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Deletion of the AS6R or K2L gene of vaccinia virus (VACV) results in the spontaneous fusion of infected cells
to form large multinucleated syncytia. A56 and K2 polypeptides bind to one another (A56/K2) and together are
required for interaction with the VACV entry fusion complex (EFC); this association has been proposed to
prevent the fusion of infected cells. At least eight viral polypeptides comprise the EFC, but no information has
been available regarding their interactions either with each other or with A56/K2. Utilizing a panel of
recombinant VACVs designed to repress expression of individual EFC subunits, we demonstrated that A56/K2
interacted with two polypeptides: A16 and G9. Both A16 and G9 were required for the efficient binding of each
to A56/K2, suggesting that the two polypeptides interact with each other within the EFC. Such an interaction
was established by the copurification of A16 and G9 from infected cells under conditions in which a stable EFC
complex failed to assemble and from detergent-treated lysates of uninfected cells that coexpressed A16 and G9.
A recombinant VACV that expressed G9 modified with an N-terminal epitope tag induced the formation of
syncytia, suggesting partial interference with the functional interaction of A56/K2 with the EFC during
infection. These data suggest that A16 and G9 are physically associated within the EFC and that their
interaction with A56/K2 suppresses spontaneous syncytium formation and possibly “fuse-back” superinfection

of cells.

The simplest infectious form of vaccinia virus (VACV),
called the mature virion (MV), consists of an outer membrane
with at least 20 associated proteins surrounding a core con-
taining the double-stranded DNA genome, enzymes and fac-
tors required for the transcription of early genes, and numer-
ous structural proteins (9, 19). During virus assembly, some
MVs are wrapped with additional membranes that facilitate
intracellular movement, exocytosis, and cell-to-cell spread
(29). Extracellular enveloped virions (EVs) are essentially
MVs with an additional membrane, which is opened or re-
moved prior to the fusion of the MV and cell membrane during
virus entry (18). Thus, the viral fusion proteins are components
of the MV membrane rather than the EV-specific membrane
(20). Mutagenesis and affinity purification studies have shown
that at least eight MV membrane polypeptides are required for
entry and have no other known function (4, 16, 21, 22, 25, 26,
28, 30, 31). The components of this entry/fusion complex
(EFC) are conserved in all poxviruses, indicating a common
mechanism of infection. Studies with VACYV indicate that fu-
sion may occur in a pH-independent manner at the plasma
membrane (1, 7, 8) or in a pH-dependent manner within en-
dosomes (32, 33).

The EFC is also required for cell-cell fusion (28, 37), which
can be induced by briefly lowering the pH (10, 13) or prevent-
ing expression of either the A56 (15, 24) or K2 (17, 34, 38)
polypeptide. The glycosylated A56 polypeptide, referred to as
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the hemagglutinin (HA), is found on the plasma membrane of
infected cells as well as in the outer EV membrane (3, 23). The
glycosylated K2 polypeptide belongs to the serine protease
inhibitor family, although the active site is not required for its
fusion inhibitory function (35). Because K2 does not have a
transmembrane segment, localization to the EV and plasma
membrane is dependent on an association with A56 to form an
A56/K2 multimer (5, 36). The physical interaction of A56/K2
with the EFC complex suggests a basis for the fusion regulatory
role of A56/K2 (37). Prior to the present study, the interactions
of individual EFC polypeptides with one another or with
A56/K2 had not been elucidated. Here we describe the phys-
ical association of two EFC polypeptides, A16 and GY, and
their specific interactions with A56/K2.

MATERIALS AND METHODS

Cells and viruses. BS-C-1 (ATCC CCL-26) cells were maintained in minimum
essential medium with Earle’s balanced salts (Quality Biological, Gaithersburg,
MD) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
penicillin, and streptomycin. HeLa S3 (ATCC CCL-2.2) suspension cells were
grown in minimum essential medium with the spinner modification (Quality
Biological) with 5% equine serum. 293TT cells that stably express the large T
antigen, a gift from Chris Buck (6), were grown in Dulbecco minimum essential
medium (DMEM; Quality Biological) supplemented with 10% FBS, 2 mM
L-glutamine, and 400 pg/ml hygromycin (Invitrogen, Carlsbad, CA). The Western
Reserve (WR) strain of VACV was used in the construction of all recombinant
viruses unless otherwise noted. The general procedures used for preparing and
titrating the stocks have been described previously (11).

Plasmid and recombinant VACV construction. The recombinant viruses con-
structed for this study (Table 1) were vA28iAS6TAP, vA21iAS6TAP, vA28iA56
TAPIJ5Flag, vA28iAS6TAPG93XFlag, vA28iA163XFlag, vA28iG93XFlag, vA16
iA56TAPG93XFlag, vG9iA56TAP, vG9-HA(N), vG9-HA(C), and vG9-AU1(N)
[where “v” refers to virus, “i” indicates an inducible gene, “TAP” refers to a
tandem affinity purification tag, “3XFlag” indicates three copies of the Flag
epitope, “HA” and “AU1” refer to the influenza virus HA epitope tag and the
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TABLE 1. Recombinant VACV
Recombinant virus Parent Description Reference
vA16i vI7lacOl Inducible A16 22
vA16iAS6TAP vA16i Inducible A16; A56-TAP*
vA16iAS6TAPG93XFlag VA16iAS6TAP Inducible A16; A56-TAP4; G9-Flag”
vA2li vI7lacOI Inducible A21 31
VA21iAS6TAP VA2li Inducible A21; AS6-TAP?
VvA28i vI7lacOI Inducible A28-HA® 27
vA28iA163XFlag vA28i Inducible A28-HA®; A16-Flag”
VvA28iAS6TAP VvA28i Inducible A28-HA®; A56-TAP“
vA28iAS6TAPG93XFlag VA28iAS6TAP Inducible A28-HAS; A56-TAP*; G9-Flag”
vA28iA56TAPJ5Flag VA28iA56TAP Inducible A28-HA®; A56-TAP“; J5-Flag”
vA28iG93XFlag vA28i Inducible A28-HA®; G9-Flag”
vA56TAP vAAS56 A56-TAP* 37
vG9i vI7lacOI Inducible G9-HA® 21
vG9iA56TAP vG9i Inducible G9-HA®; A56-TAP“
vL5i vI7lacOl Inducible L5 30
vG3i vI7lacOI Inducible G3 A. Townsley
vH2i vI7lacOl Inducible H2 25
vJ5i vI7lacOI Inducible J5-Flag?
vG9-HA(N) vG9i G9-HA®
vG9-HA(C) VACV WR G9-HA*
vG9-AU1(N) VACV WR G9-AUV

“TAP tag at C terminus.

® 3XFlag tag at C terminus.

¢ C-terminal HA tag.

4 Flag tag (1X) at N terminus.
¢ N-terminal HA tag.

/AU tag at C terminus.

AUI epitope tag, respectively, and (N) and (C) refer to the amino and carboxy
termini, respectively, of the protein]. Recombinant viruses were screened by
PCR to confirm the absence of parental virus, and sequencing was used to verify
the inserted DNA. vA28iA56TAP, vA21iA56TAP, vA16iAS6TAP, and vG9iAS56
TAP were constructed from vA28i (27), vA21i (31), vA16i (22), and vG9i (21),
respectively, by appending the codons for a C-terminal TAP tag to the A56 gene.
The DNA used to construct the C-terminal TAP tag has been described previ-
ously (37). vA28iAS6TAP was the parental virus for the construction of
vA28iA56TAPJ5Flag. An overlapping PCR (AccuPrime Pfy; Invitrogen) was
used to assemble the DNA for the subsequent virus recombination. The layout
of the DNA sequence for the J5Flag construct from the 5’ to 3’ end was as
follows: (i) 500 bp of DNA sequence upstream of the J5R gene, (ii) enhanced
green fluorescent protein (GFP) expressed from the I1L promoter, (iii) 70
nucleotides containing the JSR promoter, and (iv) the initial methionine of J5R,
followed by the DNA sequence for the Flag epitope (DYKDDDK) and then the
remaining DNA sequence of the J5R gene. The recombinant PCR product was
cloned into pCR-BluntII-TOPO (Invitrogen) and verified by DNA sequencing.
The J5Flag plasmid was linearized by cleavage with a unique restriction endo-
nuclease. BS-C-1 cells were infected with vA28iAS6TAP for 1 h and then trans-
fected with the linearized plasmid, using Lipofectamine 2000 (Invitrogen). Iso-
propyl-B-p-thiogalactopyranoside (IPTG; 100 wM) was added to the medium to
allow expression of the inducible A28 gene. The parental and recombinant
viruses were distinguished by the GFP fluorescence of the latter. Recombinant
virus plaques were clonally isolated through three rounds of plaque purification.

vA28iA56TAPG93XFlag and vA28iG93XFlag were derived by modification of
VA28iAS6TAP and vA28i, respectively. vA16iAS6TAPG93XFlag was con-
structed sequentially by first generating vA16iA5S6TAP from vA16i. The 3XFlag
epitope was added to the G9 protein to form vA16iA56TAPG93XFlag, vA28iA
56TAPG93XFlag, and vA28iG93XFlag as follows. The GOR gene was PCR
amplified from genomic DNA of the WR strain (ATCC VR-1354; accession
number, AY243312) of VACV. The 3XFlag epitope was appended to the C
terminus of G9 preceding the stop codon. The coding sequence of the Discosoma
sp. red fluorescent protein (DsRed) expressed from the I1L intermediate pro-
moter for screening of recombinant viruses was inserted following the tagged
GIR gene. We next PCR amplified the L1R gene along with 90 bp upstream of
the gene to include the L1R promoter. We then used recombinant PCR to add
L1R with the promoter after the DsRed coding sequence. The promoter for the
LIR gene is located within the C-terminal codons of G9. To conserve expression
of the L1R gene, we had to duplicate the C terminus of G9, causing a direct
repeat of the DNA sequence before and after the DsRed gene. Direct repeats

are unstable in the virus genome (12). Therefore, to prevent the eventual loss of
the DsRed gene, the codons of the final 33 amino acids from G9 were altered,
while the expressed amino acid sequence was conserved. The recombinant
G93XFlag PCR was cloned into pCR-BluntII-TOPO and verified by DNA se-
quencing. Recombinant viruses were generated by infecting BS-C-1 cells with the
appropriate parental virus and then transfecting a linearized G93XFlag plasmid.
Recombinant viruses were distinguished from parental viruses by DsRed fluo-
rescence and were clonally isolated through three rounds of plaque purification.

vG9-HA(N) was constructed from DNA containing the promoter and coding
sequence of G9 with an N-terminal HA tag and ~500 bp of the upstream and
downstream flanking sequences. The DNA was transfected into cells infected
with vG9i (21), which contains a GFP expression cassette upstream of the GOR
gene. vG9-HA(N) was clonally purified by picking nonfluorescent plaques. Re-
combinant vG9-HA(C) was constructed from DNA containing the promoter and
coding sequence of G9 with a C-terminal HA tag and a GFP expression cassette
and ~500 bp of the upstream and downstream flanking sequences. vG9-HA(C)
was clonally purified from the parental WR virus by picking fluorescent plaques.
vG9-AU1(N) was made with DNA containing the promoter and open reading
frame of G9 with an AU1 epitope tag at the N terminus and a cyan fluorescent
protein expression cassette and flanking sequence.

The DNA sequences for the VACV WR A16L and G9R genes were optimized
(Geneart, Regensburg, Germany) to alter codon usage and G-C content to
improve RNA processing and translation. The optimized A16L and G9R genes
were PCR amplified with oligonucleotides that contained the sequence of the
influenza virus HA or 3XFlag epitope appended to the C terminus of the
respective open reading frames. The PCR products of A16HA and G93XFlag
were cloned into the directional TOPO vector pcDNA3.1 (Invitrogen) and se-
quenced to confirm proper insertion and sequence.

Affinity purification. BS-C-1 cells (6 X10°) were infected at a multiplicity of 3
to 5 PFU per cell in Earle’s balanced salts with 2% FBS. After 24 h, the cells were
scraped into the medium and subjected to low-speed centrifugation. The cell
pellet was washed once by resuspension in 150 mM NaCl with 50 mM Tris-HCl
(pH 7.5). The cells were then disrupted with ice-cold lysis buffer (1% Triton
X-100 [Sigma, St. Louis, MO], 150 mM NaCl, 50 mM Tris-HCI [pH 7.5])
supplemented with complete protease inhibitor (Roche, Indianapolis, IN) and
rotated at 4°C for 30 min. The lysate was centrifuged at 4°C at 20,000 X g for 10
min, the postnuclear supernatant was collected, and 50 wl of the supernatant was
saved for analysis. TAP was carried out as previously described (37). Single-step
purifications were as follows. Packed beads (20 to 30 wl) of either streptavidin
Sepharose (Millipore, Billerica, MA) or anti-Flag conjugated agarose (Sigma)
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were washed once with 1 ml of lysis buffer, and the postnuclear supernatant was
added to the affinity resin and rotated overnight at 4°C. The affinity resin was
washed five times with 1 ml of lysis buffer prior to elution. The bound material
was eluted from the anti-Flag agarose by 50 pl of 1X lithium dodecyl-sulfate
sample buffer (Invitrogen) supplemented with reducing agent (Invitrogen) and
incubated at 100°C for 5 min. The beads were pelleted by centrifugation, and the
supernatant was collected. Bound material was eluted from the streptavidin
Sepharose by incubation with 300 wl of lysis buffer supplemented with 2 mM
d-biotin (US Biological, Swampscott, MA). Elution was repeated two times, and
the eluates were combined prior to being concentrated by precipitation with
trichloroacetic acid. The precipitated material was resuspended in 40 pl of 1X
lithium dodecyl sulfate sample buffer with reducing agent.

Transfection and coimmunoprecipitation. 293TT cells were plated at a density
of 2 X10° per 9.2 cm? the day before being transfected in 10% DMEM plus
glutamine, but without hygromycin. Cells were transfected with 2 pg of total
DNA, using Lipofectamine 2000 (Invitrogen). After 24 h, fresh 10% DMEM was
added and the incubation was continued for an additional 24 h, at which time cell
extracts were prepared and subjected to immunoprecipitation.

Western blotting and antibodies. Samples were loaded onto a 4% to 12%
Novex NuPAGE acrylamide gel (Invitrogen) and separated by electrophoresis,
using 2-(N-morpholino)ethanesulfonic acid buffer (Invitrogen). The protein sam-
ples were transferred to a nitrocellulose membrane and then blocked with 5%
nonfat milk in Tris-buffered saline with 0.05% Tween 20 (TBS-t). A primary
antibody was incubated a minimum of 1 h prior to extensive washing with TBS-t.
Secondary antibodies (Pierce, Rockford, IL) were diluted in 5% nonfat milk
TBS-t and incubated for at least 1 h. The nitrocellulose membrane was washed
and then developed with Dura or Femto chemiluminescent substrate (Pierce).
The antibodies were stripped from the nitrocellulose by a 20-min incubation at
55°C with Restore (Pierce). Antibodies to A56 (37), K2 (37), A21 (31), L5 (31),
A16 (22), and p4a/p4b (R. Doms and B. Moss, unpublished data) were used in
Western blot analysis. A monoclonal antibody (conjugated to horseradish per-
oxidase) against the influenza virus HA epitope was acquired from Bethyl Lab-
oratories (Montgomery, TX). The anti-Flag M2 monoclonal antibody was ob-
tained from Sigma (Kansas City, MO), and a monoclonal antibody to cellular
glyceraldehyde-3-phosphate dehydrogenase was obtained from Covance Re-
search (Princeton, NJ). Rabbit antiserum to H2 and A28 was generated by
immunizing rabbits with purified recombinant H2 or A28 proteins, respectively,
and was provided by Gretchen Nelson, NIAID. Peptide antibodies to the G3
protein were generated by immunizing rabbits with a synthetic peptide
(SLNGKKHTFNLYDDNDIRT) coupled to keyhole limpet hemocyanin through
an N-terminal cysteine (Covance).

RESULTS

A56/K2 interacts with a subset of the polypeptide compo-
nents of the EFC. We recently identified a novel interaction
between the EFC and the fusion regulatory protein A56/K2 in
detergent-treated extracts of infected cells (37). Neither A56
nor K2 polypeptides alone interact with the EFC; instead, a
multimer of the two proteins is required. We sought to identify
individual polypeptides within the EFC that interact with A56/
K2. Our approach was based on previous observations that (i)
the viral membrane is required for assembly of the EFC and
(ii) that the EFC fails to assemble when expression of either
A28 or A21 is repressed even though the remaining EFC
proteins are incorporated into the viral membrane (26). By
repressing A28 and A21 synthesis, we hoped to identify either
individual polypeptides or previously uncharacterized subcom-
plexes of the EFC capable of interacting with A56/K2. To
implement this strategy, we constructed two recombinant vi-
ruses, VA28iA56TAP and vA21iAS56TAP, in which A28 and
AZ21, respectively, were conditionally expressed. Conditional
expression of A28 and A21 was regulated by components of
the Escherichia coli lac operon in combination with the T7
phage DNA-dependent RNA polymerase such that viral gene
expression depended on the addition of IPTG. Both recombi-
nant viruses were constructed with a TAP tag appended to the
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FIG. 1. A56/K2 physically associates with A16. HeLa cells were
mock infected (M) or infected with VACV WR, vAS56TAP,
VA28iAS6TAP (with [+] or without [—] IPTG), or vA21iAS6TAP
(with or without IPTG). After 24 h, the cells were lysed with Triton
X-100 and the A56 protein was tandem affinity purified. The starting
material (PreTAP) and purified samples (TAP) were separated by
SDS-PAGE and analyzed by Western blotting, using antibodies to the
entry proteins A16, A28, A21, and L5, as well as antibodies to the A56
and K2 proteins. Secondary antibodies conjugated to horseradish per-
oxidase were used for detection by chemiluminescence. The recombi-
nant viruses are listed at the top, and the targets of the specific anti-
bodies are listed on the side.

C terminus of the AS6R gene to allow purification of the
A56/K2 heterodimer and associated polypeptides. In addition,
A28 had a C-terminal HA epitope tag.

Hela cells were infected with VACYV strain WR, vAS6TAP
(37), vA28iAS6TAP (with and without IPTG), vA21iAS6TAP
(with and without IPTG), or mock infected. VACV WR with
untagged AS6 served as a negative control for affinity purifi-
cation, while VAS6TAP with a constitutively expressed A28 was
used as a positive control. The stocks of vVA28iAS6TAP and
vA21iA56TAP were prepared in the presence of IPTG so that
the virus particles contained A28 and A21, respectively, and
were infectious, but synthesis of A28 or A21 during the next
cycle depended on the addition of IPTG. At 24 h postinfection,
the cells were lysed with Triton X-100 detergent, and the post-
nuclear supernatant was tandem affinity purified on streptavi-
din and calmodulin Sepharose columns. The proteins in the
final eluate were concentrated, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
detected by Western blotting with specific antibodies.

Inspection of the Western blots prepared with the lysates
prior to affinity purification confirmed that the synthesis of A28
and AZ21, respectively, was regulated by IPTG in cells infected
with vA28iA56TAP and vA21iAS6TAP (Fig. 1). The electro-
phoretic migration of A28 from cells infected with vA28iAS6TAP
in the presence of IPTG is slightly slower than that of A28
made by other recombinant viruses, due to the HA epitope tag.
Note that repression of either A28 or A21 had no effect on the
synthesis or stability of the other proteins examined. Due to
alternative initiation codons for A56 as well as glycosylation,
AS56 and K2 were resolved as multiple bands.

As anticipated, affinity-purified AS56 from vAS6TAP,
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VA28iAS6TAP (with IPTG), and vA21iAS6TAP (with IPTG)
associated with K2 and with the EFC, as represented by four
component proteins, A16, A28, A21, and L5 (Fig. 1). However,
when A28 was repressed by omission of IPTG, K2 and A16 still
copurified with A56, but only trace amounts of A21 and L5
were detected (Fig. 1). Similarly, when A21 was repressed, K2
and A16 were detected after affinity purification of A56, but
there were only trace amounts of A28 and L5. We surmised
that the fully assembled EFC is not required for interaction
with A56/K2 and that the latter can interact with A16 itself or
a subcomplex of polypeptides that includes A16. However, the
association of A56/K2 with the four other entry proteins (G3,
G9, H2, and J5) was not examined because we lacked the
appropriate antibodies for detection at the time of the exper-
iment.

A16 and G9 selectively copurify with A56/K2. To determine
if G3, G9, H2, and J5 were important for the interaction
between the EFC and A56/K2, we constructed additional re-
combinant viruses with epitope tags on G9 or J5 and acquired
antibodies to G3 and H2. The recombinant virus vA28iA56TA
PJ5Flag encoded an inducible A28, TAP-tagged A56, and J5
with the Flag epitope fused to the N terminus. Cells were
infected separately with VACV WR, vA56TAP, and vA28iA56
TAPJSFlag (with and without IPTG). After 24 h, the cells were
lysed and analyzed directly or after TAP. Western blots of the
lysate showed that A28 was stringently repressed and that both
J5 and G3 could be detected using a Flag tag and a G3 peptide
antibody, respectively (Fig. 2A). The true J5 band could be
distinguished from the upper and lower background bands by
its absence from cells infected with VACV WR and vA56TAP.
We also probed for the core protein A3 (also called p4b),
which served as a negative specificity control for the affinity
purification. Bands corresponding to A56, K2, A16, A28, A21,
L5, and G3 were detected after affinity purification of A56
from cells infected with vVAS6TAP (Fig. 2A). The same pro-
teins, as well as J5 Flag, were detected after affinity purification
of cells infected with vA28iAS6TAPJS5Flag in the presence of
IPTG (Fig. 2A). However, when cells were infected with vA28
iA56TAPJ5Flag in the absence of IPTG, the A28 protein was
repressed and only K2 and A16 copurified with A56. Thus,
neither J5 nor G3 interacted with A56/K2 under these condi-
tions.

Another virus we constructed was called vA28iAS6TAPG93
XFlag. As its name implies, expression of A28 was inducible,
A56 was TAP-tagged, and G9 had three repeats of the Flag tag
(at the C terminus). Cells were infected with VACV WR or
VvA28iAS6TAPG93XFlag (with and without IPTG). At 24 h
after infection, the cells were lysed and analyzed directly or
after streptavidin affinity purification, as the calmodulin step
was found not to be essential. Western blots of the lysate from
cells infected with vA28iAS6TAPG93XFlag showed that A28
was stringently repressed and that the proteins, including G9
with 3XFlag and H2, were detected (Fig. 2B). The use of three
copies of the Flag epitope enhanced the detection of G9 over
background bands. A56, K2, A16, G9, A28, and H2 were de-
tected after affinity purification of proteins from cells infected
with VA28iAS6TAPGY93XFlag in the presence of IPTG, but
only K2, A16, and G9 copurified with A56 in the absence of
IPTG (Fig. 2B). The A3 core protein was not detected in the
presence or absence of IPTG. In a similar experiment (not
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FIG. 2. A16 and G9 selectively copurify with AS56/K2. (A) HeLa
cells were mock infected (M) or infected with VACV WR, vAS6TAP,
or vVA28iAS6TAPJSFlag with (+) or without (—) IPTG. After 24 h, the
A56 protein was isolated from the infected cell lysates by successive
bindings to streptavidin and calmodulin beads. Western blotting was
performed on the starting material (PreTAP) and affinity purified
proteins (TAP) as described in the legend to Fig. 1. (B) BS-C-1 cells
were mock infected or infected with VACV WR or vA28iAS6TAPG93
XFlag (with or without IPTG). After 24 h, the A56 proteins were
isolated by binding to streptavidin Sepharose. Western blotting was
performed on the starting material (Start) and affinity purified proteins
(Streptavidin) as described in the legend to Fig. 1.

shown), we also demonstrated by Western blotting that neither
the F9 nor the L1 MV membrane protein associated with A56
in the absence of IPTG. Collectively, the affinity purification
experiments indicated that of the eight EFC proteins, A16 and
G9Y interacted most directly with AS6/K2.

A56/K2 copurifies with A16 and G9. A reciprocal experiment
was carried out to confirm the interaction of A56/K2 with A16
and G9. To implement the experiment, we constructed two
additional epitope-tagged viruses. Both recombinant VACVs
inducibly expressed A28, while G9 and A16 had a 3XFlag
epitope attached to the C terminus in vA28iG93XFlag and
vA28iA163XFlag, respectively. Cells were infected with
VACV WR, vA28iG93XFlag (with or without IPTG), or
vA28iA163XFlag (with or without IPTG). After 24 h, the cells
were collected, and the postnuclear supernatant was incubated
overnight with anti-Flag antibody covalently linked to agarose
beads, which were then washed extensively prior to elution of
the bound material. The eluted proteins were resolved by SDS-
PAGE and detected by Western blotting. Analysis of the start-
ing material indicated that A28 was stringently regulated and
that each of the constructs expressed A56, K2, A16, and A21
(Fig. 3). The slower migration of A16 from samples infected
with vA28iA163XFlag compared to that from cells infected
with the wild type was due to the 3XFlag epitope. A21 was
analyzed as a representative EFC protein to confirm that the
complex was not assembled in the absence of A28. As antici-
pated, A16 or G9 interacted with A21 only when A28 was
synthesized (with IPTG) (Fig. 3). Nevertheless, A16 and G9
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FIG. 3. A56/K2 binds epitope-tagged A16 and G9. BS-C-1 cells were
mock infected (M) or infected with VACV WR, vA28iA163XFlag (with
[+] or without [—] IPTG), or vA28iG93XFlag (with or without IPTG).
Infected cells were harvested after 24 h and lysed with Triton X-100.
The lysate was cleared by centrifugation, and the A16 and G9 polypep-
tides were isolated by binding to agarose beads conjugated with Flag
antibody. The eluate (Flag IP) and starting material (Start) were sep-
arated by SDS-PAGE and analyzed by Western blotting with antibod-
ies to the viral proteins A56, K2, A28, A16, and A21 as indicated on
the side. The viruses are indicated at the top of the figure.

interacted with A56 and K2 even when A28 was repressed (Fig.
3). Thus, we could show interaction of A56/K2 with A16 and
G9 regardless of the affinity tag and whether it resided in A56,
A16, or GY.

Mutual dependence of A16 and G9 for their association with
A56/K2. In the above experiments, A16 and G9 always copu-
rified with A56/K2. Additional recombinant viruses were con-
structed to determine whether expression of both A16 and G9
was required for a stable interaction with A56/K2. The recom-
binant vA16iA56TAPG93XFlag expressed an inducible form
of A16, TAP-tagged A56, and G9 with a 3XFlag tag. Cells were
infected with either VACV WR or vA16iAS6TAPG93XFlag
(with or without IPTG) for 24 h, and the postnuclear super-
natant was analyzed directly or after streptavidin affinity puri-
fication. Analysis of the starting material prior to affinity puri-
fication demonstrated the stringent repression of A16 in the
absence of IPTG (Fig. 4A). Importantly, the other EFC pro-
teins examined, namely G9, A21, and LS, were stable even in
the absence of A16. Curiously, the faster migrating A56 band
predominated in the lysates of cells infected with vA16iA56
TAPGY93XFlag, suggesting initiation predominantly at the sec-
ond start codon, but this was independent of IPTG. In the
presence of IPTG, A56 interacted with K2, A16, G9, A21, and
L5, as shown by their copurification (Fig. 4A). In contrast, only
K2 interacted with A56 when synthesis of A16 was repressed.
Therefore, G9 cannot interact independently with A56/K2.

Recombinant vG9iAS6TAP, which expressed an inducible
form of G9 with an HA epitope tag at the N terminus and
TAP-tagged A56, was used to test whether A16 can interact
independently with A56/K2. Western blotting showed that K2,
A16, A28, A21, and LS5 copurified with AS6 when cells were
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FIG. 4. Both A16 and G9 are required for binding A56/K2. (A) BS-
C-1 cells were mock infected (M) or infected with VACV WR or vA16
iAS6TAPG93XFlag (with [+] or without [—] IPTG). The cells were
lysed with Triton X-100 after 24 h, and the A56 protein was isolated by
binding to streptavidin beads. The starting material (Start) and the
affinity-purified proteins (Streptavidin) were resolved by SDS-PAGE
and analyzed by Western blotting, using antibodies to the viral proteins
indicated on the side. (B) HeLa cells were infected with vG9iAS6TAP
(with or without IPTG), and the A56 proteins were tandem affinity
purified. The starting material (PreTAP) and the purified proteins
(TAP) were analyzed as for panel A.

infected in the presence of IPTG (Fig. 4B). However, only K2
copurified with A56 when cells were infected in the absence of
IPTG. Because of the relatively weak signal produced by the
antibody to A16, this analysis was repeated in two independent
experiments. With a more intense A16 signal in the lane with
IPTG, we could detect a low amount of the protein copurifying
with A56 when G9 was repressed (data not shown). Therefore,
both A16 and G9 are needed for efficient interaction of either
with A56/K2.

Association of A56/K2 with G9 requires A16. Next, we car-
ried out a reciprocal experiment in which we sought to deter-
mine whether A56/K2 copurified with Flag-tagged G9 in the
absence of A16. Cells were mock infected or infected with
VACV WR or vA16iA56TAPG93XFlag (with or without
IPTG). After 24 h, the G9 protein was purified from the post-
nuclear supernatant by incubation with the Flag antibody con-
jugated to agarose beads. The beads were washed, and the
bound proteins were eluted, separated by SDS-PAGE, and
analyzed by Western blotting. Glyceraldehyde phosphate de-
hydrogenase served as a control for loading and nonspecific
binding. Analysis of the lysate prior to immunopurification
confirmed the stringent control of Al6 expression (Fig. 5).
When A16 (with IPTG) was expressed, the EFC represented
by A28 and G9, as well as A56 and K2, copurified with G9 (Fig.
5). When A16 synthesis was repressed, however, neither A28,
A56, nor K2 copurified with G9. Therefore, A56/K2 did not
stably bind to G9 in the absence of A16.

A16 and GY stably associate with each other in uninfected
cells. The inability of G9 or A16 to independently associate
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FIG. 5. A16 is required for G9 to bind A56/K2. Cells were mock
infected (M) or infected with VACV WR or vA16iA56TAPG93XFlag
(with [+] or without[—] IPTG). Infected BS-C-1 cells were harvested
at 24 h and lysed with Triton X-100. Flag antibody conjugated to
agarose beads was used to purify the G9 protein. The bound material
(Flag IP) was eluted from the agarose beads and separated along with
the starting material (Start) by SDS-PAGE and then transferred to
nitrocellulose. Western blotting was performed, using antibodies to the
proteins AS6, K2, A16, or A28, the Flag epitope, or glyceraldehyde
phosphate dehydrogenase (GAPDH), as indicated.

with A56/K2 suggested to us that these two EFC polypeptides
exist as a heterodimer or higher-order multimer. To test this
hypothesis, A16 and G9 were codon optimized for expression
in human cells and tagged with a C-terminal influenza virus
HA epitope or a 3XFlag epitope, respectively. A16HA and
GI93XFlag were cloned separately into pcDNA3.1 under the
control of the human cytomegalovirus major immediate-early
promoter. Human 293TT cells were transfected with the indi-
vidual plasmids or cotransfected with both. After 48 h, the cells
were lysed with Triton X-100, and synthesis of the recombinant
proteins was demonstrated by SDS-PAGE and Western blot-
ting of portions of the postnuclear supernatants (Fig. 6A and
B). Additional portions of the postnuclear supernatants were
incubated with agarose conjugated to Flag or HA antibody.
The beads were washed extensively, and the eluted proteins
were analyzed by SDS-PAGE and Western blotting. The
A16HA protein was detected after Flag immunoprecipitation
only when coexpressed with G93XFlag (Fig. 6A). Likewise, the
GI93XFlag was detected after HA immunoprecipitation only
when coexpressed with A16HA (Fig. 6B). Thus, A16 and G9
can associate with each other in the absence of other viral
proteins.

Modification of the G9 protein can result in a syncytial
phenotype. If A56/K2 prevents syncytia by interacting with A16
and 9, it seemed possible that some A16 or G9 mutants might
also induce syncytia. In this respect, we noticed the presence of
syncytia in cell monolayers that were infected with vG9i. Ini-
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FIG. 6. A16 and GY interact in uninfected cells. (A) 293TT cells
were transfected with empty vector or plasmid DNA expressing A16
with a C-terminal influenza virus HA epitope (A16-HA) or cotrans-
fected with plasmids expressing A16-HA and G9 with a C-terminal
3XFlag tag (G9-Flag). After 48 h, the cells were lysed with Triton
X-100, the postnuclear supernatant was incubated with the Flag anti-
body bound to beads. The starting material (Start) and the captured
proteins (Flag IP) were analyzed by Western blotting with the anti-HA
antibody. (B) Cells were transfected with empty vector or G9-Flag or
cotransfected with A16-HA and G9-3XFlag. The lysates were incu-
bated with anti-HA antibody bound to beads. The starting material
(Start) and the captured proteins (HA IP) were analyzed by Western
blotting with the anti-Flag antibody.

tially we thought that cell-cell fusion might be related to the
overexpression of an EFC protein, since G9 was regulated by
a bacteriophage T7 promoter and lac operon in place of the
natural promoter. However, when we analyzed recombinant
VACVs that inducibly express other EFC proteins, none of
them induced more syncytia than the parent VACV WR (Fig.
7A). Syncytium formation was due to G9 expression, since cell
fusion did not form in the absence of IPTG (data not shown).
The G9 protein synthesized by vG9i had an N-terminal HA
tag, which did not prevent the interaction with A56/K2, as
shown in Fig. 4B. Nevertheless, to determine if the HA tag was
related to the syncytium phenotype, two new recombinant
VACVs were made. One had the HA tag at the N terminus of
G9, and the other had the tag at the C terminus of G9. Only
the virus expressing G9 with an N-terminal HA induced syn-
cytia (Fig. 7C). The N-terminal modification was not sequence
specific, as another VACV with an AU1 epitope tag at the N
terminus of G9 also induced syncytia (Fig. 7B). We suggest
that N-terminal modifications impair the functional interaction
of G9 with AS56/K2 without abrogating the binding per se.

DISCUSSION

An unusual feature of VACV reproduction is that the in-
fectious virus particles are assembled in the cytoplasm rather
than at the plasma membrane and are subsequently trans-
ported to the periphery and exocytosed. Large numbers of
progeny virus particles remain adherent to the cell surface, and
these are chiefly responsible for virus spread to neighboring
cells (2). As argued elsewhere (20), we believe that syncytia
form when large numbers of virus particles “fuse-back,” i.e
deposit their fusion proteins into the plasma membrane of the
parent cell. The fact that only small numbers of syncytia form
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FIG. 7. Syncytium formation induced by modified G9. (A) HeLa
cell monolayers were infected with 2 PFU per cell of VACVs express-
ing inducible A16, A21, L5, H2, A28, J5, G3, G9, or VACV WR for 1 h
at 37°C and then washed and incubated for 21 h in the presence of
IPTG. The cells were stained with Hoechst dye to visualize DNA and
Alexa Fluor 594-phalloidin to visualize the actin cytoskeleton. The
percentage of nuclei in syncytia was determined by counting the num-
ber of nuclei in fused cells that contained three or more nuclei and
dividing by the total number of nuclei. Standard error bars are shown.
(B and C) HeLa cell monolayers were infected with 2 PFU per cell of
VACYV expressing G9 with an HA epitope tag at the N or C terminus
or an AU tag at the N terminus for 21 h and then stained as for panel
A. Fluorescent and phase-contrast microscopic images are shown.
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FIG. 8. Model of G9/A16 in MV membrane binding to A56/K2 in
plasma membrane. G9 and A16 are anchored in MV membrane in
association with the EFC. A56/K2 is anchored in plasma membrane
through the transmembrane domain of AS56. The interaction of
A56/K2 with A16 and G9 is postulated to prevent fusion of the MV
particle with the plasma membrane.

normally implies a negative regulation of fuse-back. The EV
membrane surrounding the MV may form one barrier to fuse-
back, although MVs with broken EV membranes are detected
on the surfaces of cells (14). The A56 and K2 polypeptides,
which form a higher-order multimer on the cell surface and EV
membrane, provide another barrier, since a syncytium pheno-
type occurs with null mutants of either (15, 17, 24, 34, 36, 38).
In theory, A56/K2 could impede fuse-back either by preventing
the disruption of the EV membrane and exposure of the MV
or by the subsequent interaction of the MV and plasma mem-
branes. The recent finding that A56/K2 interacts with the EFC
suggests the latter mechanism is important (37). However, the
EFC is still poorly characterized both structurally and func-
tionally. Indeed, we do not know whether the EFC is a positive
regulator or a mediator of fusion.

The EFC has at least eight component proteins, and multi-
ple protein-protein interactions are needed to form a stable
complex (26). In our current study, we exploited this instability
by repressing synthesis of individual EFC polypeptides and
determining the binding partners of A56/K2. In the presence of
each other, the A16 and G9 EFC polypeptides were found to
bind A56/K2 in detergent-treated extracts. Alone, however,
these polypeptides did not bind or bound weakly to AS6/K2,
suggesting that a complex of A16 and G9 binds A56/K2. The
idea that A16 and G9 bind to each other was substantiated by
coimmunoprecipitation of the two polypeptides following
transfection of expression vectors into uninfected cells. Thus, if
A16 and G9 bind independently albeit weakly to A56/K2, the
stability of the interaction could be enhanced by the A16/G9
complex. Alternatively, a unique A56/K2 binding site may be
formed by the interaction of A16 and G9. The model in Fig. 8
depicts A56/K2 in the plasma membrane of an infected cell
interacting with the A16 and G9 subunits of the EFC in the
viral membrane.

A16 and GY appear to have two roles: each is required for
membrane fusion and virus entry as well as for interaction with
AS56/K2. Since viruses with mutations in A56 or K2 form syn-
cytia, modifications of A16 or G9 that perturb the interaction
with A56/K2 could result in a similar phenotype. Indeed, while
characterizing a recombinant virus with an inducible G9 (21),
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we noticed the formation of syncytia. Syncytium formation
depended on the presence of an epitope tag at the N terminus
of G9. The modification of G9 did not abrogate the interaction
of the EFC with A56/K2 per se, although we did not investigate
the possibility that the interaction was weakened or altered.

Under our experimental conditions, the interaction of the
EFC and A56/K2 likely occurred after treatment of the in-
fected cells with detergent. Naturally, however, we suggest that
the interaction would occur between the EFC in the MV mem-
brane and A56/K2 in the plasma membrane. Thus, the pres-
ence of A56/K2 in the plasma membrane may provide a way of
differentiating infected from uninfected cells, presumably en-
suring that VACVs preferentially fuse with the latter and ini-
tiate a new infection. We are currently carrying out experi-
ments to test this prediction.
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