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We have investigated the expression and function of a
novel protein encoded by open reading frame (ORF)
K7 of Kaposi's sarcoma-associated herpesvirus
(KSHV). Computational analyses revealed that K7 is
structurally related to survivin-DEx3, a splice variant
of human survivin that protects cells from apoptosis
by an unde®ned mechanism. Both K7 and survivin-
DEx3 contain a mitochondrial-targeting sequence, an
N-terminal region of a BIR (baculovirus IAP repeat)
domain and a putative BH2 (Bcl-2 homology)-like
domain. These suggested that K7 is a new viral anti-
apoptotic protein and survivin-DEx3 is its likely cellu-
lar homologue. We show that K7 is a glycoprotein,
which can inhibit apoptosis and anchor to intra-
cellular membranes where Bcl-2 resides. K7 does not
associate with Bax, but does bind to Bcl-2 via its puta-
tive BH2 domain. In addition, K7 binds to active
caspase-3 via its BIR domain and thus inhibits the
activity of caspase-3. The BH2 domain of K7 is crucial
for the inhibition of caspase-3 activity and is therefore
essential for its anti-apoptotic function. Furthermore,
K7 bridges Bcl-2 and activated caspase-3 into a
protein complex. K7 therefore appears to be an adap-
tor protein and part of an anti-apoptotic complex that
presents effector caspases to Bcl-2, enabling Bcl-2 to
inhibit caspase activity. These data also suggest that
survivin-DEx3 might function by a similar mechanism
to that of K7. We denote K7 as vIAP (viral inhibitor-
of-apoptosis protein).
Keywords: apoptosis/caspase-3/human survivin/K7/
Kaposi's sarcoma-associated herpesvirus

Introduction

Apoptotic cell death is a major antiviral cellular response
to block the propagation of viruses (Tschopp et al., 1998b;
Boya et al., 2001). Two apoptotic pathways in mammalian
cells are employed to destroy virus-infected cells: the
extrinsic death-receptor pathway and the intrinsic mito-
chondrial pathway. Both pathways converge to activate
caspases, in particular the effector caspase-3 (Thornberry
and Lazebnik, 1998). In the extrinsic pathway, death
receptors belonging to the tumour necrosis factor (TNF)
receptor gene superfamily, such as Fas/CD95 or TNFR1,

utilize protein interaction modules to assemble receptor-
signalling complexes that recruit and activate procaspases
8 and 10 (Ashkenazi and Dixit, 1998; Wallach et al.,
1999). Activated caspase-8 and -10 then activate a cascade
of caspases, which ®nally results in the activation of
downstream effector caspases (such as caspase-3, -6 and
-7), resulting in dismantling and removal of the cell
(Thornberry and Lazebnik, 1998; Hengartner, 2000).
This is one of the pathways activated by cytotoxic
T-lymphocytes to kill virus-infected cells (Harty et al.,
2000; Guidotti and Chisari, 2001).

The intrinsic protection mechanism involves the par-
ticipation of mitochondria, which release caspase-activat-
ing proteins. The transcriptional activation of Bcl-2
homology domain 3 (BH3) containing pro-apoptotic
proteins of the Bcl-2 family (such as Bax) results in
alternations in mitochondrial membrane potential, leading
to the release of pro-apoptotic molecules such as
cytochrome c (Adams and Cory, 1998; Green and Reed,
1998). Cytochrome c activates caspases by binding to and
activating Apaf-1, inducing it to associate with pro-
caspase-9, thereby triggering procaspase-9 activation and
initiating effector caspases. When an infected cell senses
the unscheduled activation of the cell cycle by viral
proteins or DNA damage induced by viral replication, the
cell initiates this intrinsic pathway (Evan and Littlewood,
1998; Vousden, 2000).

The activation of effector caspases by either pathway is
blocked by cytoplasmic proteins, the inhibitor-of-apopto-
sis proteins (IAPs). IAPs contain at least one BIR
(baculovirus IAP repeat) domain that binds to pro-
caspase-9 and activated effector caspase-3 and -7 to
inhibit their activity (Deveraux and Reed, 1999; Miller,
1999). The BIR core includes a C2HC motif chelating a
zinc ion that plays an essential role in inhibiting apoptosis
(Deveraux et al., 1997; Roy et al., 1997; Vucic et al.,
1998; Hinds et al., 1999). IAPs can also suppress apoptosis
through caspase-independent mechanisms, which involve
transcription factors such as NF-kB (Chu et al., 1997; You
et al., 1997). The mammalian prototype of the IAP family
is survivin, which is the smallest known IAP family
protein (~16 KDa) and contains a single BIR domain with
which it binds caspases and prevents caspase-induced
apoptosis (Tamm et al., 1998; Verhagen et al., 2001).
Altered expression of survivin appears to be a common
event associated with the pathogenesis of human cancer;
survivin is overexpressed in many transformed cell lines
and in common cancers, such as those of the lung, colon,
liver, prostate and breast (Ambrosini et al., 1997; Ito et al.,
2000). Reduced survivin expression causes apoptosis and
sensitization to anticancer drugs, suggesting that survivin
expression is important for cell survival or chemo-
resistance of certain carcinomas (Ambrosini et al., 1998;
Olie et al., 2000; Satyamoorthy et al., 2001).

Characterization of an anti-apoptotic glycoprotein
encoded by Kaposi's sarcoma-associated
herpesvirus which resembles a spliced variant of
human survivin
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An alternative anti-apoptotic mechanism is mediated by
members of the Bcl-2 anti-apoptotic family, which possess
two conserved motifs known as Bcl-2 homology domains
1 and 2 (BH1 and BH2) (Adams and Cory, 1998; Chao and
Korsmeyer, 1998). Coalescence of the a-helices in the
BH1 and BH2 regions create an elongated hydrophobic
cleft to form homo- or heterodimers with other proteins in
this family (Muchmore et al., 1996; Sattler et al., 1997).
The E1B-19K protein of adenovirus is the only known
protein of this family that contains only a BH1, but no BH2
domain (Adams and Cory, 1998). However, no protein
with only a BH2 domain has yet been described. Bcl-2
family members act by forming or controlling pores on the
outer membrane of mitochondria, through which the
release of cytochrome c and other intermembrane
pro-apoptotic proteins is regulated. In addition, the anti-
apoptotic Bcl-2 members might function directly to
regulate caspase activities by binding to an adaptor
molecule (Hengartner, 2000). These adaptors either bridge
Bcl-2/Bcl-XL and Apaf-1, thereby inhibiting Apaf-1
activation, or bind procaspase-8 to Bcl-2/Bcl-XL, pre-
venting its activation (Ng et al., 1997; Chau et al., 2000;
Zhang et al., 2000). No effector caspase-binding adaptor
has yet been identi®ed.

Viruses employ an arsenal of proteins to interfere with
pro-apoptotic signalling pathways, affording a selective
advantage for them to maintain a persistent infection or to
prolong the survival of lytically infected cells, allowing
maximum virus progeny production (O'Brien, 1998;
Tschopp et al., 1998b). Many viruses express anti-
apoptotic proteins, including IAP caspase inhibitors, Bcl-2
homologues and death-effector-domain-containing proteins
termed vFLIPs [viral FLICE (Fas-associated death-
domain-like IL-1 b-converting enzyme)-inhibitory
proteins]. The degenerated caspase homologue vFLIP
blocks the death-receptor pathway and the viral Bcl-2
homologues protect cells from death by maintaining
mitochondrial integrity (Tschopp et al., 1998a; Boya
et al., 2001). Studies of viral apoptosis inhibitors provide a
valuable insight into the biochemical processes involved
in the execution of cell death (Mosialos et al., 1995;
O'Brien, 1998). Viral FLIPs led to the identi®cation of
cellular homologues (cFLIPs) (Irmler et al., 1997), while
the BIR-containing caspase inhibitor (p35) of baculovirus
guided the identi®cation of the mammalian IAP family
(Seshagiri et al., 1999).

KSHV (Kaposi's sarcoma-associated herpesvirus;
human herpesvirus-8) is an oncogenic virus closely
associated with the pathogenesis of Kaposi's sarcoma
and certain lymphoproliferations such as primary effusion
lymphoma (PEL) and multicentric Castleman's disease
(Boshoff and Weiss, 2001; Moore and Chang, 2001). Two
KSHV anti-apoptotic proteins have been identi®ed: the
vBcl-2 encoded by open reading frame (ORF) 16 and the
vFLIP encoded by ORF K13. However, no IAP homo-
logue has yet been identi®ed in KSHV or any other known
herpesvirus. The K7 protein of KSHV is encoded by the
putative ORF K7, which is unique to KSHV. K7 has no
obvious homologue in other g2 herpesviruses, including
the close relative rhesus rhadinovirus (McGeoch and
Davison, 1999; Alexander et al., 2000). This suggests that
KSHV may have acquired this speci®c gene from its
human host genome relatively recently. Here we report

that the K7 protein is structurally and functionally related
to a recently identi®ed spliced variant of human survivin,
survivin-DEx3 (Mahotka et al., 1999; Krieg et al., 2002).
Both proteins protect cells from apoptosis and possess
similar functional domains, therefore K7 is a new viral
anti-apoptotic protein and survivin-DEx3 appears to be its
cellular homologue.

Results

K7 similarity to human survivin-DEx3
By searching the public databases, K7 was found to
harbour a plant-form mitochondrial-targeting signal
(MTS) and a transmembrane domain (Figure 1A), which
suggested that K7 might be a mitochondrial protein.
Several putative post-translational modi®cation sites were
found in K7, including an N-glycosylation site, a
myristoylation site and several phosphorylation sites
(Figure 1A). Hydropathy plots predicted K7 to be a
single-transmembrane protein that is highly hydrophobic
in the N-terminus (data not shown). Furthermore, by using
different fragments of K7 protein as bait probe, we
identi®ed a BIR domain in K7 (Figure 1B). The BIR
domain is essential and suf®cient for IAPs to protect cells
from apoptosis (Vucic et al., 1998). The IAP family
member most similar to K7 is human survivin (E = 0.014;
Figure 1B, upper panel). Sequence alignment and
phylogenic analyses of BIR domains also revealed that
K7 and survivin display the greatest similarity (Figure 1D
and E). The K7 and survivin BIR domains are also
comparable in three-dimensional (3D) structure predic-
tions (Figure 1B) (Chantalat et al., 2000; Muchmore et al.,
2000; Verdecia et al., 2000). However, K7 possesses the
N-terminal half of a BIR motif and lacks the C-terminal-
half C2HC Zn-binding fold of other BIR domains, and in
this respect K7 is most similar to a naturally occurring
splice variant of survivin, survivin-DEx3 (Figure 1C),
which has been shown to be expressed in cancer cells and
to be a functional anti-apoptotic protein (Mahotka et al.,
1999; Krieg et al., 2002).

survivin-DEx3 mRNA is a product of alternative
splicing and lacks the exon 3 of survivin (Mahotka et al.,
1999). The skipping of exon 3 in survivin-DEx3 mRNA
results in an interrupted BIR domain followed by an
additional frame shift in exon 4. Consequently, the
survivin-DEx3 ORF ends in the 3¢ untranslated region of
survivin and generates a novel 63-amino-acid-long C-
terminal tail. survivin-DEx3 has been shown to be present
in cancer tissues (Mahotka et al., 1999; Krieg et al., 2002),
and when we attempted to clone survivin from a human
fetal tissue library, we ampli®ed an additional smaller
product (Figure 1C). Direct sequencing of this amplicon
revealed that the sequences of survivin-DEx3 and survivin
in the fetal tissue library are identical to those described in
cancer cells (data not shown). To gain further insight into
survivin-DEx3, we performed protein domain analysis and
secondary structure predictions. We found that in the new
C-terminus of survivin-DEx3, a transmembrane domain
and a novel potential plant-form MTS are created, similar
to the N-terminal part of K7 (Figure 1A and C). In
addition, there is a putative BH2 domain on both K7 and
survivin-DEx3 (Figure 1A and C). Comparison of the BH2
domain sequences of K7 and survivin-DEx3 with other
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Fig. 1. K7 has sequence and predictive structural similarities to survivin-DEx3. (A) Schematic representation of the structure of K7. The MTS, the
transmembrane (TM) domain, the BIR-like domain (N-BIR) and the putative BH2 domain of K7 are indicated. Several putative post-translational
modi®cation sites of K7, such as the N-myristoylation site (N-myr), SH3 motif, protein kinase C phosphorylation sites (PKC) and the N-glycosylation
site (N-Gly), are also shown. (B). Comparison between K7 and survivin BIR domains. Sequence alignment of K7 and survivin BIR domains. (Upper
panel) The BIR domain of survivin is underlined. (Bottom left) Ribbon representation of the K7 BIR domain. The a-helices, b-strands and turns are
represented as red coils, yellow arrows and blue loops, respectively, and the corresponding amino acids are shown in the upper panel. (Bottom right)
Superimposed image of K7 and survivin BIR domains. K7 is represented by red strands and survivin by blue strands. (C) Endogenous expression of
survivin and survivin-DEx3, and the structures of these two isoforms. The kinetochore-binding domain of survivin, which is essential for chromosome
segregation and cytokinesis, is indicated. R/K-rich, Arg/Lys-rich region. PCR analysis for cDNAs of survivin isoforms in a human fetal cDNA library
is also shown (bottom panel). (D) Alignment of different BIR domains. The species designations used for the alignment, and the primary accession
number or database entry number for each sequence are as follows, with the indicated accession numbers: K7, AAC57096. Human BIR domain
proteins: survivin, 2315863; XIAP (X-linked IAP), P98170; cIAP1, NP_001157; cIAP2, NP_001156. Mouse: BRUCE (BIR repeat containing
ubiquitin-conjugating enzyme), CAA76720; TIAP, BAA28266; NAIP (neuronal apoptosis inhibitory protein), AAB69223. Drosophila: Deterin,
XP_081836. Schizosaccharomyces pombe BIR protein SpIAP, NP_587866. Caenorhabditis elegans BIR protein CeIAP, NP_505949. Numbers to the
left of the sequences indicate the positions of the amino acids in each protein. Residues conserved in the majority of the sequences are in black boxes,
whereas similar sequences are in grey. (E) Phylogenic relationship of different BIR domains. The alignment data shown in (D) was used to construct a
Phylogenic tree, which was derived by maximum likelihood searching by the TreeView program. The divergence scale of the across-page branches is
indicated. (F) Alignment of the BH2 domain of Bcl-2 family members with K7 and survivin-DEx3. The following human and viral proteins are used
in this alignment: Bax-b (AAA03620), Bax-a (AAA03619), Bcl-2 (AAA35591), Bcl-XL (CAA80661), Bcl-W (NP_004041), EBV (Epstein±Barr virus
Bcl-2; CAA01638), HVP (herpesvirus papio Bcl-2; AAF99596), KSHV (KSHV Bcl-2; AAB62596), RHV (Rhesus herpesvirus Bcl-2; AAD21342),
HVS (herpesvirus simiri Bcl-2; CAA45639), AHV3 (Ateline herpesvirus 3 Bcl-2; NP_047987), BHV4 (bovine herpesvirus 4 Bcl-2; AAD34361), Bak
(Q16611), and ASFV (African swine fever virus Bcl-2; NP_042735). The R/K-rich region in survivin-DEx3 is underlined. (G) Phylogenic tree for
BH2 domain-containing apoptotic regulators. The same BH2 domains shown in Figure 1F were used to construct this tree.
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known Bcl-2 family members indicated that they share
limited similarity to the BH2 domains of known apoptotic
regulators (Figure 1F), and that both proteins clustered
together in phylogenetic analysis (Figure 1G). Neither K7
nor survivin-DEx3 has a BH1 domain, which normally
cooperates with the BH2 domain for anti-apoptotic
function (Adams and Cory, 1998; Chao and Korsmeyer,
1998). The highly structural similarities between K7 and
human survivin-DEx3, together with the ®nding of puta-
tive BH2 and BIR domains on K7 (Figure 1A and C),
suggest that K7 is an anti-apoptotic protein.

Expression of K7 gene in PEL cells
Microarray analyses have shown previously that K7 is
either expressed in latency or is highly inducible upon
n-butyrate induction of KSHV latently infected lymphoma
cells (Jenner et al., 2001; Paulose-Murphy et al., 2001).
However, the probes used in these array studies could have
cross-hybridized with the PAN (polyadenylated nuclear)
RNA gene, which is highly expressed in the virus lytic
cycle and overlaps with the K7 ORF (Figure 2A). We
performed northern blot analysis to detect K7-speci®c
RNA in KSHV-positive PEL cell lines by using a K7-
speci®c probe (5¢-UTR probe; Figure 2A). Three K7-
speci®c RNAs were identi®ed in KSHV-positive BCP-1
PEL cells (Figure 2B, left) and two K7-speci®c transcripts
in another PEL cell line BC-3 (1.8- and 5-kb species; data
not shown). These RNA species could not be detected in
KSHV-negative B-cell lines such as Ramos (Figure 2B,
right) and DG75 cells (not shown). The 1.8-kb RNA
transcript was detectable within 2 h after 12-O-tetrade-
caylphorbol 13-acetate (TPA) induction, followed by the 3
and 5 kb RNA species (Figure 2B). These RNAs increased
with time and reached a peak 24 h post-treatment (Figure
2B). To control for loading and integrity of the mRNA, the
same blots were re-probed with GAPDH (Figure 2B).
Hybridizing the same blots with a probe to a KSHV lytic
gene product, PAN (Sun et al., 1996, 1999), con®rmed
successful induction of the viral lytic cycle (Figure 2B).

We also used RT±PCR to detect K7 RNA and to
con®rm that K7 is expressed only during the lytic viral
cycle. The sense primer used in PCR is upstream of the
PAN gene but within the K7 ORF, thus avoiding
ampli®cation of PAN (Figure 2A). In TPA-untreated
latent PEL cells, a small amount of K7 RNA could be
detected (Figure 2C), and this possibly arises from the
2±3% of lytic cells present in untreated cells (Dupin et al.,
1999). We conclude that the K7 gene is a lytic gene
expressed in PEL cells.

Expression and characterization of K7 protein in
transfected cells
We cloned K7 ORF cDNA from BC3 cDNA library and
tagged it at both the N- and C-termini with the in¯uenza
virus haemagglutinin (HA) epitope. HeLa and 293 cells
were transiently transfected with this construct and
western blotting revealed two K7-speci®c signals
(Figure 3A). The predicted molecular mass of tagged K7
is 15.8 kDa, correlating to the 16 kDa band detected
(Figure 3A). In addition, a 19 kDa band was also detected
(Figure 3A). To determine whether this band was due to
post-translational modi®cation, we treated K7-transfected
HeLa cells with tunicamycin, a potent inhibitor of N-linked

glycosylation, and this led to a dose-dependent loss in the
appearance of processed K7 (gp19; Figure 3B, left).
Mutation in the N-glycosylation site of K7 (mutant
N108Q) totally removed the higher modi®ed form
(Figure 3B, right), con®rming that the 19 kDa band was
due to the N-glycosylation of K7. The N-glycosylation of
K7 was enhanced after TNF-a treatment (Figure 3C),
further implying an important physiological role of this
modi®cation.

To determine the half-life of K7, transfected cells were
treated with 10 mg/ml of the protein synthesis inhibitor
cycloheximide (CHX). At this concentration, new cellular
translation stops and only the existing proteins can be
detected (Akgul et al., 2000). Forty-eight hours after
transfection, the transfected HeLa cells were treated with
CHX for the indicated periods before cell extracts were
collected and analysed. K7 was undetectable within 2 h of

Fig. 2. K7 is a lytic viral gene. (A) Schematic representation of the
structure of the K7 gene. The cDNA probe used in northern blot analy-
sis and the K7-speci®c primers used in RT±PCRs are shown.
(B) Northern blot analyses of K7 RNAs. The KSHV latently infected
PEL cell line BCP-1 and the KSHV-negative Ramos cell line were lyti-
cally induced by TPA, and total RNA was extracted at the indicated
time points. Blots were ®rst probed against K7 mRNA, then reprobed
with a GAPDH probe or with another KSHV gene, PAN, to indicate
the induction of viral lytic cycle. (C) RT±PCR analysis for K7 tran-
scripts. RNA from TPA-treated, KSHV-infected PEL cells (BC3) was
collected at the indicated time points. M, 100-bp DNA fragment
markers. (+), RNA from TPA-treated BCP-1 cells (lane 2) and cDNA
of K7 (lane 3) were used as positive controls.
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treatment, indicating that K7 is a labile, short half-life pro-
tein, similar to some other apoptotic proteins (Figure 3D)
(Somia et al., 1999; Akgul et al., 2000; Duriez et al.,
2000). We next tested whether K7, like Bcl-2 family

members and similar to human survivin (Adams and Cory,
1998; Chantalat et al., 2000; Muchmore et al., 2000), can
associate with itself to form homodimers. The C-terminal
(CT) 56 amino acids of K7, which contains the putative
BIR and BH2 domains, and the BIR domain of K7 were
fused to a glutathione S-transferase (GST) protein domain,
expressed in Escherichia coli to give GST-K7-CT/GST-
K7-BIR recombinant proteins, and then tested for inter-
action with full-length K7 by in vitro GST pull-down
assays. Figure 3E shows that both GST-K7-CT and GST-
K7-BIR recombinant proteins precipitate full-length K7.

K7 localizes to mitochondria, endoplasmic
reticulum and the nuclear membrane
We examined the subcellular localization of K7 in cells by
immuno¯uorescence assay. K7 is a cytosolic protein with
a nuclear membrane staining pattern (Figure 4A).
Expression of K7 in cells revealed a punctate cytoplasmic
and lacy reticular staining pattern (Figure 4A), which is
similar to that of mitochondria, but distinct from Golgi,
and lysosome staining (data not shown). Staining of K7-
expressing cells with the mitochondria-speci®c dye
MitoTracker Red veri®ed that K7 colocalized with
mitochondria (Figure 4B). However, not all K7 proteins
in cells are distributed to mitochondria; some green K7
signals did not overlap with the red mitochondrial staining
(Figure 4B). Cellular fractionation experiments con®rmed
that K7 was located in mitochondria and nuclear mem-
brane fractions, and also showed that K7 resided in the
endoplasmic reticulum (ER) (Figure 4C). In the ER, only
the unglycosylated 16 kDa form of K7 was present (Figure
4C). The distribution pattern of K7 was similar to that of
Bcl-2, but was distinct from that of Bax (Figure 4C), which
is known to reside in the cytoplasm and only translocates
to mitochondria in response to death signals (Iwahashi
et al., 1997; Wolter et al., 1997; Gross et al., 1998).

Computational analyses suggested a putative mitochon-
drial-targeting domain in the K7 N-terminus (Figure 1A).
We next investigated whether this domain is functional.
Full-length K7, as well as the N-terminus (amino acids
1±70) and C-terminus (amino acids 71±126), were fused
with a GST protein domain in a eukaryotic expression
vector, transfected into cells and then examined for
intracellular localization. Immunoblot analysis of sub-

Fig. 3. K7 expressed as a predicted 16 kDa protein and as a 19 kDa
glycoprotein. Cells were transfected with the indicated plasmids, and
protein extracts were collected 48 h after transfection and probed by
western blots with an anti-HA mAb. (A) K7 expression pattern. Two
different forms of K7 were detected in transfected cells. (B) The
19 kDa form of K7 is a glycoprotein. (Left panel) HeLa cells trans-
fected with K7 were treated with different doses of tunicamycin to inhi-
bit N-glycosylation for 24 h before extraction. (Right panel) A point
mutation (N108Q) on the N-glycosylation site of K7 could prevent K7
from modi®cation. (C) The N-glycosylation of K7 is increased after
TNF-a treatment. HeLa cells transfected with a K7-expressing plasmid
or with vector alone were exposed 24 h post-transfection to 10 ng/ml
TNF-a plus 1 mg/ml CHX. (D) K7 has a short half-life. K7-transfected
HeLa cells were treated with 10 mg/ml CHX at 48 h post-transfection
to block protein synthesis. Cell extracts were collected at indicated
time points. (Lower panel) Same blot stained with Coomassie Blue to
show equal loading of protein in each lane. (E) K7 forms homodimers.
HeLa cell extracts, which contain transfected K7, were incubated with
GST, GST-K7-CT or GST-K7-BIR. Speci®cally bound proteins were
eluted from beads with SDS±PAGE sample buffer before analysis.
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cellular fractions demonstrated that the ectopically
expressed GST±K7 fusion protein was located in the
mitochondria and ER fractions, whereas the GST protein
itself was cytosolic (Figure 4D). The N-terminus of K7
localized GST to the mitochondria and ER (Figure 4D,
GST-N70), but the C-terminus did not (Figure 4D,
GST-C56).

K7 can protect cells from apoptosis induced by
various stimuli
The putative functions of K7 were ®rst explored by
transient transfection assays. We tested the cytoprotective
function of K7 on apoptosis induced by different stimuli
(Figure 5). In Figure 5A, apoptosis was induced by TNF-a
or anti-Fas monoclonal antibody (mAb) in the presence of
1 mg/ml of CHX, and apoptotic cells were stained by
Annexin V±¯uorescein isothiocyanate/propidium iodide
(FITC/PI) double staining and counted by ¯ow cytometry.
In the presence of K7, apoptosis was reduced to 30±50%
(Figure 5A), whereas GFP or LacZ protein did not protect
transfected cells from apoptosis (not shown).

We next tested whether K7 can interfere with Bax-
induced apoptosis. HeLa cells were cotransfected with
Bax- and K7-expressing plasmids, and transfected
cells were analysed by staining with CMXRosamine
(CMXRos) to measure loss of mitochondrial membrane

potential (DYm), which is an indicator of mitochondrial
integrity (Castedo et al., 1996; Marshall et al., 1999; Oda
et al., 2000). A decrease in CMXRos staining indicates a
loss of mitochondrial integrity, which is mediated by the
opening of the mitochondrial permeability transition pores
and is an early apoptotic event (Bossy-Wetzel et al., 1998;
Green and Reed, 1998). As positive controls, Bcl-2 and
Bcl-XL were also cotransfected with Bax (Figure 5B).
Coexpressing K7 suppressed Bax-induced apoptosis in a
dose-dependent manner that was comparable to Bcl-2
(Figure 5B).

We next generated deletion mutants and examined their
anti-apoptotic function by counting cell viability.
Transfected cells were treated with TNF-a (Figure 5C)
or anti-Fas mAb (data not shown) plus CHX. The deletion
of the C-terminal BH2 domain (mutants DC11 and DC32)
or the conserved amino acids in the BIR domain (mutant
D73±82) resulted in a loss of anti-apoptotic activity
(Figure 5C).

K7 bridges Bcl-2 and active caspase-3 to inhibit
caspase-3 activity
Since K7 could inhibit apoptosis and has a BH2 and a BIR
domain, we used in vivo and in vitro GST pull-down
experiments to investigate whether K7 interacts with Bcl-2
family members or with caspases (Figure 6). Because K7

Fig. 4. K7 localizes to the mitochondria and ER. (A) Confocal microscopy of HeLa cells transfected with HA-tagged K7. Transfected cells were
stained with an anti-HA mAb at 48 h post-transfection. (B) Colocalization of K7 and mitochondria. K7-transfected HeLa cells were stained with anti-
body to HA (green), and mitochondria were stained with CMXRos (red). The cell nucleus was stained with Hoechst 33258 dye (blue). Partial colocali-
zation is seen upon overlay of these images. (C) Subcellular fractionation of HeLa cells transfected with K7. Transfected cells were separated into
nucleoplasmic (NP), cytoplasmic (C), mitochondria (M) and ER fractions. The fractions were probed by western blots with antibodies to HA (for
tagged K7), human Bcl-2 and Bax. (D) The N-terminal 70 amino acids of K7 is suf®cient and essential for mitochondrial targeting. HeLa cells trans-
fected with the indicated plasmids were subjected to subcellular fractionation analysis. The fractions were probed by western blots with a polyclonal
antibody to GST to detect each fusion protein.
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could inhibit Bax-induced apoptosis, we tested whether
K7 binds to Bax. Neither in vitro nor in vivo binding assays
indicated Bax interaction with K7, whereas the positive
control VDAC3 (Sampson et al., 1998; Rahmani et al.,
2000) did precipitate Bax (Figure 6B).

When GST±K7 and Bcl-2 were cotransfected into cells,
in vivo pull-down of GST±K7 resulted in the coprecipita-
tion of Bcl-2 (Figure 6C). The interaction was speci®c, as
in a parallel reaction, under the same binding conditions,
wild-type GST alone failed to pull-down Bcl-2. In this
assay, the interaction of K7 with Bcl-2 was as ef®cient as
that of Bax with Bcl-2 (Figure 6C). To map the site of
interaction between K7 and Bcl-2, in vitro GST pull-down
assays were performed. Bcl-2 bound to the C-terminus of

K7 (Figure 6D, GST-K7-CT), and deletion of the BH2
domain of K7 abolished this interaction (GST-K7-
CTDBH2 and GST-K7-BIR).

Since the BIR domains on other IAPs have been shown
to be able to interact with activated caspase-3 and -7, we
tested whether K7 could bind to caspase-3. The K7 BIR
domain alone was suf®cient to bind to active caspase-3
(Figure 6E, GST-K7-BIR and GST-K7-CTDBH2). This
interaction was speci®c, since K7 did not pull-down the
predominant procaspase-3 (Figure 6E). Further evidence
that K7 and active caspase-3 interact in vivo through the
BIR domain were provided by in vivo coimmunoprecipita-
tion experiments from HeLa cells cotransfected with Bax
and either wild-type or BIR-deleted mutant K7 (D73±82;
Figure 6F). Cell extracts were immunoprecipitated with
anti-HA mAb and blotted for caspase-3; only wild-type K7
could pull down endogenous active caspase-3 (Figure 6F).

Since K7 is capable of interacting with both Bcl-2 and
active caspase-3, we next tested whether K7 could bridge
these two proteins together in a complex. Accordingly, K7
was transiently expressed in cells and coimmunoprecipita-
tion was performed using anti-Bcl-2 mAb and K7-positive
or -negative cell lysates. Active caspase-3 can be precipi-
tated in the same immune complexes only when K7 is
present in lysates (Figure 6G). In an in vitro caspase
activity assay, endogenously expressed K7 inhibited the
activity of recombinant active caspase-3, and the deletion
of the BH2 domain abolished this inhibitory ability
(Figure 6H).

Discussion

The recent growth in biological databases and rapid
development of novel computational methods have facili-
tated the identi®cation of the roles of many new genes
(Eisenberg et al., 2000; Thornton, 2001). Here we report
an example of this, where we used the available online
databases and programs to predict and then identify the
function of an unknown protein, the K7 protein of KSHV.
K7 is one of the few KSHV ORFs that is not present in
viruses closely related to KSHV (Albrecht et al., 1992;
Russo et al., 1996; Alexander et al., 2000). We therefore
hypothesized that K7 was more recently acquired from the
host genome than other KSHV genes with cellular
homologues, and that K7 should therefore have an
identi®able cellular counterpart. Database searches ®rst
identi®ed putative BH2-like and BIR domains present in
K7 (Figure 1A). Further analyses identi®ed a plant-form
MTS, a putative N-myristoylation site and an N-glycosyla-
tion site (Figure 1A). Our computational data thus
suggested that K7 is an anti-apoptotic protein, which is
related in particular to a spliced variant of human survivin,
survivin-DEx3 (E = 0.014; Figure 1C).

survivin-DEx3 is a spliced variant that lacks exon 3 of
wild-type survivin; this results in an interrupted BIR
domain and generates a frame shift resulting in a novel 63-
amino-acid-long C-terminus (Figure 1C) (Mahotka et al.,
1999). survivin-DEx3 has been shown to be expressed in
cancer tissues and to have anti-apoptotic properties,
similar to survivin (Mahotka et al., 1999; Krieg et al.,
2002). When we used speci®c primers to amplify the
survivin transcript from a human fetal cDNA library,
survivin-DEx3 was also ampli®ed (con®rmed by sequen-

Fig. 5. K7 inhibits apoptosis. (A) K7 protects cells from death receptor-
mediated apoptosis. HeLa cells transfected with a K7-expressing plas-
mid or with vector alone were exposed 24 h post-transfection to 10 ng/ml
TNF-a or 100 ng/ml anti-Fas mAb plus 1 mg/ml CHX. Apoptotic cells
were double stained with Annexin V±FITC/PI and counted by ¯ow cy-
tometry. Results are expressed as the mean 6 SD of three independent
experiments. (B) K7 rescues Bax-induced apoptosis. HeLa cells were
transfected with 100 ng of Bax-expression plasmid plus 400 ng (4:1),
900 ng (9:1) or 1800 ng (18:1) of the indicated constructs. Forty-eight
hours post-transfection, all cells, both adherent and in suspension, were
pooled, washed and stained with the mitochondrial membrane-speci®c
dye CMXRosamine to assess the mitochondrial membrane potential
(DYm), and were then analysed by ¯uorescence activated cell sorting
(FACS). Inhibition percentage was calculated as follows: (% apoptosis
in Bax-transfected cells) ± (% apoptosis in the indicated DNA-cotrans-
fected cells)/(% apoptosis in Bax-transfected cells), where % apoptosis
is the percentage of apoptotic cells relative to transfected cells. (C)
Both the putative BH2 and the BIR domains of K7 appear to be essen-
tial for inhibition of TNF-a induced cell death. HeLa cells transfected
with the indicated expression plasmids were treated with TNF-a plus
CHX. Twenty-four hours after treatment, cell viability was monitored
by PI staining and by FACS counting (top panel). (Bottom panel) The
expression of wild or mutant types is shown.
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Fig. 6. K7 interacts with Bcl-2 and activated caspase-3 via its BH2 and BIR domains, respectively. (A) K7 and Bax do not bind in vitro. HeLa cell
extracts, which contain endogenous Bax, were incubated with GST or GST-K7-CT recombinant proteins as described in Figure 3E. Speci®cally
retained proteins were blotted with either anti-Bax Ab (upper panel) or anti-GST Ab (bottom panel). (B) Bax does not bind to K7 in vivo. HeLa cells
were transfected with Bax plus the indicated expression plasmids and then subjected to GST pull-down assays 48 h post-transfection. Asterisks indi-
cate the expressed GST fusion proteins. (C) K7 heterodimerizes with Bcl-2 in vivo. HeLa cells were cotransfected with equal amounts of Bcl-2 and
the indicated plasmids. Transfected cells were harvested and GST pull-down assays were performed to detect coprecipitated Bcl-2. (D) The C-terminal
BH2 domain of K7 is essential for Bcl-2 interaction. HeLa cell extracts were subjected to in vitro GST pull-down assays with the indicated K7
mutants. Speci®cally bound Bcl-2 was detected by an anti-Bcl-2 mAb. The GST±VDAC3 recombinant protein served as a positive control. (E) K7
interacts with active caspase-3. HEK 293 cells were treated for 8 h with 10 ng/ml TNF-a plus 1 mg/ml CHX, and cell lysates were then mixed with
the indicated recombinant proteins. Bounded caspase-3 was analysed by an anti-caspase-3 mAb, which recognizes both pro- and activated caspase-3.
(F) K7 and active caspase-3 interact in vivo through the BIR domain. Cell extracts were made 48 h post-transfection from HeLa cells cotransfected
with Bax and wild-type or BIR mutant of K7. Anti-HA mAb and isotype control were used to pull down K7, followed by western blot analysis with
anti-caspase-3 mAb. (G) Bcl-2 precipitates active caspase-3 in the presence of K7. HeLa cells were cotransfected with 15 mg each of plasmids encod-
ing K7 (or empty vector) and Bax. Cell extracts were prepared 2 days later and immunoprecipitations were performed using anti-Bcl-2 mAb. Immune
complexes were analysed by western blot with anti-caspase-3 mAb. (H) K7 is an inhibitor of activated caspase-3. Fluorescent substrate (Sub) and
recombinant activated caspase-3 (rCas3) were mixed with RIPA buffer or with protein extracts from K7-transfected or non-transfected HeLa cells.
Reaction mixtures were incubated for 1 h at 37°C before determinion of ¯uorescence. A caspase-3 inhibitor was used as a positive control.
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cing) (Figure 1C). survivin-DEx3 is therefore not only
expressed in certain cancers, but is also expressed in fetal
tissues, similar to survivin (Ambrosini et al., 1997; Adida
et al., 1998). This protein may therefore be another
oncofetal protein detectable in cancers (Warnes and
Smith, 1987). Our computational data also showed that
survivin-DEx3, like KSHV K7, contains a BH2-like
domain, a putative N-myristoylation site and a plant-
form MTS (Figure 1C). Structural prediction programs
and phylogenetic analyses showed that the K7 putative
BIR and BH2 domains are most similar to those found in
survivin-DEx3 (Figure 1B, E and G), further demonstrat-
ing the similarity between these two proteins. However,
the putative BH2-like domains in K7 and survivin-DEx3
show only weak sequence similarity to other known BH2
motifs (Figure 1F).

KSHV encodes an array of cellular homologues,
including cyclin, Bcl-2, IL-6, chemokine, FLIP and
GPCR (G protein-coupled receptor) homologues (Moore
et al., 1996; Russo et al., 1996; Neipel et al., 1998). The
mechanisms by which a DNA virus that does not integrate
into the host genome acquires cellular genes are not clearly
understood. The fact that K7 represents a spliced variant of
a cellular gene (survivin) and the observation that the
KSHV vFLIP is similar to the smaller spliced variant of
cellular FLIP (Irmler et al., 1997) suggests that the virus
incorporated cDNA of spliced cellular mRNA, not host
genomic DNA, into its genome.

We ®rst tested whether K7 is expressed in KSHV-
infected PEL cells during the latent phase or only during
the lytic phase of infection. Both northern blot and
RT±PCR data indicated that K7 transcripts are present
upon lytic induction (Figure 2). Like vBcl-2, K7 may
therefore prolong the lytic phase allowing maximum viral
progeny production (Sun et al., 1999). Three K7-speci®c
RNAs, of 1.8, 3 and 5 kb in length, could be detected in
KSHV-positive PEL cells (Figure 2B). The 1.8 kb K7
RNA is probably transcribed from the putative TATA box
upstream of K7 ORF to the polyadenylated signal
downstream of the PAN RNA gene (Figure 2A) (Sun
et al., 1996). The expression pattern of the 1.8 kb K7 RNA,
which appears as early as 2 h post-induction of the lytic
cycle, correlates with other immediate-early genes of
KSHV (Sun et al., 1999). Furthermore, the existence of
multiple K7 transcripts at different time points indicates
differential regulation of the transcripts from the K7 gene
locus.

In transfected cells, the observed K7 protein is similar in
size to the predicted 16 kDa, and an additional 19 kDa
protein is also present (Figure 3). Only the 16 kDa form
locates to the ER, suggesting that the 19 kDa form is due to
post-translational modi®cation occurring at the post-ER
stage (Figure 4C). The treatment of transfected cells with
tunicamycin, a potent inhibitor for N-glycosylation, and a
point mutation in the N-glycosylation site of K7 resulted in
the disappearance of the modi®ed protein, con®rming that
the 19 kDa form of K7 is a glycoprotein (Figure 3B). In
cells, N-glycosylation allows the ef®cient targeting of
neoglycoproteins to subcellular organelles, helps protein
folding and controls protein degradation (Helenius and
Aebi, 2001). The glycosylation of K7 can be enhanced by
TNF-a treatment (Figure 3C), indicating an important role
of N-glycosylation in the anti-apoptotic function of K7.

This modi®cation, together with other modi®cations such
as phosphorylation, might prolong the half-life of K7 or
serve as a recognition tag for K7-interacting partners.
However, the glycosylation of K7 is not essential for K7 to
form homodimers or to form heterodimers with Bcl-2,
since the GST-K7-CT/GST-K7-BIR recombinant proteins
expressed from E.coli can still interact with K7 or Bcl-2 in
HeLa cell extracts (Figures 3E and 6D).

Immuno¯uorescence assays with a HA-tagged K7
showed predominant mitochondrial localization (Figure
4B). Cell fractionation assays con®rmed that K7 localizes
not only to mitochondria but also to the ER, similar to the
cellular distribution of Bcl-2 (Figure 4C). Deleting the
putative MTS of K7 abolished its mitochondrial localiza-
tion (Figure 4D). Comparing the fractionation data of
wild-type and GST±K7 fusion proteins suggests that the
GST domain interferes with the localization of K7 to its
target organelles (Figure 4C and D). Therefore, in Figure 4D,
the mitochondrial targeting by the N70 region or full-
length K7 is not as ef®cient as is seen with the wild-type
form of K7 (Figure 4C). However, the N-terminal 70
amino acids of K7 alone is suf®cient to bring the GST
domain into mitochondria and ER (Figure 4D). Com-
putational analyses revealed that K7 possesses an unusual
plant-form MTS. It has been shown that a plant
mitochondrial matrix protein, manganese superoxide
dismutase, is ef®ciently imported and correctly processed
by yeast mitochondria, suggesting a highly conserved
mitochondrial-importing mechanism between plants and
yeast (Bowler et al., 1989). Also, the mammalian
translocases on the mitochondrial inner membrane show
a sequence similarity to a channel-forming amino acid
transporter in the outer envelope of chloroplasts, and to
LivH, a component of a prokaryotic amino acid permease
(Rassow et al., 1999; Rassow and Pfanner, 2000). Thus,
some components in the mitochondrial transport system
are evolutionarily conserved, and some plant MTSs are
still functional in animal cells and vice versa. The human
cytomegalovirus (CMV) also encodes a mitochondria-
localized anti-apoptotic protein, vMIA (viral mitochon-
drial inhibitor-of-apoptosis) (Goldmacher et al., 1999).
Like K7, vMIA contains a single transmembrane domain
and an N-terminal plant-form mitochondria-targeting
domain, which is suf®cient for mitochondrial targeting
(Goldmacher et al., 1999; Hayajneh et al., 2001). Why
these viral mitochondrial proteins have plant MTSs are
unknown. It might indicate that a selective advantage is
obtained with this sequence, making the mitochondrial
translocation of these viral proteins more ef®cient.

In transfected cells, K7 blocks TNF-a, anti-Fas mAb
and Bax-induced apoptosis (Figure 5). This anti-apoptotic
function of K7 was abolished when the putative BH2 or
BIR domain was deleted (Figure 5C). Mechanistic studies
showed that K7 interacts with both Bcl-2 and active
caspase-3 (Figure 6C±F). survivin and other mammalian
IAPs (XIAP, c-IAP-1 and c-IAP-2) have been shown to
directly bind to and inhibit the terminal effectors caspase-3
and -7 in vitro and in vivo (Deveraux et al., 1998; Tamm
et al., 1998; Jiang et al., 2001; Shin et al., 2001). However,
none of these IAPs has been shown to interact with Bcl-2
family members. The functional BH2 motif on K7 is
responsible for the interaction of K7 with Bcl-2 and the
BIR domain for caspase-3 interaction (Figure 6C±F).
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These interactions are speci®c since K7 does not bind to
Bax (Figure 6A and B) or procaspase-3 (Figure 6E). Thus,
K7 appears to be a BH2-only protein that can bind to Bcl-2
without a BH1 domain. Although the important C-terminal
end of the BH2 domain in Bcl-2 (amino acids 193±202)
(Borner et al., 1994; Yin et al., 1994) is absent in K7, and
the similarity between the BH2 domain of K7 and other
BH2 motifs is not statistically signi®cant (Figure 1F), our
data still show that it is essential for Bcl-2 binding (Figure
6C and D). By performing an in vivo coimmunoprecipita-
tion assay, we have further shown that in the presence of
K7, endogenous Bcl-2 can pull down endogenous active
caspase-3 (Figure 6G). To test whether K7 can interfere
directly with caspase-3 activity, we used a cell-free system
in which recombinant active caspase-3 was added together
with cytosolic extracts derived from control or K7-
transfected cells. K7 was able to reduce caspase-3 activity
and the deletion of the K7 BH2 domain abolished its
caspase-3 inhibitory ability (Figure 6H, DC11 and DC32),
suggesting that the BH2 domain of K7 is not only essential
for its anti-apoptotic function but is also crucial for the
inhibition of caspase-3 activity. This suggests that K7 is an
adaptor protein, linking the Bcl-2 family members directly
to the effector caspases, thereby enabling Bcl-2 to inhibit
the activities of activated effector caspases (Figure 7).

The direct regulation of some caspases by Bcl-2 family
proteins via adaptor molecules has been described in
Caenorhabditis elegans: CED-9 blocks apoptosis by
binding to and neutralizing CED-4 (an adaptor), an
essential activator of CED-3 caspase (Frade and
Michaelidis, 1997). In mammalian cells, the CED-9
homologues Bcl-2 and Bcl-XL also block apoptosis by
interfering with the activation of CED-3-like caspases.
Bcl-XL and Boo, a novel anti-apoptotic member of the
Bcl-2 family, have been reported to bind to the CED-4
homologue Apaf-1, through which they may inhibit the
association of Apaf-1 with procaspase-9 and thereby
prevent caspase-9 activation (Hu et al., 1998; Pan et al.,
1998; Song et al., 1999). Although some other reports
argue about this (Moriishi et al., 1999; Conus et al., 2000;
Newmeyer et al., 2000), several adaptor proteins such as
BAR (Zhang et al., 2000), Aven (Chau et al., 2000) and
the ER-localized protein Bap31 (Ng et al., 1997; Nguyen
et al., 2000) have been described to bridge initiator
caspases (such as procaspase-8) or Apaf-1 to Bcl-2 family
members to prevent apoptosis, and form complexes with
Bcl-2/Bcl-XL anti-apoptotic proteins, but not with Bax/
Bak pro-apoptotic regulators (Ng et al., 1997; Chau et al.,
2000; Zhang et al., 2000). Our data suggest that K7 is the
®rst identi®ed protein linking Bcl-2 to effector caspases,
thus acting as an adaptor molecule. Furthermore, because
of the structural and functional similarities between K7
and survivin-DEx3, survivin-DEx3 might be the cellular
homologue of K7 and functions as an endogenous adaptor
protein.

In adults, the expression of survivin is limited to active
proliferating cells such as bone marrow CD34+ precursor
cells and proliferating mature endothelial cells (Tran et al.,
1999; Fukuda and Pelus, 2001; Mesri et al., 2001). KSHV
has been shown to infect CD34+ precursor cells and mature
endothelial cells in vivo (Boshoff et al., 1995; Dupin et al.,
1999; Henry et al., 1999). In vitro studies also showed that
KSHV could infect these two cell types (Flore et al., 1998;

Panyutich et al., 1998; Renne et al., 1998; Ciufo et al.,
2001; Mikovits et al., 2001; Lagunoff et al., 2002). It is
therefore possible that survivin-DEx3 is also expressed in
these cell types, where an ancestral KSHV pirated the
cellular transcript/cDNA. Further analysis of the tissue
distribution pattern of survivin-DEx3 may help to eluci-
date the natural host cells of KSHV and the cell types of
KSHV-associated tumours. Overall, our data indicate that
K7 is a functional homologue of survivin-DEx3 and this is
the ®rst herpesviral IAP-family member identi®ed. We
therefore designate K7 as vIAP (viral inhibitor-of-
apoptosis protein).

Materials and methods

Computational analysis
Homologue searches for K7 were performed by using the PSI-BLAST
protein database (Altschul et al., 1997; Schaffer et al., 2001) at The
National Center for Biotechnology Information (NCBI; National
Institutes of Health, Bethesda, MD; http://www.ncbi.nlm.nih.gov/
BLAST) and by the SSEARCH algorithm at the Pole Bio-Informatique
Lyonnais (http://pbil.ibcp.fr). Amino acid sequences were aligned using
the ClustalW program from the European Bioinformatics Institute (EBI;
http://www.ebi.ac.uk/clustalw) (Thompson et al., 1994) then modi®ed
online by the Boxshade program from the Pasteur Institute (France; http://
bioweb.pasteur.fr/seqanal/interfaces/boxshade.html). TreeView software
downloaded from the Taxonomy and Systematics server at the University
of Glasgow (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html) was
used to draw a phylogenic tree for aligned proteins. The MatInspector
(Quandt et al., 1995) and PIX (protein identi®cation of unknown
sequences) algorithms at the UK Human Genome Mapping Project
(HGMP) Resource Centre (http://www.hgmp.mrc.ac.uk) were used to
deduce the potential TATA box(es) of the K7 gene and functional motifs
in the K7 protein. The domains and motifs in K7 were also found
by the iPSORT Prediction and MITOPORT programs (http://
www.HypothesisCreator.net/iPSORT/) at the Expasy Molecular
Biology Server (http://www.expasy.ch/). The New Geno3D service (at
http://geno3d-pbil.ibcp.fr) was used for the modelling of proteins' 3D
structure, and the RasMol software downloaded from the University of
Massachusetts (http://www.umass.edu) was then used to view the
resulting ®les.

Fig. 7. Proposed model of K7 (vIAP) function. One function of K7
(vIAP) may be as a molecular adaptor to present activated caspases to
anti-apoptotic proteins, such as Bcl-2.
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Plasmids
Plasmids expressing Bcl-2 (pBabe-Bcl2) and Bcl-XL (pcDNA-Bcl-XL)
were gifts from Dr Eric Lam (Ludwig Institute, London, UK). The
constructs expressing recombinant GST±VDAC3 (pGVDAC3) and HA-
tagged VDAC3 protein (pCMV4HA-VDAC3) were kindly provided by
Dr Aleem Siddiqui (Department of Microbiology, University of Colorado
Health Sciences Center) (Rahmani et al., 2000). The K7 ORF, 5¢-UTR of
K7 mRNA, PAN RNA, Bax and GAPDH cDNAs were cloned by
RT±PCR as described previously (Wang et al., 1997). Total RNA from
the PEL cell line BC-3 was extracted using the total RNA isolation kit
(Qiagen, Crawley, UK) and ampli®ed by RT±PCR using the following
primer pairs: for K7, 5¢-GCCACCATGGCATACCCATACGACGTC-
CCAGACTACGCTGGAACACTGGAGATAAAAGGG (predicted start
codon in bold and the HA epitope sequence underlined) and 3¢-
CGCCTCGAGCTAAGCGTAGTCTGGGACGTCGTATGGGTACAA-
CTGGCCTGGAGATTGAATCC (predicted stop codon in bold, one
XhoI site in italic and underlined, and the HA epitope sequence
underlined); 5¢-UTR of K7 mRNA, 5¢-CGACTGGTTGCGGAAGT-
ATTCGC and 3¢-GCTAAACTGACTCAAGCTGGC; PAN RNA, 5¢-
ACTGGGACTGCCCAGTCACC and 3¢-GCGCCTCGAGCTACAAC-
TGGCCTGGAGATTG; Bax, 5¢-GCAGATCATGGACGGGTCCGGG-
GAGCAG (start codon in bold) and 3¢-GAGTTAGCCCATCTTCTT-
CCAGATGG (stop codon in bold); and for GAPDH, 5¢-ATG-
GGGAAGGTGAAGGTCGG and 3¢-GGTCTTACTCCTTGGAGGC.
The ampli®ed fragments were TA cloned into a eukaryotic expression
vector pCR3.1-TOPO/V5-His (Invitrogen, Groningen, The Netherlands)
according to the manufacturer's instructions. The primers used to amplify
survivin or survivin-DEx3 cDNA from human fetal RNA were as
described previously (Mahotka et al., 1999).

The deletion and point mutations introduced in the pCR3.1-K7 were
created using the QuickChange mutagenesis kit (Stratagene, Amsterdam,
The Netherlands), as per the manufacturer's instructions, and the
following mutation primer pairs (all mutated nucleotides are shown in
bold): for DC11 (amino acid Leu116 is mutated to a stop codon), 5¢-CA
GTCACCCCTTGCGGGTAATTGCATTGGATTCAATC and 3¢-GA-
TTGAATCCAATGCAATTACCCGCAAGGGGTGACTG; for DC32
(Glu95 is mutated to a stop codon), 5¢-GCTCTCCATAAGCCCGCA-
TAACAAAAGCTGCGATTTGC and 3¢-GCAAATCGCAGCTT TTGT-
TATGCGGGCTTATGGAGAGC; for D73±82, 5¢-CCTGGCTTTCGGC-
TAGGTTTTCCGTCCTACTTTTCAACACCGCGCGGTCTGGAGCT-
CTCCATAAGCCCGC and 3¢-GCGGGCTTATGGAGAGCTCCAGA-
CCGCGCGGTGTTGAAAAGTAGGACGGAAAACCTAGCCGAAA-
GCCAGG; for N108Q (Asn108 is mutated to Gln), 5¢-GCCCA-
AAAACCTTGCCATGGCCAATATACAGTCACCCCTTGCGG and
3¢-CCGCAAGGGGTGACTGTATATTGGCCATGGCAAGGTTTTTG.

Constructs pGST-K7, pGST-K7-C56 and pGST-K7-N70, which could
express a series of GST±K7 fusion proteins in eukaryotic cells, were
created by PCR ampli®cation of the full-length (pGST-K7) C-terminal 56
amino acids (pGST-K7-C56), or the N-terminal 70 amino acids (pGST-
K7-N70) from pCR3.1-K7 using the following primer pairs: for full-
length K7 cloning, 5¢-GCCGGATCCACCATGGCAGGAACAC-
TGGAGATAAAAGGG (predicted start codon in bold and BamHI site
underlined) and 3¢-CCGGAATTCCTACAACTGGCCTGGAGATTG
(EcoRI site underlined); for K7 C-terminus cloning, 5¢-CGC-
GGATCCCTTTTCCCACATTGGCCTG (BamHI site underlined) and
the 3¢primer was the same as that used in pGST-K7 cloning; and for the
K7 N-terminal fragment, the 5¢ primer was the same as that used for
pCR3.1-K7 cloning and 3¢-CCGGAATTCTAGGACGGAAAACCACC
(EcoRI site underlined). These PCR products were then digested with
BamHI and EcoRI and in-frame ligated into the similarly cut vector
pGST, which contains a CMV immediate-early promoter followed by a
GST domain.

pGEX6P-1-K7-CT was used to produce recombinant GST-K7-CT
protein and was constructed as follows: cDNA encoding the C-terminus
of K7 (amino acids 71±126) was PCR ampli®ed from the full-length K7
ORF cDNA with the primer pairs used in the construction of pGST-K7-
C56. The PCR product was puri®ed and restriction enzyme digested with
BamHI and EcoRI, and ligated in-frame into similarly cut pGEX6P-1
vector (Amersham Pharmacia Biotech, Buckinghamshire, UK).
pGEX6P-1-K7-CTDBH2 and pGEX6P-1-K7-BIR were used to express
recombinant GST-K7-CTDBH2 and GST-K7-BIR proteins, respectively.
Both plasmids were constructed by introducing a point mutation at amino
acids 116 or 95 in pGEX6P-1-K7-CT, using the same mutagenesis kit and
primers as those used in the construction of pCR3.1-K7-DC11 and
pCR3.1-K7-DC32.

Cell cultures, transfection and induction of viral replication
Cell cultures were performed as described previously (Sharp et al., 2002).
For transient transfections, 4 3 105 of human embryonic kidney (HEK)
293 or HeLa cells were plated in a 25 cm2 ¯ask, and the following day
were transfected by FuGENE 6 according to the manufacturer's
instructions (Roche Diagnostics, Mannheim, Germany). Tunicamycin
treatment of K7 transfected cell lines was performed by adding
tunicamycin to the culture medium, to a ®nal concentration of between
1 and 10 mg/ml for 24 h before cell harvest.

Prior to induction of virus replication in PEL cells, dead cells were
removed from the cultures by density centrifugation through Lymphoprep
(Nycomed, Roskilde, Denmark). Cells were then resuspended in fresh
medium and viral replication was induced by the addition of TPA (Sigma,
St Louis, MO) at 20 ng/ml. Cells were harvested at the indicated time
points, washed once with phosphate-buffered saline (PBS), then extracted
using a total RNA isolation kit (Qiagen, Crawley, UK) before freezing
at ±80°C.

Immuno¯uorescent assay and subcellular fractionation
Subcellular localization was performed as described previously (La Bella
et al., 2000). For immuno¯uorescent assay, subcon¯uent layers of HeLa
cells (1 3 105) were grown on glass coverslips and transfected with
FuGENE 6. Forty-eight hours after transfection, cells were washed three
times with PBS and ®xed for 20 min at ±20°C with methanol/acetone
(1:1), and then washed again with PBS. Cells were then blocked for 1 h
with blocking buffer [3% bovine serum albumin (BSA) in PBS with
1 mM MgCl2 and 1 mM CaCl2], before 1±2 h of incubation with primary
antibody [anti-HA (1:500, mouse monoclonal antibody; BabCo,
Cambridge, UK), anti-Bax (1:1000, rabbit polyclonal antibody; a gift
from Mary Collins), anti-Bcl-2 (1:250, mouse monoclonal antibody; BD
Pharmingen, Basingstoke, UK), anti-Bcl-XL (1:500, rabbit polyclonal
antibody; Sigma) and anti-GST (1:1000, rabbit polyclonal antibody;
Transduction Labs, Lexington, KY)] diluted in washing buffer (0.3%
BSA in PBS with 1 mM MgCl2 and 1 mM CaCl2). After washing, the
cells were incubated with the indicated ¯uorescent secondary antibodies
[1:200; donkey anti-mouse IgG congugated to FITC or AMCA
(purchased from DAKO diagnostics), and donkey anti-rabbit IgG coupled
to FITC (Jackson Immunochemicals, West Grove, PA)] for 1 h at 20°C,
then mounted on glass slides with 20 ml of glycerol. In some experiments,
cells were incubated further with 20 mM of MitoTracker Red CMXRos
(Molecular Probes Europe, Rijnsburgerweg, The Netherlands) at 20°C for
10 min to stain mitochondria, then washed three times with PBS. In
colocalization experiments, cellular nuclei were counterstained with
Hoechst 33258 (Sigma) (Negri et al., 1997). Control slides were stained
with secondary antibody alone. Images of protein localizations or cell
organelles were obtained using a laser-scanning confocal microscope
(Leica TSC Confocal Systems, Milton Keynes, UK).

Induction of apoptosis, apoptotic assay and ¯ow cytometry
For TNF-a and anti-Fas mAb-induced apoptosis, transfected HeLa cells
were cultured in the presence of 10 ng/ml of TNF-a (Sigma) or 100 ng/ml
anti-Fas IgM mAb (clone CH11; Upstate Biotechnology, UK) plus 1 mg/ml
of CHX (Sigma) for 16 h. For Bax cotransfection experiments, 4 3 105

HeLa cells were transfected with the indicated expression plasmids and
incubated at 37°C for 48 or 24 h. The annexin V±FITC/PI double staining
assay was performed according to the manufacturer's instructions (BD
Pharmingen). To measure mitochondrial transmembrane potential
(DYm), 5 3 105 transfected HeLa cells were incubated with 500 mM of
CMXRos added to the culture media at 37°C for 30 min and then
detached by trypsin. To evaluate cell viability, cells were trypsinized and
resuspended in PI solution (2 mg/ml PI in PBS with 1% BSA and 0.01%
azide) at 20°C for 20 min. Treated cells were washed once in PBS then
analysed for ¯uorescence using FACSCaliburÔ ¯ow cytometry together
with the CellQuest software (Becton Dickinson, Franklin Lakes, NJ). At
least 20 000 cells were counted in each experiment, and the numbers
reported represent the average and standard deviation (SD) of at least
three independent experiments.

In vitro caspase-3 activity assays
The measurements of caspase-3 activity in cell lysates or in RIPA buffer
were performed using the Active Caspase-3 (CPP32) SET kit (BD
Pharmingen) according to the manufacturer's instructions. Transfected
HeLa cell extract (1 ml) from one 35-mm dish was mixed with 10 ml of
¯uorogenic substrate and 50 ng of puri®ed active caspase-3, and
incubated for 1 h at 37°C. Liberated ¯uorescence was measured using
the STORM spectro¯uorometer (Amersham Pharmacia Biotech) with an
excitation wavelength of 400 nm and an emission wavelength of 505 nm.
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In a separate reaction, 10 ml of the inhibitor peptide was added into the 1
ml assay mixture as a positive control for inhibition.

Miscellaneous methods
The methods used for northern blot analysis were as described previously
(Wang et al., 1997). The expression of GST±K7 recombinant fusion
proteins, GST pull-down assays, in vivo coimmunoprecipitation and
western blots were also performed as described (Sharp et al., 2002).
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