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The vaccinia virus proteins A30 and G7 are known to play essential roles in early morphogenesis, acting
prior to the formation of immature virions. Their repression or inactivation results in the accumulation of
large virosomes, detached membrane crescents, and empty immature virions. We have undertaken further
study of these proteins to place them within the context of the F10 kinase, the A14 membrane protein, and the
HS5 phosphoprotein, which have been the focus of previous studies within our laboratory. Here we confirm that
both A30 and G7 undergo F10 kinase-dependent phosphorylation in vivo and recapitulate that modification of
A30 in vitro. Although the detached crescents observed upon loss of A30 or G7 echo those seen upon repression
of A14, no interaction between A30/G7 and A14 could be detected. We did, however, determine that the A30 and
G7 proteins are unstable during nonpermissive zsHS infections, suggesting that the loss of A30/G7 is the
underlying cause for the formation of lacy or curdled virosomes. We also determined that the temperature-
sensitive phenotype of the Cts11 virus is due to mutations in two codons of the G7L gene. Phenotypic analysis
of nonpermissive Cts11 infections indicated that these amino acid substitutions compromise G7 function
without impairing the stability of either G7 or A30. Utilizing Czs11 in conjunction with a rifampin release assay,
we determined that G7 acts at multiple stages of virion morphogenesis that can be distinguished both by
ultrastructural analysis and by monitoring the phosphorylation status of several viral proteins that undergo

F10-mediated phosphorylation.

The morphogenesis of vaccinia virus (VV), the prototypic
poxvirus, occurs solely within the cytoplasm of infected cells
through a series of stages that are genetically and visually
distinct (5, 18). This process begins with the formation of an
electron-dense virosome containing the viral proteins to be
encapsidated. Crescent-shaped precursors of the virion mem-
brane then develop adjacent to the periphery of the virosome.
As these viral crescents enlarge and circularize they envelop a
portion of the viroplasm, giving rise to immature virions (IV).
IV then acquire an eccentric, electron-dense nucleoid whose
appearance is correlated with the encapsidation of the virion
genome, a process that we are just beginning to understand
(10). Several structural changes, accompanied by a character-
istic set of proteolytic processing events, are required for the
further transition of nucleoid-containing IV (IVN) into infec-
tious, intracellular mature virions (IMV). IMV represent the
majority of infectious particles produced during the course of
infection, and have a characteristic brick-shaped appearance
with an internal biconcave core (5, 7, 9, 18, 34, 35, 37).

The importance of phosphorylation in the regulation of the
vaccinia virus life cycle is underscored by the fact that the
vaccinia virus genome encodes two protein kinases (B1 and
F10) and a protein phosphatase (H1), all of which are required
for virus viability (16, 22, 31, 36). Previous work by our lab and
others has placed the F10 kinase at the top of the hierarchy of
proteins that play essential roles in the earliest stages of mor-
phogenesis (31, 36). Temperature-sensitive mutants defective
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in the F10 gene display a very early morphogenesis arrest, prior
to virosome condensation or crescent formation. Recent re-
sults show that the kinase activity of F10 is essential for its
biological function, underscoring the importance of F10-medi-
ated phosphorylation in the biogenesis of both the core and
membrane of nascent virions (20, 28).

Several substrates of the F10 kinase have also been shown to
play essential roles in early virion morphogenesis. Among
them is the HS protein; during nonpermissive infections with a
tsH5 mutant, morphogenesis arrests with the formation of
“curdled” virosomes and without any evidence of membrane
biogenesis (6). The Al4 and A17 membrane proteins, which
interact with each other, are both phosphorylated in vivo. Re-
pression of either A14 or A17 results in a dramatic inhibition
of virion morphogenesis at a stage which is just downstream of
the arrest seen when F10 or HS are defective. In the absence
of Al7, virosomes become surrounded by a large number of
membrane vesicles and/or tubules (23, 38). The absence of A14
leads to the accumulation of large clusters of 20- to 30-nm
diameter vesicles and/or tubulovesicular membranes; in addi-
tion, a few crescents which appear to be detached from the
viroplasmic contacts are also seen (24, 32).

Two additional proteins, A30 and G7, have recently been
shown to be involved in the early stages of vaccinia virus mor-
phogenesis. Inducible recombinants have been generated in
which either A30 (vA30Li) or G7 (vG7Li) expression can be
manipulated experimentally (25, 27, 30) by inclusion or omis-
sion of IPTG (isopropyl-B-D-thiogalactopyranoside) from the
culture medium. In the absence of either A30 or G7 expres-
sion, plaque formation is completely abrogated. Electron mi-
croscopic analysis revealed that these aborted infections dis-
played comparable defects in virion morphogenesis. Crescent
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formation was not affected, although further membrane mat-
uration and IV formation was defective. Numerous empty
“pseudo-IV” and multiwrapped IV (25, 30) were seen. When
nonpermissive infections with either a temperature-sensitive
mutant defective in A30 (Dts46) or the inducible A30 recom-
binant virus were performed at 39.7°C, the virosomes appeared
“lacy” (27, 30). The authors of these studies concluded that
A30 and G7 are required for the recruitment and/or attach-
ment of viral crescents to the viroplasm and the subsequent
formation of immature virions. In addition, A30 and G7 were
shown to interact with one another and to be mutually depen-
dent upon each other for stability (25). A30 and G7 were also
shown to complex with and stabilize the viral F10 kinase, which
was in turn found to be necessary for the in vivo phosphory-
lation of A30 (29).

Several of the phenotypic characteristics observed upon re-
pression of A30 or G7 were reminiscent of those seen upon
repression of the Al4 membrane protein or mutation of the
HS core protein: a defect in crescent/virosome juxtaposition
and the presence of “curdled” virosomes. These coincident
phenotypes prompted us to investigate the possible genetic
and/or functional links between the A30, G7, H5, and Al4
proteins during the course of VV morphogenesis. We present
these studies here, as well as our analysis of the temperature-
sensitive mutant Czs11, which we have determined to encode a
defective G7 allele. These studies confirm that there are func-
tional interactions between the A30, G7, and HS5 proteins and
reveal that the G7 phosphoprotein functions during several
stages of virion maturation.

MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase, calf intestinal phospha-
tase, pancreatic RNase, Tag polymerase, and DNA molecular weight standards
were purchased from Invitrogen (Carlsbad, Calif.). [**PJorthophosphate and
[>*S]methionine were obtained from Dupont/New England Nuclear Corp. (Bos-
ton, Mass.). Lipofectamine Plus reagent was purchased from Invitrogen life
Technologies (Carlsbad, Calif.), and Endofree Plasmid Maxi kits were from
Qiagen (Valencia, Calif.). DNA oligonucleotides were synthesized by IDT (Cor-
alville, Iowa). Thin-layer chromatography plates were purchased from EM Sep-
arations, Inc. (Gibbstown, N.J.), and constant boiling HCI was from Pierce
(Rockford, I1L.).

Cells and viruses. Monolayers of BSC40 primate cells were maintained in
Dulbecco modified Eagle medium (DMEM; Invitrogen Life Technologies) con-
taining 5% fetal bovine serum at 37°C. Wild-type vaccinia virus (strain WR),
vindA13 (33), tsH5-4 (6), vindH1 (16), Cts11 (the present study [kindly supplied
by Richard Condit]) (14), and vindF18 (VRO11K [39]; kindly provided by Ber-
nard Moss, NIH, Bethesda, Md.) were used where indicated. All viral stocks
were prepared by ultracentrifugation of cytoplasmic lysates of infected BSC40
cells or L cells (for wild type [wt]) through 36% sucrose; in some instances,
virions were further purified by banding on 25 to 40% sucrose gradients (16). For
infections with temperature-sensitive mutants, 31.5 and 39.7°C were used as the
permissive and nonpermissive temperatures, respectively.

Preparation of anti-A30 and anti-G7 sera. (i) Construction of pATH:A30. The
A30 open reading frame (ORF) was amplified by PCR by using genomic DNA
as the template. The upstream primer (5'-ACGGATCCATGGAAGACCTTAA
CGA-3') introduced a BamHI site (in boldface) upstream of the initiating ATG
(underlined). The downstream primer (5'-CCGGTACCTCAACGACGATTGA
ATT-3") introduced a Kpnl site (in boldface) immediately downstream of the
translation stop site (underlined). The 234-bp PCR product was then digested
with BamHI and Kpnl and inserted into pATH23 vector DNA (13) that had
been previously digested with the same enzymes and treated with calf intestinal
alkaline phosphatase (CIP). The resulting plasmid places the A30 gene down-
stream of and in frame with the E. coli trpE gene.

(ii) Construction of pATH:G7. The G7 ORF was amplified by PCR by using
vaccinia virus genomic DNA as the template. The upstream primer (5'-CGCG
GATCCATGGCTGCAGAACAGCGTCG-3') places a BamHI site (in bold-

ANALYSIS OF VV A30 AND G7 PHOSPHOPROTEINS 7147

face) upstream of the initiating ATG (underlined). The downstream primer
(5'-CGCGGATCCTTAACATTTTGGCAAATTG-3') introduces a BamHI site
(in boldface) downstream of the translational stop site (underlined). The
1,116-bp PCR product was digested with BamHI and ligated with pATH-1 vector
DNA that had been treated with BamHI and CIP (13). The resultant plasmids
were screened for proper orientation of the insert; the plasmid selected placed
the G7 gene downstream of and in frame with the Escherichia coli trpE gene.

(iii) Expression of trpE:A30 and trpE:G7 antigens. E. coli transformants
containing pATH:A30 or pATH:G7 directed the inducible synthesis of 43- and
76-kDa fusion proteins that comprised 34 kDa of E. coli trpE and either 9 kDa
of A30 or 42 kDa of G7, respectively. These fusion proteins were excised from
copper chloride-stained sodium dodecyl sulfate (SDS)-polyacrylamide gels and
used for the immunization of rabbits. In each case, the specificity of the resultant
polyclonal antisera was confirmed by both immunoblot and immunoprecipitation
analyses.

Immunodetection analysis. Cell lysates or immunoprecipitates were resolved
by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocel-
lulose (Schleicher & Schuell, Keene, N.H.) filters in CAPS transfer buffer (10
mM CAPS {3-[(cyclohexylamino)-1-propane-sulfonic acid]} in 10% methanol;
pH 11.3). Filters were probed with the indicated antisera directed against A30,
G7, or H5 and then with horseradish peroxidase-conjugated secondary antibody
(Bio-Rad, Richmond, Calif.). Immunoreactive species were visualized after de-
velopment with enhanced chemiluminescence reagents (Pierce, Rockford, Ill.).

Metabolic labeling. (i) Metabolic labeling with [3*S]methionine. Monolayers
of BSC40 cells were infected at a multiplicity of infection (MOI) of 5 with the
indicated virus. At 6 h postinfection (hpi) the cultures were rinsed with methi-
onine-free DMEM (ICN-FLOW, Costa Mesa, Calif.) supplemented with L-
glutamine and fed with the same medium containing 100 w.Ci of [**S]methionine
(EXPRESS label; NEN-Dupont) per ml. Cells were labeled for a total of 3 h and
prepared for immunoprecipitation analysis as follows. Cells were rinsed with
phosphate-buffered saline and lysed in 1X phospho-lysis buffer (0.1 M NaPO,
[pH 7.4], 0.1 M NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate).
Lysates were clarified by centrifugation and incubated with primary serum, fol-
lowed by protein A-Sepharose (Sigma); immunoprecipitates were then retrieved,
washed thoroughly, and analyzed by SDS-PAGE and autoradiography.

(ii) Labeling with 32PP;. Infected monolayers were incubated with phosphate-
free DMEM (ICN-Flow) supplemented with phosphate-free 5% fetal bovine
serum (prepared by dialysis against Tris-buffered saline [25 mM Tris-HCI [pH
7.4], 136 mM NaCl, 2.7 mM KCl]) and 100 wCi of **PPi per ml. Labeling was
performed from 6 to 9 hpi, and cells were then harvested as described above for
immunoprecipitation analyses. When appropriate, a cocktail of phosphatase
inhibitors (1 mM sodium orthovanadate, 1 mM sodium fluoride, and 40 mM
B-glycerol phosphate) was added to the 1X phospho-lysis buffer.

Pulse-chase analysis. Duplicate sets of confluent 60-mm dishes were infected
with the indicated virus at an MOI of 2; one set was incubated at the permissive
temperature (31.5°C), the second set was incubated at the nonpermissive tem-
perature (39.7°). At 6 hpi cells were labeled with [3°S]methionine as described
above. After a 15-min pulse-labeling, one culture was harvested and designated
as the “zero time” sample. The remaining dishes were rinsed 1X with complete
medium (containing cold methionine) and returned to the incubator for chase
periods of 15 to 360 min, as indicated. All samples were then subjected to
immunoprecipitation analyses.

One-dimensional phosphoamino acid analysis. One-dimensional phospho-
amino acid analysis (PAA) was performed as previously described (32). Briefly,
32p-labeled A30 and G7 were immunoprecipitated from metabolically labeled
wt-infected extracts. Immunoprecipitates were resolved by SDS-PAGE and
transferred electrophoretically to Immobilon P; the appropriate radiolabeled
bands were excised from the filter for further processing. After hydrolysis in situ,
the samples were precipitated, mixed with phosphoamino acid markers (20 nmol
each), and spotted onto thin-layer cellulose F chromatography plates. Phos-
phoamino acids were resolved by electrophoresis on a Hunter thin-layer elec-
trophoresis system, model HTLE 7000, at 1,800 V for 30 min in pyridine-glacial
acetic acid-water (1:10:189). Markers were visualized by ninhydrin staining, fol-
lowed by development at 65°C; the samples were then visualized by autoradiog-
raphy.

Preparation of recombinant N'HIS-A30 and C'HIS-G7. Plasmids encoding
His-tagged versions of both A30 and G7 were constructed for the purpose of
bacterial expression and purification.

(i) N’'HIS-A30. The upstream primer (5'-GGAATTCCATATGGAAGACCT
TAACG-3"), which inserts an Ndel site (in boldface) overlapping the transla-
tional start site (underlined) and the downstream primer (5'-CGCGGATCCTC
AACGACGATTGAATTCT-3"), which contains a BamHI site (in boldface)
downstream of the translational stop site (underlined), were used to amplify the
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A30 OREF utilizing VV genomic DNA as the template. The PCR product was
digested with the appropriate enzymes and ligated to pET-16b (Novagen, Mad-
ison, Wis.) DNA that had been previously digested with the appropriate enzymes
and treated with CIP. This plasmid placed the A30 ORF under the regulation of
an inducible T7 promoter, downstream of and in frame with a 10X-His tag. After
expression in E. coli BL21(DE3) transformants, the N'-tagged A30 protein was
affinity purified on Ni-NTA agarose (Qiagen, Valencia, Calif.).

(ii) C'HIS-G7. The upstream primer (5'-GGATCCCCATGGACATGATGC
TTAT-3"), which inserts an Ncol site (in boldface) overlapping the translational
start site (underlined) of G7, and the downstream primer (5'-CCGCTCGAGA
CATTTTGGCAAATTG-3"), which contains a Xhol site (in boldface), were
used to amplify a copy of the G7 ORF lacking the translational stop codon. After
digestion with Ncol and Xhol, the insert was ligated into pET-23d DNA that had
been similarly digested and treated with CIP. The final plasmid encoded a
T7-inducible G7-10X-His fusion protein. Recombinant C’'-tagged G7 was puri-
fied from E. coli BL21(DE3) transformants as described above.

In vitro kinase reactions. Recombinant His-A30 and His-G7 proteins were
evaluated for their ability to serve as substrates for the VV-encoded F10 and B1
kinases. A total of 150 ng of A30 or 450 ng of G7 were incubated in 25-pl
reactions containing 25 ng of recombinant 3X-FLAG-F10 (20) or 50 ng of
recombinant His-B1 (unpublished data), 50 mM Tris (pH 7.5), 1 mM dithiothre-
itol, 5 uM rATP, and 10 uCi of [y-**P]JATP (3,000 Ci/mmol). Reactions were
allowed to proceed for 30 min at 25°C. Control reactions for the F10 and B1
kinases contained 2.5 pg of myelin basic protein (MBP) or casein, respectively.
Samples were subjected to fractionation by SDS-PAGE, and the phosphorylated
products were visualized by autoradiography.

Marker rescue assay. Confluent monolayers of BSC40 cells were infected with
Cts11 at an MOI of 0.03 at the permissive temperature (31.5°C). At 3 hpi, 5 ug
of pTM1 (empty vector), pBR322-HindIIIG, pTM1-G7, pTM1-G7p, 35, pTM1-
G7a135v> 0F pPTM1-G7py135.4135v DNA which had been previously linearized
with Scal were applied to cells as CaPO, precipitates. Cultures were then shifted
to the nonpermissive temperature; at 48 hpi, cells were harvested, and the viral
yield was determined by titration on BSC40 cells. Experiments were performed
in triplicate, and the titers were averaged.

Marker rescue analyses utilizing G7 cleavage mutants. To determine whether
G7 alleles in which one or both of the proteolytic cleavage sites (AG |, X) had
been inactivated (AAX) could support virus viability, marker rescue of Cts11 was
performed as described above with plasmids encoding the following alleles:
pTMI1-G7, pTM1-G7G834, PTM1-G70354, and pTMI1-G7Gi534.G2384- Te€m-
perature-insensitive plaques that formed at 39.7°C were purified and then as-
sessed for their genotype at the relevant codons. In each case, the nucleotide
substitutions alter a restriction endonuclease cleavage site, either an Alul site
(AGCT) at position 183 or a Nael site (GCCGGC) at position 238, enabling the
wt (AGX) and mutant (AAX) alleles to be rapidly differentiated. For the con-
struction of AGX cleavage mutants, targeted mutations within the G7 gene were
generated by using a previously described overlap PCR strategy (17). VV
genomic DNA was used as the template for the initial round of PCRs. In the first
round of PCR, two reactions were performed. Reaction B used an upstream
primer (5'-GGATCCCCATGGACATGATGCTTAT-3"), which inserts an Ncol
site overlapping the translational start site (underlined) of G7 in conjunction
with one of two mutation-encoding primers: primer 183 “AAX”-b (5'-CAGAA
AATGCCGCTACTATAATAGG-3') or 238 “AAX”-b (5'-TTTTCAAGGCGG
CTATATATTCTGC-3'). Reaction C used a downstream primer (5'-CGCGGA
TCCTTAACATTTTGGCAAATTG-3'), which inserts a BamHI site (in bold-
face) downstream of the G7 translational stop site (underlined), together with
either 183 “AAX”-c (5'-GTAGCGTGCATTTTCTGGTAAAGAAC-3") or 238
“AAX”-c (5'-TATAGCCGCCTTGAAAATAGAAGAGATTG-3'). Portions (1
wl) of the products generated in the corresponding B and C reactions were used
together as the template for the second round of PCR, which used only the
upstream and downstream primers. In the case of G7G1334.G2384, the final 183
“AAX” PCR product served as the template for the subsequent 238 “AAX”
mutagenesis. Each of the final products was subjected to analytic restriction
digestion with Alul and/or Nael to confirm the loss of the appropriate restriction
site. The inserts were then digested with Ncol and BamHI and ligated to previ-
ously digested and CIP-treated pTM1 vector DNA. The sequence of all con-
structs were confirmed by automated DNA sequence analysis.

RIF release of Cts11. Dishes (60 mm) of BSC40 cells were infected with wt
virus or Cts11 virus in quadruplicate (MOI of 5) in the presence of 100 pg of
rifampin (RIF)/ml. Infections were allowed to proceed at 31.5°C for 12 h, at
which time two plates from each set of infections were shifted to 39.7°C, while
the other two of each set were maintained at 31.5°C. At this time, one plate from
each set was subjected to washing and refeeding to remove rifampin, while the
other plate was maintained in the presence of drug. The infection was then
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allowed to proceed for an additional 7 h. Cells were then harvested, and the viral
yield was determined by plaque assay. The status of the G7 protein was moni-
tored by immunoblot analysis.

Transmission EM. Cells were prepared for electron microscopy (EM) as
previously described (12, 31). (i) For Cts11, 60-mm dishes of BSC40 cells were
infected with Cts11 at an MOI of 2 at 31.5°C or 39.7°C. At 17 hpi the cells were
rinsed with cold phosphate-buffered saline (PBS) and fixed in situ with 1%
glutaraldehyde-PBS for 1 h on ice. Samples were then subjected to postfixation
with osmium tetroxide, dehydration, and embedding as previously described
(31). (ii) For Cts11 rifampin release, cells were infected and treated as described
above for Cts11 rifampin release, with the following exceptions. At 12 hpi one set
(wt and Crs11) of plates was harvested for EM (no RIF release); the other set was
washed and refed with medium lacking rifampin (Shift/RIF release) and shifted
to 39.7°C for an additional 3 h of incubation prior to being harvested and
processed for EM.

Construction of pTM1-3XFLAG-A30, pTM1-G,7 and pTM1-£sG7. (i) The var-
ious pTM1 constructs were generated by PCR utilizing wt or Cts11 genomic
DNA as a template. The 5’ primer 5'-CGCGGATCCATATGGAAGACCTTA
ACG-3' inserts an Ndel site upstream of the translational start site (underlined)
of A30. The downstream primer 5'-CGCGGATCCTCAACGACGATTGAAT
T-3'" introduces a BamHI site (in boldface) downstream of the A30 translational
stop site (underlined). The A30 PCR product was digested with the appropriate
enzymes and ligated to pTM1-3XFLAG DNA (20) that had been similarly
digested and treated with CIP. (ii) The 5’ primer 5'-GGATCCCCATGGACA
TGATGCTTAT-3' inserts an Ncol site overlapping the translational start site
(underlined) of G7. The downstream primer (5'-CGCGGATCCTTAACATTTT
GGCAAATTG-3') introduces a BamHI site (in boldface) downstream of the G7
translational stop site (underlined). PCR products were digested with the ap-
propriate enzymes and ligated to pTM1 plasmid DNA that had been similarly
digested and treated with CIP (8). The A30, G7, and tsG7 plasmids were purified
from E. coli transformants and their identity and fidelity was verified by auto-
mated DNA sequencing.

IVTT of A30, G7, or tsG7. The TnT system from Promega (Madison, Wis.) was
used for the in vitro transcription and translation (IVIT) of pTM1-3XFLAG-
A30, pTM1-G7, and pTM1-tsG7. A total of 50-pl reactions were programmed
with these plasmids, either singly or in pairs, and incubated at 30°C for 90 min in
the presence of 20 wCi [*>S]methionine. A small sample was removed from each
reaction, and the remainder was diluted sixfold into TnT-I.P. buffer (50 mM Tris
[pH 7.4], 150 mM NaCl, 0.05% Triton X-100) and divided into three aliquots that
were subjected to immunoprecipitation with either «-FLAG M2 monoclonal
antibody (Sigma-Aldrich, St. Louis, Mo.) or a-A30 or a-G7 sera. Immunopre-
cipitations were carried out as described above; radiolabeled proteins were
resolved by SDS-PAGE and visualized by autoradiography.

Preparation of figures. Alignments were performed by using the CLUSTAL V
method and Lasergene software (DNASTAR, Inc., Madison, Wis.) utilizing se-
quences retrieved from the Poxvirus Bioinformatics Resource Center (http:
/www.poxvirus.org). Original data were scanned on an Epson expression 1680
scanner (Epson, Long Beach, Calif.) and adjusted with Adobe Photoshop soft-
ware (Adobe Systems, Inc., San Jose, Calif.). Graphs were prepared in Sigma
plot (SPSS, Chicago, Ill.), and final figures were prepared with Canvas software
(Deneba Systems, Inc., Miami, Fla.).

RESULTS

Investigation of possible A30/G7/A14 interactions utilizing
immunoprecipitation analysis. Ultrastructural analyses have
suggested that the association of nascent crescent membranes
with viroplasm is compromised when the Al4 (24, 32), A30
(27, 30), or G7 (25) proteins are repressed during the course of
viral infection. A physical interaction between the A30 and G7
proteins has also been demonstrated (25). Because of our prior
interest in the role of the A14 membrane protein, we were
interested in probing for interactions between Al4 and either
A30 or G7. Polyclonal sera were generated to the A30 and G7
proteins; both sera were found to be effective in immunopre-
cipitation and immunoblot assays. The nascent A30 protein
exhibited an apparent molecular mass of ~9 kDa (Fig. 1A,
a-A30); the G7 protein exhibited an apparent molecular mass
of ~42 kDa (Fig. 1A, a-G7). In these analyses of wt-infected
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FIG. 1. Immunoprecipitation analysis of G7 and A30 expression;
A30 and G7 do not coprecipitate, but A30 associates with the F18
protein. (A) Immunoprecipitation analysis of nascent A30, G7, and
Al4. BSCA40 cells infected with wt virus at an MOI of 5 were labeled
with [**S]methionine from 6 to 9 hpi. Lysates were subjected to im-
munoprecipitation analysis with «-A30, «-G7, and a-Al14 sera. The
precipitates were resolved by SDS-PAGE and visualized by autora-
diography. Each serum retrieved the cognate protein; in addition, the
a-A30 precipitate contained a strongly labeled species of ~11 kDa
(), and the a-A14 precipitate contained the ~21-kDa A17 protein, as
well as Al4 and a small amount of glycosylated A14 (A14 glyco). No
interaction between A30 and G7 was detected. The precipitated pro-
teins are identified at the right; molecular markers are shown at the
left, with their masses given in kilodaltons. (B) The 11-kDa protein
coprecipitating with A30 migrates with A13 and F18 and is not re-
trieved when F18 expression is repressed. Cells were infected with
either wt virus (lanes 1 to 3) or the inducible F18 recombinant in the
absence of IPTG (VF18[—], lanes 4 to 6). Cells were metabolically
labeled and subjected to immunoprecipitation as described for panel
A. (C) The 11-kDa protein that coprecipitates with A30 is the viral F18
protein. Cells infected with wt virus (as described in panel A) were
pulse-labeled with either [**S]methionine or [*P]Pi and subjected to
immunoprecipitation with «-A30. The immunoprecipitates were re-
solved in duplicate by SDS-PAGE; one set was visualized directly by
autoradiography (I.P.; top), and the second was subjected to immuno-
blot analysis with «-F18 serum (I.B.; bottom).

cells, we did not observe any physical interactions between the
Al4, A30, or G7 proteins (Fig. 1A). As an internal control we
monitored the coprecipitation of A17 with Al4; retrieval of
this known binding partner of A14 was consistently observed
(Fig. 1A, a-Al14). Radiolabeled A30 protein was retrieved by
the a-A30 serum when lysates were prepared from cells met-
abolically labeled with either [*>S]methionine or **PPi (Fig. 1A
and C), confirming that the A30 protein is phosphorylated in
vivo. In our a-A30 precipitations, we consistently observed a
second protein of ~11 kDa (Fig. 1A to C; m 11kDa), as well as
the ~9-kDa A30 protein. This 11-kDa protein was shown to be
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phosphorylated (Fig. 1C, top panel) and to possess an electro-
phoretic migration indistinguishable from that of the Al3
membrane protein or the abundant F18 core protein (Fig. 1B,
lanes 1 to 3). Retrieval of the 11-kDa protein was dependent
upon expression of the F18 protein, as shown by analysis of
lysates prepared from cells infected with a recombinant virus in
which F18 is repressed when IPTG is omitted from the culture
medium (Fig. 1B, lanes 4 to 6) (39). Confirmation that the
coprecipitating protein was indeed F18 was obtained by immu-
noblot analysis of the resolved immunoprecipitates (Fig. 1C,
bottom panel). The presence of the F18 protein in the a-A30
precipitates does not appear to be due to cross-reactivity of the
serum, since the a-A30 serum does not recognize the F18
protein in immunoblot analyses (not shown). It should also be
noted that, although F18 is a highly abundant protein (11), it is
not observed as a contaminant in all precipitations, as shown
by the absence of an ~11-kDa protein in the a-G7 and a-Al4
precipitates (see Fig. 1A). Whether this observed interaction
between the A30 and F18 proteins has any biological signifi-
cance remains to be determined.

A30 and G7 are phosphorylated in vivo, and A30 is a sub-
strate for viral kinases in vitro. The data presented in Fig. 1C
showed that the A30 protein was phosphorylated during wt
infections. To determine whether the phosphorylation of A30
was modulated by the viral F10 kinase and H1 phosphatase in
vivo, we examined the profile of radiolabeled A30 during a
variety of infections: wt virus, 528 at 39.7°C, (defective in the
F10 kinase), and vindH1-IPTG (H1 expression repressed). As
shown in Fig. 2A, the radiolabeling of A30 was abrogated when
F10 was compromised (lane 2, upper panel) and enhanced
when H1 was repressed (lane 3, upper panel). Immunoblot
analyses of the lysates confirmed that A30 was stable under all
conditions, and that A30 appeared as a double (arrowheads,
lower panel) in wt and H1-deficient infections. The upper band
of this doublet (filled arrowhead, lower panel) was absent
when F10 was inactive and of greater intensity when H1 was
absent, indicating that its presence correlated with the phos-
phorylation of A30. Phosphoamino acid analysis of the precip-
itated, 3?P-labeled A30 indicated that the modification oc-
curred solely on serine residues during wt infections (right
panel), H1-deficient infections (not shown), as well as in vitro
(Fig. 2C) (data not shown). We performed a comparable anal-
ysis of the G7 protein, as shown in Fig. 2B. Once again, we
found that the G7 protein was **P-labeled during wt infections
and that this phosphorylation was absent when the F10 kinase
was inactive (upper panel, lane 2, #s28 [—] infections) and
augmented when the H1 phosphatase was repressed (upper
panel, lane 3, vindH1 [—] infections). Immunoblot analysis
confirmed the accumulation of G7 during all of these infec-
tions (lower panel), although a reduction in protein levels was
noted in the lysate prepared from the 528 infection (lower
panel, lane 2). The phosphorylation of G7 was also shown to
affect only serine residues (right panel). Cumulatively, these
results indicated that both A30 and G7 are phosphorylated on
serine residues in vivo and that the regulated execution of this
modification is genetically dependent upon both the vaccinia
virus encoded F10 kinase and H1 phosphatase.

Our observation that the phosphorylation of A30 and G7 in
vivo was abrogated in £528 suggested either that the F10 kinase
itself was responsible for phosphorylating the two proteins
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FIG. 2. A30 and G7 are phosphorylated on serine residues in vivo
in an F10-dependent manner; A30 is a substrate for the F10 and B1
kinases in vitro (A) Phosphorylation of the A30 protein in vivo. BSC40
cells were infected with the indicated viruses {wt, £s28 at 39.7°C
[tsF10(—)], or vindH1 in the absence of IPTG [H1(—)]} at an MOI of
5 and pulse-labeled with 3PPi from 6 to 9 hpi; lysates were subjected
to immunoprecipitation analysis with the a-A30 serum. The immuno-
precipitates and lysates were resolved by SDS-PAGE; the latter were
visualized by autoradiography, and the former were subjected to im-
munoblot analysis with the «-A30 serum (I.B.). Filled and empty
triangles mark the differential migration of phosphorylated and un-
phosphorylated A30 (A30 1.B.) An additional sample of **P-A30 was
retrieved by immunoprecipitation from wt-infected lysates and sub-
jected to phosphoamino acid analysis (PAA). The positions to which
phosphoamino acid markers (P-ser, P-thr, and P-tyr) migrated are
indicated by the wickets; the radiolabeled phosphoamino acids derived
from A30 were visualized by autoradiography. (B) Phosphorylation of
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directly or that phosphorylation could not occur in the absence
of ongoing viral morphogenesis. In an attempt to distinguish
between these possibilities, we monitored the ability of recom-
binant N'his-A30 and N'his-G7 to serve as substrates for pu-
rified 3XFLAG-F10 kinase in vitro. As shown in the left panel
of Fig. 2C, autophosphorylation of F10 (<, lanes 1 to 3),
phosphorylation of the generic substrate MBP (<4, lane 2) and
phosphorylation of A30 were easily observed (@, lane 3). De-
spite numerous attempts, we were unable to observe any F10-
mediated phosphorylation of recombinant G7 protein (not
shown), either alone or in the presence of A30, with which G7
has been shown to interact directly. VV also encodes the Bl
kinase, which is expressed early during infection and is present
throughout the duration of the infectious cycle (1, 15, 21, 22).
A role for Bl in the phosphorylation of A30 and G7 cannot
easily be monitored in vivo, because temperature-sensitive mu-
tants encoding a defective B1 kinase are defective in DNA
synthesis and hence late proteins are not expressed at the
nonpermissive temperature. We therefore tested the ability of
recombinant B1 kinase to phosphorylate A30 and G7 in vitro.
As shown in the right panel of Fig. 2C, we could readily ob-
serve autophosphorylation of B1 (A, lanes 4 to 6), phosphor-
ylation of the generic substrate casein (4, lane 5), and phos-
phorylation of A30 (@, lane 6). Again, we did not observe any
Bl-mediated phosphorylation of G7 (not shown). These find-
ings suggest that either the phosphorylation of G7 in vivo may
be mediated by a cellular kinase or that phosphorylation by
one or both of the viral kinases only occurs in the context of
ongoing morphogenesis. In contrast, A30 can be phosphory-
lated in vitro by either viral kinase, but the presence of Bl
alone in vivo is not sufficient for modification of A30. It may be
that only F10 can phosphorylate A30 in vivo, or again that
phosphorylation can only occur in the context of ongoing mor-
phogenesis.

A30 and G7 proteins are unstable during nonpermissive
tsH5-4 infections. At 39.7°C, inactivation or repression of the
A30 protein [VA30Li(—) and Dts46 (27, 30)] leads to the for-
mation of aberrant virosomes referred to as “lacy”; these vi-
rosomes closely resemble those noted during nonpermissive
infections performed with the tsH5-4 virus and referred to as
“curdled” (6). The constitutively expressed and abundant H5
protein has been shown to serve as a substrate for the viral Bl
kinase (2), to associate with the late transcriptional machinery
(3), and to be involved in viral morphogenesis: nonpermissive

the G7 protein in vivo. Phosphorylation of the G7 protein was analyzed
exactly as described above for A30 in panel A, except that a polyclonal
a-G7 serum was used. (C) Recombinant N'his-A30 is a substrate for
both the F10 and B1 kinases in vitro. In the left panel, purified F10
kinase was assayed alone (lane 1), in the presence of the generic
substrate MBP (lane 2), or in the presence of recombinant N'his-A30
(lane 3). All reactions were performed at 25°C for 30 min in the
presence of [y->*P]ATP. Autophosphorylation of F10 (A), phosphor-
ylation of MBP (<), and phosphorylation of A30 (®) were readily
observed. In the right panel, recombinant B1 kinase was assayed alone
(lane 1), in the presence of the generic substrate casein (lane 2), or in
the presence of N'his-A30 (lane 6). Autophosphorylation of Bl (A),
phosphorylation of casein («), and phosphorylation of A30 (®) were
readily observed. The electrophoretic migration of molecular weight
markers, with their masses indicated in kilodaltons, is shown at the left
of each autoradiograph.
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FIG. 3. The stability of A30 and G7 are dependent upon a functional H5 protein. (A) Determination of the ¢,,, of A30 and G7 during permissive
and nonpermissive tsH5 infections. Multiple dishes of BSC40 cells were infected with tsH5-4 (MOI 5) at both 31.5 and 39.7°C. At 6 hpi all dishes
were pulse-labeled with [**S]methionine for 15 min. One dish from each temperature set was harvested immediately (pulse, 0); the remaining
dishes were washed and refed with complete medium and subjected to further incubations of 30, 60, 120, 240, and 360 min (chase). Lysates were
prepared and subjected to immunoprecipitation analysis with a-A30 and a-G7 sera; resolved immunoprecipitates were visualized by fluorography.
The levels of A30 and G7 remaining after each chase period were normalized to the level found in the pulse sample and are shown graphically.
The vertical lines illustrate the times at which 50% of each protein remains; these extrapolated ¢,,, values are shown in the box at the right of the
graph (B) Immunoblot analysis of steady-state levels of A30, G7, and H5 during tsHS infections. Aliquots of the tsH5-infected “360-min” chase
cultures described above, i.e., harvested at 9.25 hpi, were subjected to immunoblot analysis with a-A30, «-G7, and o-H5 sera. A temperature-

dependent loss of A30 and G7, but not HS, was observed.

tsH5-4 infections show no defect in gene expression but show
an arrest in morphogenesis that occurs prior to any evidence of
membrane biogenesis (6). To investigate the possibility of a
functional or genetic link between H5, A30, and G7, we inves-
tigated the status of A30 and G7 during nonpermissive tsH5-4
infections. Previous reports had indicated that the stability of
A30 and G7 was dependent upon one another (25); we wanted
to determine whether their stability was dependent upon a
functional HS protein as well. Pulse-chase analysis of A30 and
G7 in cells infected with tsH5-4 enabled us to determine that
the half-lives of the A30 and G7 proteins were 3 and ~6 h,
respectively, at the permissive temperature (Fig. 3A). Under
nonpermissive conditions the half-lives of both proteins were
significantly reduced, with the ¢,,, of A30 decreasing ~4.5-fold
to 40 min and the ¢,,, of G7 decreasing ~3-fold to 2 h. Immu-
noblot analysis of extracts prepared at 6 hpi reinforced the
conclusion that A30 and G7 are unstable during nonpermissive
tsH5-4 infections (Fig. 3B). As an internal control, the half-life
of the H5 protein was assessed as well and found to be un-
changed (not shown); the stability of the HS5 protein during
these infections has been reported previously (6) and is con-
firmed by the immunoblot shown in Fig. 3B. Immunoblot anal-
ysis was also used to monitor numerous other late proteins,
and in no other case was protein accumulation shown to be
altered during the nonpermissive tsH5-4 infection (not shown).
To assess whether the apparent dependence of A30 and G7
stability on HS was reciprocal, the steady-state level of the H5
protein was monitored during permissive and nonpermissive
infections with temperature-sensitive viruses encoding lesions
in A30 (Dts46) or G7 (Cts11, see below); the accumulation of
the HS protein was equivalent in all cases (data not shown and
Fig. 10). Cumulatively, these data suggest that it is the loss of

the A30 and/or G7 proteins that underlies the aberrant viro-
some morphology seen during nonpermissive tsH5-4 infections
(6).

The temperature sensitivity of Cts11 is due to two indepen-
dent amino acid substitutions within the G7 gene. During the
course of these studies, we noted that a temperature-sensitive
virus belonging to the Condit collection, Czs11, was tentatively
assigned to the genomic region comprising the G6R, G7L, and
GS8R genes (14). To determine whether the temperature sen-
sitivity of this virus was due to a mutation in G7L, we per-
formed marker rescue analyses to identify which DNA se-
quences could generate temperature-insensitive virus upon
homologous recombination into the Cts11 genome. Linearized
plasmids containing either the complete HindIII G fragment
of the VV genome or the G7L ORF alone increased the titer
of temperature-insensitive virus emerging from Cts11 infec-
tions by >4 orders of magnitude, whereas linearized vector
DNA had no effect (Fig. 4A, rows 1 to 3). The sequence of the
G7L ORF encoded by the Cts11 genome was determined for
two plaque-purified isolates; two mutations which resulted in
Pro'"*—Ser and Ala'**—Val substitutions were found in each
case (Fig. 4B). As shown by an alignment of the predicted
protein sequences of the G7 homologs encoded by multiple
poxviruses, including those closely related to vaccinia virus
(camelpox, variola, and monkeypox viruses), as well as more
distant relatives (myxoma and fowlpox viruses), these substi-
tutions affect highly conserved or invariant residues. In order
to assess the contribution of the individual mutations to the
temperature sensitivity of Cts11, further marker rescue analysis
was performed with G7 alleles containing one or both of the
mutations. Only the fully wt allele was competent to generate
temperature-insensitive virus (Fig. 4A, rows 3 to 6). These
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FIG. 4. The temperature-sensitive phenotype of Ctsll is due to
mutations in the G7R gene. (A) The G7 gene can rescue the temper-
ature-sensitive phenotype of Cts11. BCS40 cells were infected with
Cts11 (MOI = 0.03) at 31.5°C; at 3 hpi, cultures were transfected
individually with the indicated linearized DNA constructs and shifted
to the nonpermissive temperature (39.7°C). At 48 h, cultures were
harvested, and the yield of temperature-insensitive virus was deter-
mined by titration at 39.7°C. The value shown represents the average
of triplicate experiments. Only the HindIIIG fragment and pTM1(G7)
were able to restore the production of temperature-insensitive virus.
(B) Comparative sequence alignment of the region surrounding the
lesions within the G7R ORF. An alignment of residues 110 to 135 of
the G7 homologs encoded by various poxviruses is shown; residues that
match the vaccinia virus WR sequence are shaded. The lightning bolts
indicate the position of the temperature-sensitive mutations, with the
amino acid substitutions shown beneath the arrowhead. Abbreviations:
VV WR strain (WR), camelpox virus (CMPX), variola virus (VAR),
ectromelia virus (EV), monkeypox virus (MPX), lumpy skin virus
(LSDV), sheeppox virus (SHPV), swinepox virus (SPV), molluscum
contagiosum (MCV), yaba monkey tumor virus virus (YMTV), myx-
oma virus (MYX), and fowlpox virus (FPV).

results indicate that the G7 gene of Cts11 contains two muta-
tions which direct distinct amino acid substitutions, either of
which are sufficient to impart a temperature-sensitive pheno-
type.

Retention of the two AG | X sites proteolytic processing in
G7 appears to be important for virus viability. The G7 ORF
contains two AG | X cleavage sites for proteolytic processing
by the viral protease (37), one leading to cleavage at residue
183 and the other at residue 238. We utilized the above de-
scribed marker rescue protocol to approach the question of
whether these sites were essential for virus viability. During
marker rescue, the linear, exogenous G7 fragment introduced
by transfection must undergo homologous recombination into
the endogenous locus in order to generate temperature-insen-
sitive virus. We therefore constructed G7 alleles in which one
or both cleavage sites had been altered [G7(51534)s G7(G2304)>
G7(G1s3a:G2304)]; the nucleotide substitutions lead to the loss

J. VIROL.

of diagnostic restriction sites as well as causing the desired
amino acid substitutions. These altered alleles were introduced
into Cts1l-infected cells in parallel with the wt allele, and
temperature-insensitive isolates were plaque purified from
each infection/transfection. As shown in Fig. 5, we would pre-
dict that generation of these viruses would have required re-
combination between the genome and the transfected frag-
ment both upstream of the temperature-sensitive mutations in
interval 1 and downstream of the temperature-sensitive muta-
tions in intervals 2a (138 nucleotides [nt]), 2b (161 nt), or 2¢
(399 nt). Depending upon whether recombination had oc-
curred in 2a, 2b, or 2c, the genome would either retain or lose
the diagnostic endonuclease sites and associated proteolytic
cleavage sites. The genotype of the temperature-insensitive
plaques obtained from each transfection was determined: in all
cases, the sequences encoding both AG | X cleavage sites were
retained (i.e., recombination occurred at 2a or 2b but not
within region 2c). We are confident that the temperature-
insensitive viruses arose as a consequence of recombination
and not reversion, as evidenced by the dramatic difference in
the frequency of temperature-insensitive viruses seen upon
transfection (see Fig. 4A, rows 1 to 3). These results suggest
that cleavage of G7 after amino acids 183 and 238 is important
for virus viability.

During nonpermissive Cts11 infections, virion production is
compromised but the G7 and A30 proteins accumulate nor-
mally. The preliminary phenotypic analysis of Cts11 is shown in
Fig. 6A and B. Crs11 showed a very tight temperature-sensitive
phenotype, with plaque formation appearing normal at 31.5°C
but being completely abrogated at 39.7°C (Fig. 6A). The 24 h
viral yield from cells infected with Cts11 at nonpermissive
temperature was decreased by almost 3 orders of magnitude at
an MOI of 2 and by 2.5 orders of magnitude at an MOI 15; the
viral yields obtained from wt and Cts11 infections performed at
31.5°C were comparable (Fig. 6B).

In many instances the phenotypic defect seen during non-
permissive infections with temperature-sensitive mutants is
due to the instability of the mutant protein. Immunoblot anal-
ysis of lysates prepared from permissive and nonpermissive
Cts11 infections was performed to investigate the stability of
the G7 protein. Figure 6C (left panel) illustrates that the levels
of G7 were comparable during permissive and nonpermissive
infections, indicating that the amino acid substitutions cause a
loss-of-function rather than a gross misfolding. Under nonper-
missive conditions the G7 protein does not undergo proteolytic
processing at its internal AG | X sites (25) (Fig. 6C, left panel,
compare full-length protein [A] with processed fragments [A]
in samples prepared at 31.5 and 39.7°C), indicative of a block
in viral morphogenesis. Previous reports have indicated that
the A30 and G7 proteins are mutually dependent upon each
other for stability (25), making it impossible to dissect the
individual contributions of the two proteins. Because G7 was
apparently stable during nonpermissive Cts11 infections, we
hypothesized that A30 would remain stable as well. As shown
in the right panel of Fig. 6C, A30 does indeed accumulate
normally during nonpermissive Cts11 infections. Thus, this mu-
tant provides the first opportunity to probe the impact of a loss
of G7 function without the complication of A30 instability.
Further immunoblot analyses (not shown) confirmed that the
accumulation of numerous other late proteins was unaffected,
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FIG. 5. The AG | X proteolytic cleavage sites within G7 appear to be required for virus viability. Marker rescue analysis was used to assess the
requirement for proteolytic cleavage sites found at amino acids 183 and 238 within the G7 protein. Briefly, cells were infected with Crs11 at the
permissive temperature; they were shifted to the nonpermissive temperature at 3 hpi upon transfection with linearized DNA plasmids encoding
wtG7 or mutant alleles engineered to contain nucleotide substitutions which transform one or both AG | X motifs to the inert sequence AAX and,
fortuitously, disrupt diagnostic restriction endonuclease sites. Cells were harvested at 48 hpi and 12 temperature-insensitive plaques were purified
from each transfection. Homologous recombination between the transfected DNA and the viral genome must occur within interval 1 and either
interval 2a, 2b, or 2c in order to generate temperature-insensitive plaques. Depending on whether recombination occurs within 2a, 2b, or 2c, the
genome will retain the endogenous AG |, X motif (and hence the restriction endonuclease site) or acquire the AAX sequence of the plasmid (and
lose the restriction endonuclease site). For each plasmid used, the tally of AG | X versus AAX for the 12 temperature-insensitive plaques obtained
from the transfection is shown to the right of the schematic illustration.

establishing that the temperature-sensitive phenotype of Cts11 stable during nonpermissive Cts11 infections (Fig. 6C), sug-
was not a consequence of a disruption in late gene expression. gesting that the mutation directly affects the function of G7.

The Cts11-encoded G7 protein shows an impaired ability to Because G7 has been shown to interact with A30 directly, we
associate with A30 in vitro. Both the 1sG7 and A30 proteins are decided to test whether this property was retained by the
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FIG. 6. Cts11 displays a tight temperature-sensitive phenotype. (A) Plaque formation by Cts11 is abrogated during nonpermissive infections.
Serial dilutions of Cts11 were titrated at permissive (31.5°C) and nonpermissive (39.7°C) temperatures; at 48 hpi, no macroscopic plaques were seen
at 39.7°C. (B) Virus production is drastically reduced during nonpermissive infections with Cts11. BSC40 cells were infected (MOI of 2 or 15) with
wt virus (m) or Cts11 (&) and maintained at 31.5 or 39.7°C for 24 h. The yield of cell-associated virus was determined by titration at 31.5°C. The
values shown represent the average of triplicate experiments. (C) The G7 and A30 proteins are stable during nonpermissive Cts11 infections.
BSC40 cells were infected with Crs11 at 31.5 and 39.7°C (MOI of 5); at 12 hpi, cells were harvested and lysates were subjected to immunoblot
analysis with a-G7 (left panel) and a-A30 antisera (right panel). For G7, the immunoreactive bands representing the full-length (A, 42 kDa) and
processed forms (A, 26 kDa; A, 16 kDa) of G7 are indicated. Note that proteolytic processing of G7 fails to occur at 39.7°C. Molecular weight
markers are indicated at the left of each immunoblot, with their masses shown in kilodaltons.
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FIG. 7. The Cts11-encoded G7 protein shows a diminished ability to interact with the A30 protein in vitro. IVTT reactions were programmed
to express 3XFLAG-A30 (F-A30), G7, or Cts11-encoded G7 (tsG7), either individually or in combination. Total IVTT and the proteins retrieved
by immunoprecipitation with preimmune, aFLAG, «A30, or «G7 sera were analyzed by SDS-PAGE and autoradiography. The full-length G7 and
tsG7 proteins (@) and F-A30 are indicated (A) are indicated, and molecular weight markers are indicated at the left, with their masses shown in
kilodaltons. Full-length G7, but not tsG7, is coprecipitated by the «A30 or « FLAG sera when F-A30 is present; F-A30 is coprecipitated by the «-G7

serum when G7, but not tsG7, is present.

Cts11-encoded protein (tsG7). The proteins of interest were
synthesized using an IVTT protocol, and their interaction was
assayed by monitoring coimmunoprecipitation (Fig. 7). The
leftmost panel represents a fraction of the total products pro-
duced by IVTT: the 3XFLAG-A30 protein is evident (A; F-
A30), as are the wt and #sG7 proteins (@). In addition to the
full-length G7 protein, several smaller species are seen, prob-
ably the result of internal initiation or premature termination.
No proteins were retrieved when the immunoprecipitation was
performed with preimmune serum (lanes 1 to 3; P.I.). The
a-FLAG and o-A30 sera retrieved the 3XFLAG-A30 protein
but showed no cross-reactivity with either of the G7 proteins
(compare lanes 1 with 2,3; « FLAG and aA30). Likewise, the
aG7 serum retrieved the G7 proteins but showed no cross-
reactivity with the A30 protein (compare lanes 2 and 3 with
lane 1; «G7). When 3XFLAG-A30 and wt G7 were cotrans-
lated in IVTT reactions and subjected to immunoprecipitation
with a-FLAG, a-A30, or a-G7 sera, the A30 and G7 proteins
were coprecipitated in each case (lanes 4; « FLAG, aA30, and
aG7). Only the full-length G7 protein was coprecipitated when
either the a-FLAG or the a-A30 serum was used (®; compare
lanes 4 of the IVTT Total and the « FLAG and oA30 panels),
suggesting either that the A30-G7 interaction requires the in-
tact N’ or C' terminus of G7 or that only the full-length G7
protein assumes the conformation required for protein-protein
interaction. In contrast to what we consistently observed for
the wt G7 protein, tsG7 was not found to coprecipitate with

3XFLAG-A30 when either the o-FLAG, «-A30, or «-G7 sera
were used (lanes 5; «FLAG, aA30, and aG7). In sum, these
results indicate that the direct interaction between A30 and G7
is impaired by the amino acid substitutions present in the tsG7
protein.

Nonpermissive infections performed with Crs11 exhibit an
early morphogenesis arrest. Examination of the phenotype
engendered by the repression of G7 had indicated that it, like
its binding partner A30, was required for the attachment of
crescent membranes to the viroplasm and for the appropriate
maturation of these crescents into the membrane surrounding
spheroid immature virions (25). We undertook an electron mi-
croscopic analysis of Cts11-infected cells to determine whether
a comparable or distinct impact on morphogenesis would be
seen. Under permissive conditions (31.5°C), Csll-infected
cells looked indistinguishable from wt-infected cells, contain-
ing normal “smooth” virosomes (V) and all of the stages of
developing virions, including crescents (C), immature virions
with or without nucleoids (IV and IVN), and intracellular
mature virions (IMV) (Fig. 8A). However, under nonpermis-
sive conditions morphogenesis was arrested at an earlier point
than had been seen upon G7 repression (25). In many cells we
saw only a cleared area of cytoplasm devoid of organelles (Fig.
8B); in some cases, there were several electron-dense, linear
structures that might be fibrillar in nature or represent aber-
rant crescents (A; Fig. 8B and C). In those cells in which
virosome formation was apparent, the virosomes had the cur-

FIG. 8. Infections with Cts11 at nonpermissive temperature arrest at an early stage in viral morphogenesis. BSC40 cells were infected with Cts11
(MOI of 2) and maintained at either 31.5°C (A) or 39.7°C (B to F); at 17 h, cells were prepared for examination by transmission electron
microscopy. All of the normal intermediates of morphogenesis were seen at the permissive temperature (in panel A), including prototypic
“smooth” virosomes (V), crescents (C), IV, immature virions with nucleoid (IVN), and IMV. In contrast, cells infected at the nonpermissive
temperature (in panels B to F) were devoid of the later stages of virion morphogenesis, as evidenced by the absence of immature or intracellular
mature virions. The presence of a cleared area of cytoplasm, with cellular organelles relegated to the cell periphery, was evident in all cells
examined (see panel B). Electron-dense fibrillar material was sometimes observed within this cleared area (A; panels B and C). Viral crescents
(A), when observed, were short and clustered within a recognizable but amorphous region of electron-dense material (see panels C, D, and F).
These crescent depots were often found near virosomes that displayed a “curdled” appearance (CV; panels C, D, and E). Nuclei are labeled with
N. Magnifications: (A) x30,000; (B) x12,000; (C) x30,000; (D) x32,000; (E) x40,000; (F) x48,000. Bars, 500 nm.
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dled appearance (CV) seen in cells infected at high tempera-
ture with tsH5-4, Dts46, and vA30Li (Fig. 8C, D, and E) (6, 27,
30). Short crescents were observed in a minority of cells but
appeared in clusters which were embedded in an electron-
dense matrix (Fig. 8C, D, and F). We have not observed such
crescent depots during our analyses of wt morphogenesis. This
analysis has uncovered an additional role for the G7 protein in
the assembly of normal virosomes; this role is distinct from the
prior observation that G7 and A30 together are important for
the maturation of crescents and the establishment of crescent-
virosome interactions.

Execution point analysis indicates that the mutation in
Cis11 also exerts an affect after the rifampin-sensitive step in
virion morphogenesis. A caveat to the study of temperature-
sensitive mutants is that, by definition, the phenotype seen
reflects the first lethal consequence of incubation under non-
permissive conditions. Any subsequent impact that inactivation
of the protein of interest would have is, de facto, obscured.
Upon determination that the arrest seen in nonpermissive
Crts11 infections was at an earlier stage of morphogenesis than
had been seen upon repression of G7 (25), we hypothesized
that the G7 protein might be required for multiple stages of
virion maturation. As an approach to investigating this possi-
bility, we performed a series of RIF release experiments that
we have used successfully to elucidate the functions of the A13
and F10 proteins (10, 33). Briefly, four sets of wt- and Cts11-
infected cells were maintained at 31.5°C in the presence of
RIF. At 12 hpi, the sets were subjected to different treatments
(Fig. 9A). Two sets were maintained at 31.5°C; one was left in
the presence of drug, and one was washed and refed with
medium lacking drug (RIF release). Two additional sets were
shifted to 39.7°C (shift); again, one set was left in the presence
of drug, whereas one was washed and refed with medium
lacking drug. Cells were harvested after an additional 7 h of
incubation; the viral yield was determined by serial titration,
and the integrity and processing of the G7 protein was deter-
mined by immunoblot analysis (Fig. 9A). When cultures were
maintained at 31.5°C, virus production resumed after RIF
release in both wt- and Cts11-infected cells: released cultures
produced 100-fold more infectious virus than cultures main-
tained in the presence of drug (compare 1 and 2). In cultures
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shifted to 39.7°C, however, only the wt infections recovered
from the RIF release and demonstrated a burst in viral
production; no recovery was seen in Ctsll-infected cultures
(compare 3 and 4). These data indicate Cts11 has an execu-
tion point that is later than the RIF-sensitive step in morpho-
genesis. Immunoblot analysis revealed that G7 accumulated to
equivalent levels under all of these conditions; proteolytic pro-
cessing, however, was strictly correlated with the resumption of
virus production (shaded and open triangles; lanes 3, 4, and 7).

Having shown that the production of infectious virus did not
resume when Cts11-infected cultures were shifted to 39.7°C at
the time of drug removal, we wanted to examine the stage of
morphogenesis at which these cultures arrested. Again, cells
were infected with wt or Cts11 virus in the presence of RIF and
maintained at 31.5°C. At 12 hpi, one set (wt and Cts11) of
dishes was processed for EM analysis (no RIF release; panels
1,2, 5, and 6); a second set of dishes was washed, refed with
medium lacking RIF, and shifted to 39.7°C for an additional
3 h of incubation (Shift/RIF release; panels 3, 4, and 7 to 10)
prior to being processed for EM analysis. After 12 h of infec-
tion at 31.5°C In the presence of RIF, both wt- and Crs11-
infected cultures exhibited the classic rifampin block (19):
virosomes (V) surrounded by flaccid membranes, DNA crys-
talloids, but no IV, IVN, or IMV (Fig. 9B, panels 1, 2, 5, and
6). When wt-infected cells were shifted to 39.7°C and released
from the RIF arrest, morphogenesis resumed and the cells
possessed all of the hallmarks of normal morphogenesis, in-
cluding crescents (C) adjacent to virosomes (V), IV, and clus-
ters of infectious IMV (panels 3 and 4). To the contrary, upon
temperature shift and withdrawal of RIF from Cts11-infected
cells, viral morphogenesis appeared to resume and then arrest
again with the appearance of numerous clusters of isolated
crescents (C), curdled virosomes (CV), and aberrant, empty IV
(<5 panels 7 to 10). Some of these aberrant IV contained a
central patch of viroplasm that failed to make contact with the
membrane; many appeared to contain internal vesicles or
tubules (A; panels 8 to 10). This phenotype was remarkably
similar to that which had been seen upon repression of G7 or
A30 or during nonpermissive infections with the tsA30 virus
(vG7Li, vA30Li, and Dts46) (25, 27, 30). In sum, manipulation
of G7 expression or function using the inducible or tempera-

FIG. 9. Rifampin release experiments reveal a second block for nonpermissive Cts11 infections at a later stage of viral morphogenesis. (A)
Cts11 is unable to recover from a RIF block at the nonpermissive temperature. Quadruplicate sets of BSC40 cells were infected (MOI of 5) with
either wt virus (m) or Crts11 (&) at 31.5°C in the presence of RIF. At 12 hpi two sets of wt and Crs11 infections were left at 31.5°C (rows 1 and
2) and two sets were shifted to 39.7°C (rows 3 and 4); 1 set at each temperature was released from the RIF block (striped bar, rows 2 and 4); the
other set was maintained in the presence of drug (rows 1 and 3). Infections were then allowed to proceed for an additional 7 h; the viral yield was
determined by titration at 31.5°C in triplicate, and the averaged results are displayed graphically. Unlike wt-infected cells, Cts11-infected cells only
resumed virus production when RIF release was performed at 31.5°C. Samples from these infections were also subjected to immunoblot analysis
with a-G7 serum (right panel). The immunoreactive species corresponding to full-length (solid triangles) and cleaved G7 (shaded and open
triangles) are indicated, and the molecular mass markers are shown at the left in kilodaltons. Processing of G7 was correlated with recovery of virus
production. (B) After RIF release at 39.7°C, the morphogenesis arrest seen in Cts11-infected cultures is reminiscent of that seen upon repression
of G7 expression. Duplicate sets of BSC40 cells were infected (MOI of 5) with either wt virus or Cts11 in the presence of RIF and maintained at
31.5°C. At 12 hpi 1 set was harvested for EM analysis; the classic features of the morphogenesis arrest associated with RIF treatment were seen
in both wt- and Cts11-infected cells (compare panels 1 and 2 and panels 5 and 6). A second set was shifted to 39.7°C, released from the RIF block,
and incubated for an additional 3 h (compare panels 3 and 4 to panels 7 to 10). In wt-infected cells, morphogenesis resumed and progressed
normally, culminating with the formation of mature virions. In Crs11-infected cells, there was a release from the RIF arrest, but a second arrest
was seen, with the appearance of numerous crescents and empty or pseudo-immature virions. The latter were often found to include what appear
to be vesicles. There was a complete absence of immature or mature virions. Abbreviations are as follows: virosome (V), crystalloids (—), viral
crescents (C), IV, IMV, curdled virosome (CV), pseudo-IV (<), and vesicles (A). Subpanel magnifications: 1, X17,500; 2, X30,000; 3, X10,000;
4, X28,000; 5, xX33,000; 6, X33,000; 7, xX11,500; 8, x30,000; 9, xX60,000; 10, x34,000. Bars, 500 nm.
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FIG. 10. During nonpermissive Cts11 infections, the phosphorylation of
parison of protein phosphorylation during Cts11 infections performed at 3

several viral proteins involved in morphogenesis is impaired. (A) Com-
1.5°C versus 39.7°C. BSC40 cells were infected with Czs11 (MOI of 5)

at either the permissive (31.5°C) or nonpermissive (39.7°C) temperature and metabolically labeled with **PPi from 6 to 12 hpi. Cell lysates were

subjected to immunoprecipitation analysis with a variety of antisera («F10,

aG7, aA30, aHS5, aF18, «A17, and aAl4); immunoprecipitates were

resolved by SDS-PAGE and visualized by autoradiography ([**P]L.P.; top panels). In parallel, lysates were also subjected to immunoblot analyses
with the indicated antisera to confirm and quantitate the presence of the relevant proteins (I.B.; bottom panels). Phosphorylation of F10, G7, A30
(™), A17, and Al4 was barely detectable at the nonpermissive temperature; significant reduction in the phosphorylation of H5 and modest
reduction in the phosphorylation of F18 was also observed. Comparable accumulation of all of the proteins was observed at both temperatures;
at 39.7°C, however, processing of A17 (<) failed to occur, and elevated levels of glycosylated A14 (A) were seen. (B) Comparison of protein
phosphorylation during Cts11 infections maintained in the presence of RIF or released from RIF arrest at 31.5 or 39.7°C. BSC40 cells were infected

with Cts11 (MOI of 5) in triplicate in the presence of RIF. One plate was

metabolically labeled with **PPi from 6 to 12 hpi and then harvested.

The other two plates were released from the RIF block at 12 hpi and maintained at either 31.5 or 39.7°C for 3 h in the presence of **PPi before
being harvested. The cell lysates were analyzed as described above for panel A. Under these conditions, the phosphorylation of Al4, A17, F18,
and HS5 were comparable at both temperatures; however, as in panel A, no phosphorylation of A30 or G7 was observed at 39.7°C.

ture-sensitive viruses suggests that G7 is involved at several
stages of infection that occur both prior to and after the RIF-
sensitive step of morphogenesis.

F10 kinase-dependent phosphorylation of several substrates
is abrogated during Cts11 infections performed at the nonper-
missive temperature. During ongoing morphogenesis, a num-
ber of viral proteins are modified by F10-mediated phosphor-
ylation and/or proteolytic processing. Repression of the A30
and/or G7 protein has been proposed to interfere with the
stability and/or activity of the F10 kinase (29). We therefore
monitored the phosphorylation status and steady-state levels of
F10 and several other viral proteins (G7, A30, HS, F18, Al7,
and Al4) in the context of a nonpermissive Cts11 infection
(Fig. 10A). Cells were infected with Cts11 at the permissive
(31.5°C) and nonpermissive (39.7°C) temperatures and meta-
bolically labeled with **PPi from 3 to 12 hpi; lysates were
subjected to immunoblotting and immunoprecipitation analy-
sis with aF10, aG7, aA30, aHS, oF18, aA17, and aAl4 sera.

Phosphorylation of the F10 kinase itself, which is presumed to
reflect autophosphorylation, was abrogated in the context of a
nonpermissive Cts11 infection, although the level of protein
accumulated was not reduced (Fig. 10A; aF10). Several of the
viral proteins known to be F10 substrates displayed diminished
(H5 and F18) or undetectable (G7, A30, A14, and A17) levels
of [**P] incorporation during the 39.7°C Cts11 infection (upper
panels). Protein accumulation was not affected, confirming
that the data reflect true changes in the phosphorylation status
of these proteins (lower panels).

This analysis was also extended to Ctsll-infected cultures
that had been maintained at 31.5°C in the presence of RIF for
12 h and then harvested directly or released from the RIF
block and incubated for an additional 3 h at either 31.5°C or
39.7°C (Fig. 10B). Cells were metabolically labeled with **PPi
either from 6 to 12 hpi (during RIF arrest) or from 12 to 15 hpi
(after RIF release). Ongoing phosphorylation of Al4, Al7,
HS, F18, A30, and G7 was observed at 31.5°C in the presence



VoL. 79, 2005

of RIF (left lanes). Likewise, continued phosphorylation of
these proteins was observed when the cultures were released
from RIF and maintained at 31.5°C (middle lanes). However,
a different profile was seen when the cultures were shifted to
39.7°C upon release from the RIF arrest (right lanes). Contin-
ued phosphorylation of A14, A17, HS, and F18 was observed,
but no ongoing phosphorylation of A30 or G7 could be de-
tected. Apparently, either the conformation or spatial organi-
zation of these proteins is not appropriate for phosphorylation
at 39.7°C. These data suggest that the phosphorylation of A14
and A17 requires different temporal and/or spatial conditions
than does the phosphorylation of A30 and G7.

DISCUSSION

As more genetic analyses of vaccinia virus morphogenesis
are completed, phenotypic patterns emerge that may elucidate
the dynamic networks of protein-protein interactions that drive
this process. Similarities in the arrests observed upon the re-
pression or inactivation of the A14 membrane protein and the
A30, G7, and HS5 proteins stimulated the studies described
here. Perturbations in A14, A30, and G7 disrupt virosome-
crescent association (24, 25, 27, 30, 32); because of our prior
interest in the Al4 protein, we were interested in probing
whether interactions between these three proteins might bring
virosomes and crescents together. Defects in A30, G7, and HS
affect the integrity of the virosomal matrix at high temperature,
rendering them “curdled” or “lacy” (6, 27, 30); because of our
prior interest in the HS protein, we were interested in deter-
mining whether a common mechanism was responsible for
undermining virosomal integrity.

Using a variety of antisera directed against these proteins,
we were unable to detect any physical interaction between A14
and either A30 or G7. Although such negative data are not
definitive, they suggest that the association of virosomes with
crescents is not mediated by formation of an A30/G7/A14
complex. We did consistently detect an interaction between the
A30 protein and the F18 protein, a highly abundant virion
component (11). Although it remains to be determined wheth-
er there is any functional significance to this apparent interac-
tion, both proteins have been found within virosomes and are
encapsidated within virions, localizing at the core-membrane
boundary (30, 32).

Our lab has been interested in the role of reversible protein
phosphorylation in the vaccinia virus life cycle and, more spe-
cifically, in the role of the virus-encoded F10 kinase in or-
chestrating morphogenesis (31) and the H1 phosphatase in
enabling virion infectivity (16). We therefore analyzed the pos-
sible phosphorylation of the A30 and G7 proteins during in-
fection. Both A30 and G7 are phosphorylated on ser residues
during infection in a manner that is genetically dependent
upon the F10 kinase and/or on ongoing morphogenesis. F10-
dependent phosphorylation of A30 was also demonstrated by
Szajner et al. (29) during the course of our studies. We have
also shown that purified A30 protein is an effective substrate
for both the vaccinia virus F10 and B1 kinases in vitro; iden-
tification of the site(s) of phosphorylation and the biological
importance of this modification will be the subject of future
work. Interestingly, the G7 protein, either alone or in the pres-
ence of A30, did not serve as a substrate for either the F10 or
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B1 protein kinase in vitro. It may be that G7 is phosphorylated
by a cellular kinase in vivo or that phosphorylation by a viral
kinase only occurs within the intracellular context of ongoing
morphogenesis.

Previous studies have demonstrated that the A30 and G7
proteins are mutually dependent upon one another for their
stability (25). Interestingly, we found that their stability was
also dependent upon the presence of a functional HS protein.
These data suggest that the loss of A30 and/or G7 may underlie
the virosomal curdling observed in tsHS infections (6). The
relationship between A30 and G7 was not reciprocal, since we
observed no change in the steady-state levels of HS during
nonpermissive infections performed with either Dts46 (tsA30)
or Cts11 (tsG7) (not shown). H5 has not been found to be
associated with the multiprotein complex comprised of A30,
G7, F10, J1, D2, D3, and A15 (26). Since nonpermissive tsHS
infections arrest at an earlier stage than do infections in which
A30 or G7 are repressed or impaired, it is possible that the
abundant HS5 protein provides a matrix within which the mul-
tiprotein complex forms and within which F10 can direct the
phosphorylation of core components.

During the course of these studies, the preliminary mapping
of two temperature-sensitive mutants (Cts11 and Cts41) to the
genomic interval comprising the G6R, G7L, and G8R genes
was reported in an overall compilation of the available collec-
tions of temperature-sensitive mutants (14). We obtained both
of these mutants and analyzed them for plaque formation and
24 hviral yield under permissive and nonpermissive conditions.
Both viruses were temperature sensitive for 24 h yield, whereas
Cts41 was determined to be leaky by plaque assay, forming
small plaques at the nonpermissive temperature. We therefore
chose to pursue a genotypic and phenotypic analysis of Cts11.
Our determination that the Cts11 G7 gene contains two lesions
that each appear to contribute to temperature sensitivity may
explain the very tight conditional lethal phenotype of this virus.
The tsG7 protein was stable at 39.7°C, as was its binding part-
ner, A30. For the first time, therefore, we had a tool to dissect
the function of G7 without the accompanying loss of A30. EM
analysis of nonpermissive Cts11 infections revealed that viral
morphogenesis arrested at an earlier stage than had been seen
previously upon repression of G7 expression. Many cells con-
tained only a cleared area of cytoplasm, which sometimes con-
tained linear fragments of what appeared to be membranous
material; others displayed curdled virosomes or unusual elec-
tron dense zones within which were found numerous mem-
brane crescents. These images were quite distinct from what
had been observed upon repression of G7; in this case, mor-
phogenesis progressed to the formation of what appeared to be
empty or multiply wrapped immature virions.

There are several distinctions between temperature-sensi-
tive mutants and inducible recombinants: the presence of a
stable but nonfunctional protein is quite distinct from the pres-
ence of only trace amounts of a wild-type protein. Whereas the
stability of the A30 protein during Cts11 infections might have
been predicted to lead to a milder phenotype than that ob-
served upon the loss of both G7 and A30, it is also reasonable
to hypothesize that low amounts of wt G7 protein might be
more effective at performing some G7-dependent functions
than would substantial amounts of the inactive #sG7 protein.
We therefore considered it likely that G7 played multiple roles
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in viral morphogenesis and so performed execution point stud-
ies to identify temperature-sensitive stages that were down-
stream of the arrest induced by rifampin. Unlike wt-infected
cultures, Ctsll-infected cultures were only able to recover
when they were maintained at 31.5°C after release from the
rifampin block. If they were shifted to 39.7°C upon release
from rifampin, no burst of infectious virus was produced, and
EM analysis indicated that morphogenesis arrested at a stage
comparable to that seen upon repression of G7. Numerous
empty immature virions were seen, some of which contained
internal patches of viroplasm or vesicles. These data indicate
that a functional G7 protein is required for several stages of
viral morphogenesis: first, in the establishment and integrity of
virosomes and crescents and later for the envelopment of the
viroplasm by the maturing crescent. Interestingly, the block
seen when RIF-arrested cultures were released from drug at
39.7°C is quite similar to that which we observe when tsF10
cultures are subjected to the same regimen (20), suggesting that
the interactions between F10, G7, and A30 may be extremely
important for the incorporation of viroplasm into nascent I'V.

The G7 protein encoded by Cts11 appears to be stable but
nonfunctional at the nonpermissive temperature. Although
function per se is difficult to test in the absence of enzymatic
activity, a physical interaction between G7 and A30 has been
documented. We cannot detect this interaction when our o-G7
and a-A30 antisera are used in immunoprecipitation analyses
of infected extracts. As an alternative approach, we made use
of a coupled IVTT system to test the binary interaction be-
tween 3XFLAG-A30 (F-A30) and either G7 or tsG7. When
F-A30 and wt G7 were cotranslated, their direct interaction
could be readily confirmed by coimmunoprecipitation with
a-FLAG, «-A30, or a-G7 sera. However, no such interaction
between F-A30 and tsG7 could be detected. The two amino
acid substitutions (Pro—Ser and Ala—Val) within sG7 abro-
gate the A30/G7 interaction in vitro; by extrapolation, we pro-
pose that they also weaken the interaction in vivo in a manner
that compromises ongoing morphogenesis.

Because A30 and G7 are both phosphorylated in vivo in a
manner that is dependent upon the presence of a functional
F10 kinase, we wanted to investigate the phosphorylation pro-
file of key viral proteins during nonpermissive Cts11 infections.
When such infections are initiated and maintained at 39.7°C,
phosphorylation of Al4, Al17, F10, A30, and G7 was abro-
gated, and phosphorylation of H5 and F18 was diminished.
Because the F10 protein remained stable under these experi-
mental conditions, this observation supports a model wherein
F10-mediated phosphorylation is linked to ongoing morpho-
genesis. The appropriate kinase-substrate interactions may
only occur within the spatial context of assembly intermediates.

This approach was also used to analyze the phosphorylation
status of wt and Cts11 infections maintained for 12 h at 31.5°C
in the presence of RIF; under these circumstances, appropriate
phosophorylation of Al4, A17, A30, G7, HS, and F18 was
observed when *?PPi was present from 6 to 12 hpi. When
similarly infected cultures were then released from the RIF
block and maintained for an additional 3 h at 31.5 or 39.7°C
in the presence of **PPi, a different picture emerged. Ongoing
phosphorylation of all of the proteins tested was observed at
31.5°C. However, although phosphorylation of Al14, A17, HS,
and F18 continued at 39.7°C, no further phosphorylation of
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FIG. 11. Working model of early stages in VV morphogenesis. The
formation of virosomes, crescents, and immature virions is shown sche-
matically; the proteins implicated in the various stages are listed within
the black boxes. The curved arrow leads to aberrant features seen when
the proteins indicated are repressed (| ) or impaired (ts): I, curdled vi-
rosomes; II, crescent depots; 111, empty, pseudo-IV. Depending on the ex-
perimental regimen, #sF10 and #sG7 show two different arrests [(1) and
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A30 or G7 was observed at the high temperature. This defi-
cit in phosphorylation was accompanied by the formation of
empty immature virions that had failed to engulf virosomal
contents. Cumulatively, these data indicate that the amino acid
substitutions within the #sG7 protein alter the interactions be-
tween A30 and G7, prevent the phosphorylation of G7, and its
binding partner A30 at 39.7°C, and prevent the enclosure of
virosomal contents within emerging I'V. In the future, it will be
important to establish which of these deficits is primary and
which secondary, to define the sites of phosphorylation on the
A30 and G7 proteins, and to clarify which kinase is directly
responsible for phosphorylating G7 in vivo.

During morphogenesis, the G7 protein undergoes proteo-
lytic processing as well as phosphorylation. To test the impor-
tance of this proteolytic processing, we performed marker res-
cue analysis with alleles in which neither, one, or both of the
AG | X cleavage sites was disrupted. Based on the size of the
DNA intervals available for homologous recombination, incor-
poration of the disrupted sites would have been favored if the
inability to undergo cleavage did not compromise virus viabil-
ity. However, none of the 12 plaques analyzed from each res-
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cue experiment contained disrupted AG | X sites, strongly
suggesting that the ability of G7 to undergo processing is highly
favored. The processing of G7 occurs after the RIF-sensitive
step of morphogenesis (Fig. 9A, lanes 1 and 2); by extrapola-
tion from other studies, it is likely that this processing is not
required for the inclusion of viroplasm into IV but for the
subsequent IV—IMYV transition.

In sum these studies have extended our understanding of the
roles played by the A30 and G7 proteins during the viral life
cycle and of the functional interactions between A30, G7, HS,
and F10. Figure 11 incorporates these findings into a schematic
view of the early events of virion assembly. Through various
functional and physical interactions, all of these proteins par-
ticipate in the formation of virosomes and the incorporation of
virosomal contents into nascent immature virions (4, 6, 20,
23-27, 29-32, 36). Further dissection of this process should
enhance our understanding of how protein phosphorylation
facilitates the rapid and accurate assembly of large macromo-
lecular complexes such as vaccinia virions.
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