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Vaccinia virus assembles two distinct lipoprotein membranes. The primary membrane contains nonglyco-
sylated proteins, appears as crescents in the cytoplasm, and delimits immature and mature intracellular
virions. The secondary or wrapping membrane contains glycoproteins, is derived from virus-modified trans-
Golgi or endosomal cisternae, forms a loose coat around some intracellular mature virions, and becomes the
envelope of extracellular virions. Although the mode of formation of the wrapping membrane is partially
understood, we know less about the primary membrane. Recent reports posit that the primary membrane
originates from the endoplasmic reticulum-Golgi intermediate compartment (ERGIC). According to this
model, viral primary membrane proteins are cotranslationally inserted into the ER and accumulate in the
ERGIC. To test the ERGIC model, we employed Sarly,,;, 2 dominant negative form of the Sar1 protein, which
is an essential component of coatomer protein II (COPII)-mediated cargo transport from the ER to the ERGIC
and other post-ER compartments. Overexpression of Sarl,,,; by transfection or by a novel recombinant
vaccinia virus with an inducible Sarl,;,o; gene resulted in retention of ERGIC 53 in the ER but did not
interfere with localization of viral primary membrane proteins in factory regions or with formation of viral
crescent membranes and infectious intracellular mature virions. Wrapping of intracellular mature virions and
formation of extracellular virions did not occur, however, because some proteins that are essential for the
secondary membrane were retained in the ER as a consequence of Sarl;;,,; overexpression. Our data argue
against an essential role of COPII-mediated cargo transport and the ERGIC in the formation of the viral
primary membrane. Instead, viral membranes may be derived directly from the ER or by a novel mechanism.

Vaccinia virus, the best-studied member of the family Pox-
viridae, has a double-stranded DNA genome of approximately
190 kbp that encodes nearly 200 polypeptides (22). Poxviruses
differ from most other DNA viruses in that genome replication
and virion assembly occur entirely in the cytoplasm, within
discrete areas known as viral factories. Vaccinia virus morpho-
genesis occurs through a series of intermediate structures that
have been visualized by electron microscopy (35). The first
discernible structures appear as rigid, crescent-shaped mem-
branes that evolve into spherical immature virions (IV) that
enclose a nucleoprotein mass. A series of dramatic matura-
tional events transform the IV into infectious, dense, brick-
shaped intracellular mature virions (IMV). A double mem-
brane derived from trans-Golgi or endosomal cisternae wraps
some IMV, thus forming intracellular enveloped virions (IEV).
The IEV are transported on microtubules to the cell periphery,
where their outermost membrane fuses with the plasma mem-
brane, leaving extracellular cell-associated virions (CEV) at-
tached to the cell surface as well as free extracellular envel-
oped virions in the medium (24, 33).

To avoid ambiguity in terminology, we refer to the viral
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membrane that forms crescents and delimits IV and IMV as a
primary membrane, to the viral membrane that delimits IEV as
a secondary or wrapping membrane, and to the outer mem-
brane of extracellular viral forms as an envelope. The origin of
the primary viral membrane is not yet understood. Dales and
coworkers (7) considered a de novo origin of the crescent
membrane, whereas others (17, 26, 28, 34) thought this con-
clusion was unprecedented and suggested that the first viral
membrane was derived from the ER-Golgi intermediate com-
partment (ERGIC). The latter suggestion was based mainly on
evidence that viral membrane proteins, including the ones en-
coded by the A17L, A14L, and A13L genes, are cotranslation-
ally inserted into the ER and later transported to and retained
in the ERGIC, and it was also based on evidence that ERGIC
markers are in membranes that are apparently continuous with
the viral crescents. This topic is controversial, however, as
physical connections between viral crescents and cellular mem-
branes were not found when serial sections of infected cells
were examined previously (13).

The ERGIC comprises pre-Golgi vesicular-tubular clusters
that contain cargo which exits the ER via coatomer protein II
(COPII) coat machinery, which includes the small GTPase
Sarl and the Sec23/24 and Sec13/31 complexes (3, 4, 12, 18,
20). A dominant negative mutated form of Sarl, specifically
blocks protein exit from the ER, thus demonstrating that this
pathway is essential for cargo transport to the ERGIC and
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other post-ER compartments (2, 18, 25, 32, 36). In the present
study, we used a dominant negative form of Sarl to determine
the requirement for ER-to-ERGIC transport on the formation
of the viral primary and wrapping membranes. Our results
confirm the mandatory trafficking of some proteins that con-
stitute the wrapping membrane through the secretory pathway,
but they argue against an essential role of COPII-mediated
cargo transport and the ERGIC in formation of the primary
membrane.

MATERIALS AND METHODS

Cells and viruses. BS-C-1, RK13, and HeLa cells were grown and maintained
in Eagle’s modified essential medium (EMEM) or Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The fol-
lowing were all propagated in HeLa cells and titrated on BS-C-1 cells: recom-
binant vaccinia virus vA9L-HA, which expresses the influenza virus hemaggluti-
nin (HA) epitope-tagged A9L protein (48); vBSR-GFP, which expresses enhanced
green fluorescent protein (GFP)-tagged BSR protein (43); vI7LacOI, which
expresses bacteriophage T7 RNA polymerase (44); and vGFP-Sarly;9gi, which
expresses a GFP-Sarlyy,9¢ fusion protein under an isopropyl-B-p-thiogalactopy-
ranoside (IPTG)-inducible T7 promoter. Unless otherwise mentioned, cells were
incubated at 37°C in a 5% CO, atmosphere.

Plasmids. Plasmid pHA-Sarly;59¢, carrying an N-terminal HA-tagged Sarlyy;o
gene, was generously provided by Jennifer Lippincott-Schwartz, and pGFP-
Sarlys9c was described previously (14). To construct pVGFP-Sarlyo, the
GFP-Sarl 79 coding sequence was amplified by PCR from pGFP-Sarl ;05 and
ligated to pVOTE.1 (44).

Transfection and infection. HeLa cells were grown on glass coverslips until
they reached 80 to 90% confluence. One to two micrograms of Lipofectamine
2000 (Invitrogen) and 0.5 to 1 pg of DNA were diluted separately in Opti-MEM
I medium (Invitrogen), mixed, incubated at room temperature for 20 min, and
added to the cells for 4 to 5 h at 37°C. The Lipofectamine-DNA complex was
replaced with DMEM supplemented with 10% FBS, and the incubation contin-
ued for a total of 24 h.

Virus diluted in DMEM or EMEM supplemented with 2.5% FBS was added
to the cell monolayers on coverslips or in wells. After 1 h, the virus inoculum was
replaced with fresh medium containing 2.5% FBS and incubated for a further 8
to 24 h.

Construction of vVGFP-Sarlyy,¢gi. HeLa cells were infected with recombinant
vaccinia virus vI7LacOI at a multiplicity of 0.1 PFU per cell for 2 h. Cells were
then transfected with plasmid pVGFP-Sarly,¢g by using Lipofectamine 2000.
After 5 h, the Lipofectamine-containing suspension was replaced with DMEM,
and the incubation was continued for 3 days. Cells were harvested and lysed, and
the diluted lysates were used to infect BS-C-1 monolayers that had been pre-
treated and maintained in medium containing mycophenolic acid, xanthine, and
hypoxanthine to select for virus expressing xanthine-guanine phosphoribosyl-
transferase (10). After three rounds of plaque purification, the viral DNA was
screened for the presence of the inserted DNA by PCR. The recombinant virus
was propagated and titrated as described previously (9).

One-step growth curve. BS-C-1 cells were infected with 5 PFU of virus per cell
in the absence or presence of 100 puM IPTG for 1 h. The virus inoculum was
removed, and the cells were washed twice with fresh medium, overlaid with fresh
medium with or without 100 uM IPTG, and returned to the incubator. At
intervals, the medium was collected and the cells were harvested. The medium
was cleared of cell debris by centrifugation at 16,000 X g for 30 s, and the virus
was titrated on BS-C-1 cells in the absence of IPTG. Infected cells were washed
once with fresh medium, lysed, and titrated as described above.

Antibodies. Rabbit polyclonal anti-A36R antibody (Ab) recognizes a peptide
sequence at the C terminus of the A36R protein (47), and anti-A17LN (5) and
anti-A17LC (46) recognize N- and C-terminal peptides of the A17L protein,
respectively. Mouse anti-A33R and anti-L1R monoclonal Abs (MAbs) were gifts
of A. Schmaljohn; rat MAb 192C to the BSR protein and polyclonal serum
against F13L protein were received from G. Hiller; and mouse MAb G1/93 to
human ERGIC 53 protein was from H. P. Hauri and provided by J. Yewdell.
Mouse anti-GFP MAb, mouse anti-HA.11 MADb, and rabbit polyclonal Ab to the
HA epitope were purchased from Covance. Rhodamine red-conjugated and
fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin G (IgG), tet-
ramethyl rhodamine isothiocyanate-conjugated anti-rat IgG, and anti-rabbit IgG
were purchased from Jackson ImmunoResearch Laboratories. Horseradish per-
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oxidase-conjugated anti-mouse IgG and anti-rabbit IgG were from ICNBiomedi-
cals and Amersham, respectively.

Western blotting, metabolic labeling, and immunoprecipitation. Western blot-
ting was carried out essentially as described previously (14). For metabolic
labeling, infected cells were incubated for 30 min in methionine- and cysteine-
free EMEM without serum and then pulse-labeled with 100 pCi of [**S]methi-
onine and [*S]cysteine per ml of the above medium for 5 to 10 min. The labeling
medium was removed, and the cells were washed and harvested in cold phos-
phate-buffered saline or were chased for timed intervals in complete DMEM
supplemented with 2 mM cysteine and 0.2 mM methionine. At each time point,
cells were harvested and lysed in ice-cold radioimmunoprecipitation assay buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Triton X-100, 0.1% sodium
dodecyl sulfate [SDS], 0.5% sodium deoxycholate) supplemented with protease
inhibitor cocktail (Sigma). The lysates were incubated on ice for 10 min and
centrifuged at 20,000 X g for 10 min at 4°C, and the supernatants were incubated
overnight at 4°C with Ab. On the next day, 20 ul of protein G-Sepharose (Pierce)
was added to each lysate and incubated as described above for 2 h. Sepharose
beads were pelleted at 20,000 X g for 30 s at 4°C, washed four times with
radioimmunoprecipitation assay buffer, and finally washed with phosphate-buff-
ered saline. SDS sample buffer was added to the beads, and proteins were
resolved by electrophoresis in SDS gels of 12% or 4 to 20% polyacrylamide and
then visualized by autoradiography.

For endoglycosidase H (endo H) digestion of metabolically labeled protein,
20 pl of denaturing solution (2X) supplied with endo H (New England Biolabs)
was added to Sepharose beads after the final wash. Samples were kept at 100°C
for 10 min, incubated on ice for 2 min, and then centrifuged at 16,000 X g for
5 min at room temperature. Supernatants were collected, and 1/10 volume of
supplied G5 buffer (10X) and 1,000 U of endo H were added. The samples were
incubated at 37°C for 2 h, and the proteins were resolved by electrophoresis on
a 12% polyacrylamide gel and detected by autoradiography.

Microscopy. Confocal and electron microscopy were carried out as previously
described (15).

RESULTS

Effect of the cellular expression of Sarly,.; on the local-
ization of viral membrane glycoproteins. Sarl,;;,o; contains
glycine substituted for the histidine at amino acid 79 of the
Sarl GTPase, localizes in the ER, and acts as a trans-dominant
negative inhibitor of cargo transport from the ER to the ERGIC
and other post-ER compartments (25, 36). N-terminal HA epi-
tope-tagged and GFP-fused forms of Sarl;;,¢g, With equiva-
lent inhibitory activities, were used interchangeably in the pres-
ent study. We examined the effect of Sarl,;,4s expression on
the intracellular distribution of ERGIC 53, a type I membrane
protein that cycles between the ER and the ERGIC and serves
as a marker for the latter (11). As expected, ERGIC 53 local-
ized primarily in the perinuclear region of mock-transfected
HeLa cells (Fig. 1, row 1, column 1) but exhibited a reticular
pattern and overlapped with GFP-Sar1;;,4¢ in the ER of trans-
fected cells (Fig. 1, row 1, columns 2 and 3). An ER pattern was
also noted for proteins that normally traffic through the Golgi
network, including the vesicular stomatitis virus G protein and
the vaccinia virus BSR and A36R proteins, when expression
plasmids were cotransfected with pHA-Sar1,;,,5 (reference 14
and data not shown). Thus, Sarl,¢g expression prevented the
localization of proteins in post-ER compartments.

In the next series of experiments, HeLa cells were trans-
fected with pHA-Sarl ;o and were infected 24 h later with
vaccinia virus strain WR or recombinant vaccinia virus vBSR-
GFP, which expresses a functional BSR-GFP fusion protein
that colocalizes with Golgi membrane markers (42, 43). In mock-
transfected cells, BSR (Fig. 1, row 2, column 1) and A36R (Fig.
1, row 3, column 1) localized in the juxtanuclear Golgi region
as well as in cytoplasmic punctate structures representing ves-
icles and IEV. In pHA-Sarl,;,os-transfected cells, however,
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FIG. 1. Effect of Sarly,eg expression on the intracellular distribution of cellular ERGIC 53 and vaccinia virus IEV proteins. (Row 1) HeLa
cells were either not transfected (column 1) or transfected with pGFP-Sarly;9; (columns 2 and 3) and incubated for 24 h. Cells were fixed,
permeabilized, stained with an anti-ERGIC 53 MAD followed by treatment with Alexa 594-conjugated anti-mouse IgG, and viewed by confocal
microscopy. (Row 2) HeLa cells were mock transfected (column 1) or transfected (columns 2 and 3) with pHA-Sarly;,9 and infected 24 h later
with VBSR-GFP (columns 1 to 3). At 24 h after infection, cells were fixed, permeabilized, and stained with anti-HA mouse MAb followed by
rhodamine red-conjugated anti-mouse IgG (columns 2 and 3). (Row 3) HeLa cells were mock transfected (column 1) or transfected (columns 2
and 3) with pHA-Sarl,;;9 and infected 24 h later with vaccinia virus strain WR (columns 1 to 3). At 24 h after infection, cells were treated as
described above and stained with anti-A36R rabbit Ab followed by tetramethyl rhodamine isothiocyanate-conjugated anti-rabbit IgG (column 1)
or were stained with anti-A36R rabbit Ab and anti-HA mouse MAb followed by tetramethyl rhodamine isothiocyanate-conjugated anti-rabbit IgG
and fluorescein isothiocyanate-conjugated anti-mouse IgG (columns 2 and 3). Bars, 10 pwm.

B5R (Fig. 1, row 2, columns 2 and 3) and A36R (Fig. 1, row 3,
columns 2 and 3) had an ER distribution similar to that of
Sarly;9. Neighboring nontransfected cells, which were neg-
ative for Sarl,;,,g expression, retained the juxtanuclear distri-
bution of BSR and A36R. Similar patterns were found in
essentially all cells examined. These experiments demonstrated
an inhibitory effect of Sarly,g on the trafficking of the BSR
and A36R IEV proteins.

Next, we determined the effect of Sarl,;;o on the distribu-

tion of three viral primary membrane proteins: A17L, A9L,
and L1R. The A17L protein was of particular interest, as its
association with the ER and ERGIC of infected cells was
reported previously by two groups (17, 26, 28). We mock trans-
fected or transfected cells with Sarl,;;o5 expression plasmids
and infected the cells 24 h later with strain WR or a recom-
binant vaccinia virus VvA9-L-HA, which expresses an
epitope-tagged A9L protein (48). The cells were fixed, perme-
abilized, and stained with antibodies to the viral proteins and
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FIG. 2. Effect of Sarly,9 expression on the intracellular distribution of IMV proteins. (Rows 1 and 2) HeLa cells were infected with vVA9L-HA
(column 1) or WR (columns 2 and 3) and after 24 h were fixed, permeabilized, and stained with anti-HA mouse MAD (column 1), anti-L1R mouse
MADb (column 2), or anti-A17LC rabbit Ab (column 3). (Rows 3 to 5) Cells were transfected with pGFP-Sar1 ;9 (columns 1 and 2) or pHA-Sarl,59G
(column 3) and 24 h later were infected as described for rows 1 and 2. Cells were treated as described for rows 1 and 2 except that the cells in column 3
were also stained with anti-HA mouse MAD. The secondary antibodies were either rhodamine red-conjugated anti-mouse IgG or tetramethyl
rhodamine isothiocyanate-conjugated anti-rabbit IgG. All cells were counterstained with the DNA binding dye DAPI. Arrows show examples of
proteins colocalizing with viral DNA factories. Red fluorescence, viral proteins; blue fluorescence, DNA; green fluorescence, Sarlyy;os. Bars, 10 pm.
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with 4',6'-diamidino-2-phenylindole (DAPI), which stains
DNA in the nucleus and cytoplasmic juxtanuclear viral facto-
ries. In the absence of Sarl;;,45 expression, the A9L-HA, L1R,
and A17L membrane proteins localized to viral factories and
to other punctate structures that could represent virions (Fig.
2, rows 1 and 2). Importantly, expression of Sarl,;,o5 had no
discernible effect on the intracellular distribution of the three
primary membrane proteins (Fig. 2, rows 3 to 5). These results,
which were reproduced in essentially all cells examined, sug-
gested that viral primary membrane proteins, unlike the A36R
and B5R secondary membrane proteins, are not transported
from the ER through the COPII-mediated pathway, which was
inhibited by the dominant negative mutated form of Sarl.

Effect of the cellular expression of Sarl,;,¢; on the forma-
tion of infectious virions. The experiments described above
suggested that Sarl;g might inhibit the production of extra-
cellular enveloped virions but not that of IMV. To investigate
this, we employed vaccinia virus strain IHD-J, which releases
much more extracellular virus than the WR strain that was
used in the previous experiments. After transfecting the cells
with either the empty plasmid pcDNA3 or pHA-Sar1,;,,5 for
24 h, the cells were infected with vaccinia virus strain IHD-J.
After another 24 h, the medium and cells were collected sep-
arately and the infectious virus in each fraction was quantified
by plaque assay. As shown in Fig. 3, Sarl,;,¢ did not appre-
ciably alter the amount of cell-associated infectious virus, al-
though it decreased the infectious virus in the medium by more
than threefold, despite the fact that not all cells were trans-
fected and expressed the mutated Sarl protein. Data showing
the effects of Sarl,;;o on IMV and IEV formation will be
presented later.

Construction of a recombinant vaccinia virus expressing an
IPTG-inducible GFP-Sarl,;,,; fusion protein. We were con-
strained by the transfection protocol used in the initial exper-
iments and therefore constructed a recombinant vaccinia virus
with an inducible Sarl;;o5 gene in order to confirm and ex-
trapolate from the above results. We used the stringently reg-
ulated VOTE system, in which the bacteriophage T7 RNA
polymerase gene and E. coli lac repressor are integrated into
the vaccinia virus genome (44). One lac operator regulates the
expression of the T7 RNA polymerase, and another regulates
the T7 promoter adjacent to the gene of interest—in this case,
Sarly;;9g fused at its N terminus to the GFP coding sequence
(Fig. 4A). The recombinant virus, called vVGFP-Sarl,;,4i, was
isolated by using mycophenolic acid selection, plaque purified,
analyzed by PCR, and then propagated in HeLa cells. All steps
were carried out in the absence of IPTG to prevent the induc-
tion of Sarl;;;¢g. Induction of the 48-kDa GFP-Sarl,;,o5 was
demonstrated by Western blotting that was carried out with an
anti-GFP MAb (Fig. 4B). No expression was detected in the
absence of inducer. The time required for Sarl,;;95 synthesis
was compared with that for the A17L membrane protein; both
were detected at 8 h after infection (data not shown). The
recombinant virus made normal-sized or tiny plaques in the
absence or presence of inducer, respectively (Fig. 4C). In ad-
dition, the small plaques made in the presence of inducer
exhibited green fluorescence, whereas the large plaques made
in the absence of inducer did not (Fig. 4D).

Effect of IPTG on vaccinia virus replication in cells infected
with vGFP-Sarl,;,4:i. The small plaque size may result from a
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FIG. 3. Effect of Sarly;9 on the yields of cell-associated and re-
leased infectious virus. HeLa cells were transfected with pcDNA3 or
pHA-Sarl,9 and infected 24 h later with vaccinia virus strain IHD-J.
After a further 24 h, the medium was collected and cleared by high-
speed centrifugation, and the cells were harvested in fresh medium,
washed, and lysed. Infectious particles were determined by plaque
assay on BS-C-1 cells. Data presented are the averages, with standard
deviations, of three different plaque counts of two independent exper-
iments.

pHA-Sarly79G

decrease in the production of infectious virus or from a defect
in the cell-to-cell spread of virus, depending on whether
Sarly;9 inhibited the formation of the viral primary mem-
brane or that of the wrapping membrane. The presence or
absence of IPTG had no effect on the production kinetics or
the yield of cell-associated virus in a one-step growth experi-
ment (Fig. 5), suggesting that the small plaque size resulted
from a defect in virus spread.

Effect of IPTG on distribution and processing of IEV mem-
brane proteins in cells infected with vGFP-Sarl,,si. Cells
infected with vGFP-Sarl,;,95i in the presence of IPTG exhib-
ited reticular cytoplasmic GFP fluorescence that was not seen
in the absence of inducer (Fig. 6). The A33R, A36R, and BSR
proteins were detected with specific antibodies and exhibited
the expected Golgi membrane and peripheral punctate local-
ization in the absence of IPTG (Fig. 6). In the presence of
IPTG, these three proteins had a typical ER distribution in
essentially all cells examined (Fig. 6) and extensively over-
lapped with Sarl;;;¢g (data not shown). We had previously
shown by cotransfection experiments that Sarly,¢s did not
perturb the Golgi membrane localization of the nonglycosylat-
ed palmitoylated F13L protein (14). Similar results were ob-
tained here with vGFP-Sarl ;i (Fig. 6), supporting the di-
rect association of the F13L protein with Golgi membranes.

To confirm the block in ER cargo transport by biochemical
means, we analyzed the endo H sensitivity of the B5R glyco-
protein (21). Endo H can digest the high-mannose carbohy-
drate side chains of glycoproteins that have been synthesized in
the ER but can no longer do so after the glycoproteins have
been transported to the Golgi network, where trimming of the
mannose side chains and addition of complex sugars occurs.
The acquisition of endo H resistance, although often incom-
plete, is a generally accepted sign of ER-to-Golgi trafficking.
Cells were infected with vGFP-Sarl;;,45i in the absence or
presence of IPTG for 8 h and pulse-labeled with [**S]methi-
onine and [*S]cysteine for 5 min. Cells were then incubated in
medium supplemented with cold methionine, cysteine, and
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FIG. 4. Characterization of a recombinant vaccinia virus expressing an inducible GFP-Sarl,;,9 fusion protein. (A) Diagram of portions of
recombinant vaccinia virus VGFP-Sar1;;,95i. Abbreviations: Tk, thymidine kinase gene; T7 pol, bacteriophage T7 polymerase gene; lacO, E. coli
lac operator; Py, vaccinia virus P11 late promoter; Py, , vaccinia virus P7.5 early/late promoter; lacl, E. coli lac repressor gene; HA, vaccinia virus
hemagglutinin gene; gpt, E. coli guanine phosphotransferase gene; SLO, stem loop lacO; EMC, encephalomyocarditis virus untranslated leader
sequence; GFP-Sarly;;95, ORF encoding mutated GFP-Sarly,o fusion protein; TT, transcription termination sequences. (B) Immunoblot
showing inducible expression of GFP-Sarl;,9. HeLa cells were infected with vGFP-Sarl,,9i in the absence and presence of 100 uM IPTG for
20 h. Proteins from the cell lysates were resolved by SDS-polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and
detected with anti-GFP mouse MAD. (C) Effect of IPTG on plaque size of vVGFP-Sarl;;;95i. BS-C-1 cells were infected with vVGFP-Sar1;y5¢i and
overlaid with medium containing methylcellulose and 0 or 100 pM IPTG. After 3 days, plaques were visualized with crystal violet in 20% ethanol.
(D) Images of vGFP-Sarl,;,9i plaques with or without IPTG under visible (left) or fluorescent (right) light.

IPTG as required. At intervals, the cells were lysed and the
BSR protein was immunoprecipitated from the lysate and
tested for endo H sensitivity. In the absence of IPTG, some
resistance to endo H occurred between 40 and 80 min (Fig. 7).
At 60 min, a barely resolved doublet was detected. In the
presence of IPTG, the BSR glycoprotein remained sensitive
to endo H during the entire chase period (Fig. 7). Thus, the

biochemical experiments also indicated that Sarl;;,¢g inhib-
ited trafficking of the B5R glycoprotein from the ER.

Effect of IPTG on the distribution of IMV membrane pro-
teins in cells infected with vGFP-Sarl,,si. Next, we deter-
mined the effect of induced Sarl;;g expression on the intra-
cellular distribution of the A17L and LI1R viral membrane
proteins. HeLa cells infected with vGFP-Sarl,;,,5i were first
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stained with anti-ERGIC 53, anti-A17L, or anti-L1R Abs, and
then with DAPI to visualize the cytoplasmic viral DNA facto-
ries. In the absence of IPTG, ERGIC 53 localized to the
juxtanuclear Golgi area and appeared to be largely excluded
from the DAPI-staining cytoplasmic viral DNA factories (Fig.
8, row 1). In contrast, the A17L and L1R proteins overlapped
with the viral DNA factories in the perinuclear areas (Fig. §,
rows 2 and 3). In the presence of IPTG, ERGIC 53 was re-
tained in the ER, giving a reticular pattern, whereas A17L and
L1R still overlapped with the viral DNA factories and did not
exhibit a reticular pattern (Fig. 8, rows 4 to 6). This result was
found in essentially all examined infected cells. In addition, the
studies were repeated with a BS-C-1 cell line that constitutively
expresses the T7 RNA polymerase (45). Under these condi-
tions, expression of Sarl,;;og was detected 1 h before A17L,
but the localization of the A17L and L1R proteins was still
unaffected (data not shown). We also determined that the
A17L protein was proteolytically processed (as previously de-
scribed [5]) in the presence of Sarl;;og (data not shown), a
finding consistent with the absence of any effect of this inhib-
itor on viral membrane formation. Thus, the induction of
Sarly;0 failed to perturb the distribution of two IMV mem-
brane proteins, while effectively blocking trafficking of IEV
proteins and ERGIC 53 from the ER.

Vaccinia virus morphogenesis in cells infected with vGFP-
Sarl;y,ei. Electron microscopy was used to visualize the ef-
fects of Sarl;,9g on the formation of virus structures. In cells
infected for 20 h in the absence of IPTG, all forms of vaccinia
virus, including IMV, IEV, and CEV, were visualized (Fig. 9A
to C). When Sarly,9; was induced, IV and IMV appeared
normal and abundant (Fig. 9D to F). However, the cell surface
appeared devoid of virus particles, and neither IEV nor CEV
was detected in numerous cell sections examined (Fig. 9D).

Localization of ERGIC 53 in vaccinia virus-infected cells.
Although ERGIC 53 was previously reported to concentrate
and localize in viral factories (26), we did not find this distri-
bution in cells infected with vGFP-Sar1,;,45i in the absence of
IPTG (Fig. 8). There was a possibility that this discrepancy
might somehow be connected with the recombinant virus or
linked to the time at which the infected cells were examined in
our study. Therefore, we repeated the experiment by staining
cells with Ab to ERGIC 53 and DAPI at 6, 8, and 24 h after
infection with WR. At each time, however, the areas that
stained intensely with ERGIC 53 Ab appeared to be excluded
from DNA-staining factories (Fig. 10).

DISCUSSION

The mechanism by which poxvirus membranes form in the
cytoplasm of infected cells is the most intriguing and least
understood of all steps in virion morphogenesis. The idea that
the primary viral membrane forms de novo is generally disfa-
vored, partly on conceptual grounds. In several recent papers,
an alternative model has been formulated in which viral pro-
teins are inserted cotranslationally into the ER and accumulate
in the ERGIC, the tubules of which form the viral crescent
membranes (17, 26, 28, 34). The evidence supporting the
model consists largely of electron microscopic images showing
Ab to A17L and other viral membrane proteins in association
with the ERGIC and ERGIC markers in tubules that are near
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FIG. 5. One-step growth of vGFP-Sarly,¢i in the presence or
absence of IPTG. BS-C-1 cells were infected with 5 PFU of vGFP-
Sarlysegi per cell in the absence or presence of 100 uM IPTG. Cells
were harvested from triplicate cultures at 2, 6, 12, and 24 h after
infection, and the infectivity of each was determined by plaque assay.
Standard deviations are shown by error bars.

or associated with viral crescents. However, one cannot con-
clude from static images that the viral proteins associated with
the ERGIC are destined to form the viral membrane or
whether they have been diverted from the viral membrane
pathway. A difficulty in finding ERGIC or other cellular mem-
brane markers associated with crescents and the membranes of
immature or mature virions (16) can be plausibly explained by
viral protein displacement, but such an explanation leaves
some uncertainty as to the validity of the ERGIC model. We
considered that a test of the ERGIC model of viral membrane
origin could be performed by blocking cargo transport between
the ER and ERGIC. The ERGIC model would receive strong
support if the A17L and other membrane proteins accumu-
lated in the ER and viral crescent membranes then failed to
form under such conditions. On the other hand, the ERGIC
model’s plausibility would be weakened if viral proteins still
localized in viral factories and viral membranes then formed
normally. Fortunately for our purposes, cell biologists have
studied the ER exit mechanism intensively, and trans-domi-
nant negative inhibitors of ER protein export have been de-
veloped. The most widely used inhibitors have point mutations
in the gene encoding Sarl GTPase, which is an essential com-
ponent in COPII-mediated transport from the ER (25, 36).
We overexpressed the dominant negative inhibitor Sarl ;9
by using two different but complementary methods. First, we
transfected a eukaryotic expression plasmid 24 h before infec-
tion so that inhibition of cargo transport would be established
prior to the time of virus addition. The use of epitope-tagged
or GFP-fused forms of Sarl,;;og allowed us to specifically
examine, by using confocal microscopy, those cells that ex-
pressed the inhibitor. For the second approach, we constructed
a novel recombinant vaccinia virus that expresses Sarly ;o5
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FIG. 6. Effect of IPTG on the intracellular distribution of GFP-Sarl,;,95 and IEV membrane proteins in vGFP-Sarl,;,¢gi-infected cells. HeLa
cells were infected with vVGFP-Sar1;y,¢5i in the absence (left column) or presence (right column) of IPTG for 20 h. Cells were fixed, permeabilized,
and stained with anti-A33R mouse MADb, anti-A36R rabbit Ab, anti-F13L rabbit Ab, and anti-BSR rat MAb, followed by Alexa 594-conjugated
anti-mouse IgG, tetramethyl rhodamine isothiocyanate-conjugated anti-rabbit IgG, and anti-rat IgG, respectively. Bars, 10 pm.
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FIG. 7. Endo H sensitivity of the BSR glycoprotein synthesized in the absence or presence of IPTG. BS-C-1 cells were infected with 5 PFU of
VGFP-Sarl,;,4i per cell in the absence or presence of IPTG. After 8 h, cells were pulse-labeled with [*>S]methionine and [**S]cysteine for 5 min
and then washed and chased for 0, 20, 40, 60, and 80 min in medium supplemented with unlabeled cysteine, methionine, and IPTG as required.
Cells were lysed immediately after the pulse or chase, and the B5R glycoprotein was captured with Ab, subjected to Endo H digestion, resolved
by SDS-polyacrylamide gel electrophoresis, and visualized by autoradiography.

regulated by a strong, inducible T7 promoter that is turned on
at the time of viral membrane protein synthesis or before.
Importantly, identical results were obtained with both ap-
proaches. Sarl,;;9 expression had no effect on the localization
of the A17L and other viral membrane proteins in the viral
factories, and it had no effect on the formation of viral mem-
branes or viral morphogenesis stages up to and including the
stage of IMV formation. Moreover, Sarly;,4g did not reduce
the yield of infectious cell-associated virus. Nevertheless, the
cellular protein ERGIC 53 and the viral glycoproteins that
form the wrapping membranes were retained in the ER as
determined by confocal microscopy as well as by sensitivity to
endo H digestion. Furthermore, the formation of IEV and
extracellular virions was completely blocked, demonstrating
the stringency of the effects of Sarl,;;o5. We concluded that
COPII-mediated cargo transport from the ER to the ERGIC is
not required for the formation of the primary viral membranes
but is necessary for the formation of the wrapping membranes.

Some of the proteins that constitute the wrapping mem-
brane are typical integral membrane proteins, and their reten-
tion in the ER upon overexpression of Sarl,;;o5 was therefore
anticipated. In previous cotransfection experiments, we showed
that Sarl,;,9 did not prevent the association of the nonglyco-
sylated F13L protein with Golgi membranes (14), and a similar

result was obtained here in the context of a viral infection. The
F13L protein is palmitoylated and appears to associate directly
with Golgi membranes. Golgi membrane association of F13L,
however, is insufficient for wrapping of the IMV.

The effect of brefeldin A on vaccinia virus assembly super-
ficially resembles that of Sarl;;,¢; €.g., IMV form but vaccinia
virus envelopment is inhibited (40). However, unlike Sarl;;;o5,
brefeldin A does not prevent ER export but deregulates mem-
brane traffic, resulting in Golgi proteins entering a tubule path-
way back to the ER (19). Therefore, the effect of brefeldin A
cannot be used to argue for or against the ERGIC model.

During our study with vGFP-Sarl,;,5i, we noted that the
A17L and L1R primary viral membrane proteins localized in
DNA-containing viral factories, whereas ERGIC 53, a marker
for the ERGIC, did not do so, even in the absence of inducer.
Because this result conflicted with a confocal microscopic im-
age in a recent paper by Risco and collaborators (26), we
repeated the experiment with cells that were infected with the
WR strain of vaccinia virus. Again, intense ERGIC 53-staining
areas were excluded from the factories at all time points ex-
amined. Our data do not, however, rule out the presence of
individual ERGIC tubules extending into factory regions, since
these might not be detected by confocal microscopy. Immuno-
electron microscopy would be necessary to resolve these struc-
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FIG. 8. Effect of IPTG on the intracellular location of viral membrane proteins in cells infected with vGFP-Sar1;,4:i. HeLa cells were infected with
vGFP-Sarl,9i in the absence (rows 1 to 3) or presence (rows 4 to 6) of IPTG for 20 h. The cells were fixed, permeabilized, and stained with anti-ERGIC
53 MAD, anti-L1R mouse MADb, and anti-A17LC rabbit Ab, followed by Alexa 594-conjugated anti-mouse IgG and tetramethyl rhodamine iso-
thiocyanate-conjugated anti-rabbit IgG, respectively. Cells were then stained with DAPI. Red, secondary antibodies; blue, DAPI. Bars, 10 pm.
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FIG. 9. Effect of Sarly,o expression on the maturation and production of IMV and IEV. RK13 cells were infected with vGFP-Saryy,95i at 5 PFU
per cell in the absence or presence of 100 wM IPTG. At 20 after infection, cells were harvested and processed for electron microscopy. All forms of vaccinia

virus, including CEV (A), IMV (B), and IEV (C), were visualized in the cells infected without IPTG, whereas only IV (E) and IMV (F) but no CEV or
IEV (D) were detected in the cells infected in the presence of IPTG.
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FIG. 10. Intracellular localization of ERGIC 53 in cells infected with vaccinia virus strain WR. HeLa cells were infected with WR and at 6, 8,
and 24 h after infection were fixed, permeabilized, and stained with mouse anti-ERGIC 53 MAD, followed by Alexa 488-conjugated anti-mouse
IgG. Cells were counterstained with DAPI. Green, Alexa 488; blue, DAPI. Note that ERGIC 53 is excluded from viral DNA factories at all time

points. Bars, 10 pm.

tures, and Risco et al. (26) have obtained electron microscopic
images of tubules staining with Ab to ERGIC 53 near viral
membranes.

Where does this leave us with regard to viral membrane
formation? Are we back to the original de novo membrane
model? Not necessarily. First, we must point out that our
experiments demonstrated that COPII-mediated cargo trans-
port from the ER to the ERGIC was not required for viral
membrane formation, but we cannot rule out the possibility
that the ERGIC is involved under normal conditions when
cargo transport is unaffected. Nevertheless, we do not feel that
the previous data supporting a role of the ERGIC are convinc-
ing for reasons already mentioned. In light of the data pre-
sented here, the possibility that the tubules which form the
viral crescent membranes are derived directly from the ER, as
has been proposed for the membrane that underlies the capsid
of African swine fever virus (1, 6, 30), should be considered. In
place of the COPII-mediated ER exit pathway, poxviruses
might encode a novel mechanism for inducing tubule forma-
tion from the ER. After all, poxviruses encode their own tran-
scription system (23), their own DNA replication system (37),
and even their own cytoplasmic disulfide bond pathway (31).
At present, the only vaccinia virus conditional lethal mutant
that is blocked in viral membrane formation and which does
not exhibit a general defect in viral protein synthesis, maps to

the F10L protein kinase (38, 41). Several viral membrane pro-
teins are substrates of the kinase and are therefore potentially
involved in tubule formation. The A17L gene encodes one
such membrane protein (5, 8). Although repression of A17L
expression prevents the formation of viral crescent mem-
branes, tubular-vesicular structures accumulate adjacent to
dense granular viral material (27, 46). Therefore, A17L expres-
sion might be a step removed from the hypothetical inducer of
tubule formation. The membrane protein A14L is also phos-
phorylated by the F10L kinase (5, 39), but repression of A14L
expression blocks morphogenesis at a later stage than does
repression of A17L (29, 39). Additional putative membrane
proteins encoded by vaccinia virus remain to be characterized.
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