8
DED that corresponds to the E6 binding region on FADD
resides within the N terminus of this protein, we expected that
a deletion of this region would reduce or eliminate the ability
of E6large to bind to the caspase 8 DED. However, if the
binding sites for the two isoforms are different, as suggested by
the experiment described above, it seemed likely that the same
deletion might affect the binding of E6* either to a lesser
extent or not at all. To test this prediction, a deletion of the
caspase 8 DED in which the N-terminal 16 aa were removed
(�N) was constructed, and this mutant was then tested for its
ability to bind to both E6 isoforms in an in vitro pulldown assay.
It should be noted that in this experiment, we used the wt
version of E6* rather than E6*QA. This was possible because
GST and GST-truncated E6* breakdown products do not com-
pete for binding to the caspase 8 DED in an in vitro pulldown
assay, while these breakdown products do compete for binding
to the donor beads in the bead-based binding assay. The results
from this experiment are shown in Fig. 7C and demonstrate
that the binding of E6large to the caspase 8 DED is indeed
affected to a much greater degree than is the binding of E6* to
the caspase 8 DED, again indicating that the two isoforms bind
to different sites on caspase 8.

Specific amino acids within the N terminus of the caspase 8
DED contribute to the E6large/caspase 8 interaction. To further
define the region within the N terminus of the caspase 8 DED

that is involved in the binding to E6large, we created a series of
point mutations. Target amino acids were chosen on the basis
of their alignment with or close proximity to the E6 binding
domain of the FADD DED (Fig. 8A), and the GEQ2 and
EAG constructs consist of either four or five point mutations,
respectively, within this region. These mutant constructs were
then used in an AlphaScreen assay along with purified GST-
E6large or GST-E6*QA to assess the abilities of the individual
E6 isoforms to recognize and bind to the various mutant pro-

FIG. 7. The binding sites of caspase 8 to which E6large and E6* bind
are not identical. (A) Peptide B impedes the binding of E6large, but not
of E6*QA, to the caspase 8 DED. Eighteen nanograms (0.02 � 10�3

�M) of GST-E6large or 30 ng (0.05 � 10�3 �M) GST-E6*QA was
incubated in the absence or presence of 6 ng (0.01 � 10�3 �M) of the
His-caspase 8 DED and assessed for binding by using the bead-based
assay. Where indicated, peptide B or D at the indicated concentrations
was added to the reaction mixture. GST-E6*QA or GST-E6large in the
absence of the His-caspase 8 DED was used as a background, and the
signal from this incubation was subtracted from the raw data. Dimethyl
sulfoxide (DMSO), used to dissolve peptides B and D, was used as a
negative control for peptide inhibition. Binding between GST-E6 and
the His-caspase 8 DED in the presence of DMSO was set at 100%, and
the ability of the two peptides to inhibit this binding was calculated as
a percentage of this initial value. Assays were performed in triplicate,
and the error bars represent the standard deviations. (B) Immunoblot
detection of GST-E6L and GST-E6*QA. Eighteen nanograms
(0.02 � 10�3 �M) of GST-E6large and 30 ng (0.05 � 10�3 �M) of
GST-E6*QA were separated by SDS-PAGE, and immunoblotting was
performed by using anti-GST antibodies. (C) Deletion of the 16 N-
terminal amino acids of the caspase 8 DED significantly impairs bind-
ing to E6large but not to E6*. U2OS cells were transfected with plas-
mids coding for either the wt caspase 8 DED (pTriEx-cas8 ded) or a
mutant form from which the 16 N-terminal amino acids had been
removed (pTriEx-cas8 ded �N). Glutathione bead-bound GST, GST-
E6large, and GST-E6* were then used to pull down wild-type (wt) or
mutant caspase 8. Lanes 1 and 2 show that equivalent amounts of
procaspase 8 proteins were used. (Top) Immunoblot analysis using
antibodies directed against caspase 8. (Bottom) The same membrane
was stripped and reprobed with antibodies directed against GST.
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teins. Figure 8B demonstrates that the binding between each of
the three mutant proteins and E6large is hampered, while bind-
ing between the same caspase 8 mutants and GST-E6*QA is
not. Figure 8C shows the input levels of the various His-
caspase 8 DED proteins used in this experiment as estimated
by immunoblotting. These results suggest that some combina-
tion of the amino acids within the N terminus of the procaspase
8 DED plays a role in mediating the binding of E6large, but not
the binding of E6*, to procaspase 8.

To further evaluate the effect of the GEQ2 set of mutations
on the binding of the two isoforms of E6, this construct was
tested in in vitro pulldown assays with bead-bound GST-E6large

and GST-E6*. Figure 9A demonstrates that although the pro-
tein encoded by the GEQ2 mutant construct binds to both

isoforms of E6, binding to E6large was significantly impaired,
while binding to E6* was unchanged. To confirm these find-
ings, a coimmunoprecipitation was also performed. U2OS cells
stably expressing either Flag-tagged E6large or E6* were trans-
fected with a plasmid encoding either the GEQ2 mutant or the
wild-type protein. Forty-eight hours posttransfection, the abil-
ity of both isoforms to bind to GEQ2 and to the wt caspase 8
DED was assessed. Immunoprecipitation was performed with
anti-Flag-agarose, which recognizes and binds to Flag-E6. Fol-
lowing SDS-PAGE, the resultant immunoblot was probed with
antibodies directed against caspase 8 and against E6. Figure 9B
verifies our previously reported findings and shows that despite
its ability to strongly bind to the wild-type procaspase 8 DED,
E6large binds to GEQ2 at a much lower efficiency, as shown by
the decrease in the procaspase 8 pulldown band (top). In
contrast to E6large, the mutations in GEQ2 did not impair the
binding of E6* since both proteins are efficiently bound by the
shorter isoform (Fig. 9B, top). Immunoblotting with an anti-
body that recognizes the N terminus of E6, and, thus, both
isoforms of the protein, confirms that the immunoprecipitation
of Flag-tagged E6 was successful (Fig. 9B, middle and bottom).
Taken together, these results confirm that E6* and E6large

utilize different amino acids to mediate their binding and that
some of the amino acids in the binding pocket of E6large are
those located within the N-terminal 16 amino acids of the
procaspase 8 DED.

DISCUSSION

Viruses have evolved numerous ways by which to escape
recognition and subsequent elimination by the host immune
response following infection; this facilitates their own survival
and persistence. Many viruses produce molecules that target
various steps in the apoptotic cascade, such as caspase inhibi-
tors or homologues of cytokine or chemokine receptors (1, 5,
12, 49). In some cases, viruses can expand their existing col-
lection of proteins via the use of polycistronic transcripts (30,
57), alternative splicing (10, 14, 37), or posttranslational pro-
cessing (13, 33). For example, the splicing of the HPV16 early
gene product E6 into an �0.5-kb and an approximately
�0.3-kb transcript was reported previously by several labora-
tories, including our own (20, 43, 52). Combined with data
from our previous report (20), the results reported here
provide strong evidence that both isoforms of E6 have sig-
nificant and separable effects on cellular signaling pathways,
supporting the idea that splicing variability is an important
mechanism for expanding the number of actions that this
virus can carry out.

We have demonstrated that the expression of E6large confers
cells with protection from cell death-inducing stimuli (Fig. 3A),
causes decreased levels of procaspase 8 (Fig. 2), and binds to
procaspase 8 (Fig. 6 to 8). We therefore sought to localize the
binding site of the large isoform of E6, E6large, to procaspase 8
in the hope that inhibitors of this interaction could be gener-
ated, used to obstruct E6 binding, and sensitize cells to apop-
tosis. We recently identified a novel E6 binding site on the
FADD DED that mediates oncoprotein binding (54). Since
FADD and procaspase 8 both contain a DED, the possibility
that similar residues facilitate E6/procaspase 8 binding was
considered. An initial sequence alignment of the two proteins

FIG. 8. Amino acids in the N terminus of the procaspase 8 DED
facilitate HPV16 E6large but not E6* binding to the caspase 8 DED.
(A) The protein sequences of the various deletion and mutant con-
structs created to help localize the amino acids involved in E6 binding
to the procaspase 8 DED are shown. (B) The EAG, GEQ2, and �N
mutations impair the binding of E6large but not E6*QA to the caspase
8 DED. Eighteen nanograms (0.02 � 10�3 �M) of GST-E6large or 30
ng (0.05 � 10�3 �M) of GST-E6*QA was combined with �6 ng
(0.01 � 10�3 �M) of the His-caspase 8 DED (Cas8 wt), His-caspase 8
DED �N (DN), His-caspase 8 DED GEQ2 (GEQ2), or His-caspase 8
DED EAG (EAG). Incubation mixtures containing only GST-E6*QA
or GST-E6large in the absence of the His-caspase 8 DED were consid-
ered to represent the background signal, and this signal was subtracted
from the raw experimental data. Binding between GST-E6 and the
His-caspase 8 DED wt was set at 100%, and the binding between
GST-E6 and other His-caspase 8 proteins was expressed as a percent-
age of that binding. Assays were performed in triplicate, and error bars
represent the standard deviations. (C) Expression of the caspase 8
proteins. Equivalent amounts of the proteins used in the experiment
shown in B were separated by SDS-PAGE, and the His-caspase 8
proteins were detected by using antibodies directed against caspase 8.
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revealed regions of conserved amino acids and thus provided a
basis for the creation of deletion and mutant constructs to help
localize the E6 binding site. The level of binding to E6large was
significantly reduced either when the N-terminal 16 amino
acids were removed or when two separate sets of point muta-
tions were created within this 16-amino-acid sequence, as as-
sessed by three independent in vitro binding assays (Fig. 8 and
9). However, this binding was not completely eliminated.
Therefore, although some of the targeted amino acids in the N
terminus of the procaspase 8 DED appear to be involved in
binding to E6large, other residues or regions are also likely to
contribute. However, the overall results from this set of muta-
tion experiments support the idea that the regions of the
FADD DED and caspase 8 DED that bind to E6large are
similar.

The E6 binding domain on FADD is composed of the serine
residues at positions 16 and 18 and the leucine residue at
position 20 of the protein sequence and localizes to the outer
surface of the molecule. It was previously reported that the
amino acids at positions 25, 33, 34, and 35 of the FADD DED
are important for procaspase 8 binding (29). These residues
are in close proximity to those in the E6 binding site, which
implies that both E6 and procaspase 8 bind to the same surface
of FADD. Additionally, F24 and L25 of the procaspase 8 DED

are those that were previously suggested to interact with the
FADD DED (9). According to our sequence alignment, these
residues are in the vicinity of those that may play a role in E6
binding.

The similarity between the FADD and caspase 8 binding
sites suggested that inhibitors of the E6/FADD interaction
might also hinder the E6/caspase 8 interaction. To test this
prediction, we utilized the AlphaScreen assay to detect pro-
tein-protein interactions in the absence and presence of a
peptide inhibitor. Figure 4C demonstrates that peptide A,
which specifically impairs E6 binding to FADD, also impairs
the binding of E6 to procaspase 8 while leaving E6/E6AP
binding undisturbed. This confirms the results that we obtained
from our mutational analysis, which indicated that the E6
binding domain on FADD is similar to that of procaspase 8.
Furthermore, this experiment also shows that this domain dif-
fers from the region of E6AP required for E6large binding.

One of the most interesting findings from this work was that
the two E6 splice isoforms bind to different regions of the
caspase 8 DED. Two separate lines of evidence led us to this
conclusion. First, a peptide that blocks E6large/caspase 8 bind-
ing does not inhibit E6*/caspase binding (Fig. 7A). Next, three
separate mutations, �N, EAG, and GEQ2, affected the bind-
ing of E6large to caspase 8 much more than the binding of E6*

FIG. 9. E6* and E6large bind to different regions on the procaspase 8 DED. (A) The GEQ2 set of mutations impairs binding to E6large but not
to E6*, as assessed by a pulldown assay. The His-caspase 8 wt and GEQ2 mutant proteins were overexpressed in U2OS cells, and lysates were then
prepared and incubated with GST-E6large or GST-E6* bound to glutathione beads. The detection of the bound caspase 8 DED wt and GEQ2
mutants was performed by immunoblotting using antibodies directed against caspase 8. The membrane was then stripped and reblotted using
antibodies directed against GST (bottom). (B) The GEQ2 set of mutations impairs binding to E6large but not to E6*, as assessed by coimmuno-
precipitation. U2OS cells transiently expressing either Flag-tagged E6large or E6* were transfected with plasmids encoding the GEQ2 mutant
(pTriEx-cas8 ded GEQ2) or the wild-type caspase 8 DED (pTriExcas8 ded wt). Forty-eight hours posttransfection, immunoprecipitation was
performed by using anti-Flag agarose, which recognizes and binds to Flag-E6. Following SDS-PAGE, the resultant immunoblot was probed with
antibodies directed against caspase 8 and E6. Flag-PNAS was included as a negative control. Black arrows indicate Flag-E6large, and uncolored
arrows indicate Flag-E6*. E6* can migrate as both monomers and dimers in SDS-PAGE gels.

VOL. 84, 2010 E6large AND E6* BINDING TO PROCASPASE 8 1461



to caspase 8, as assessed in three ways: the bead-binding assay,
an in vitro pulldown assay, and coimmunoprecipitation (Fig. 7
to 9). This is somewhat remarkable in view of the fact that E6*
is approximately equivalent to the N-terminal half of E6large.
The actual binding site on caspase 8 with which E6* interacts
has not yet been identified; when it is, it may be possible to
explore how it is that a protein that nearly matches the N
terminus of another protein can utilize what appears to be a
separate binding site.

Our results from the bead-based binding assay demonstrate
the effectiveness of peptide inhibitors in obstructing protein-
protein binding and suggest that peptides could be used to
block oncoprotein binding to FADD and procaspase 8 in
HPV-infected cells and thus to resensitize these cells to apop-
tosis-inducing agents. However, several laboratories reported a
low efficiency of peptide entry into cells. Therefore, different
routes have been explored to increase uptake. These include
the addition of the HIV-1 Tat peptide or the herpesvirus VP22
peptide to the amino or carboxy terminus of the peptide in-
hibitor. Also, the incorporation of a liposome moiety into the
peptide prior to administration into cells was previously re-
ported to facilitate peptide trafficking across the cell mem-
brane (7, 16, 47). Nonetheless, problems with peptide stability
and solubility as well as target specificity remain with regard to
peptide entry into cells.

Overall, our results demonstrate that the HPV16 E6large and
E6* isoforms bind differentially to procaspase 8, supporting
and providing a molecular explanation for our previously re-
ported findings regarding the variable effect that each entity
has on procaspase 8 stability. Furthermore, the ability of our
peptide inhibitor to impede E6large binding to both FADD and
procaspase 8 contributes to the current literature regarding the
design of potential therapeutic agents to treat HPV16 infec-
tion.
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