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Four previously isolated temperature-sensitive (¢s) mutants of vaccinia virus WR (#528, 7554, ts61, and #s15)
composing a single complementation group have been mapped by marker rescue to the F10 open reading frame
located within the genomic HirndIIl F DNA fragment. Sequencing of the F10 gene from wild-type and mutant
viruses revealed single-amino-acid substitutions in the F10 polypeptide responsible for thermolabile growth.
Although the s mutants displayed normal patterns of viral protein synthesis, electron microscopy revealed a
profound morphogenetic defect at the nonpermissive temperature (40°C). Virion assembly was arrested at an
early stage, with scant formation of membrane crescents and no progression to normal spherical immature
particles. The F10 gene encodes a 52-kDa serine/threonine protein kinase (S. Lin and S. S. Broyles, Proc. Natl.
Acad. Sci. USA 91:7653-7657, 1994). We expressed a His-tagged version of the wild-type, #5s54, and ts61 F10
polypeptides in bacteria and purified these proteins by sequential nickel affinity and phosphocellulose chro-
matography steps. The wild-type F10 protein kinase activity was characterized in detail by using casein as a
phosphate acceptor. Whereas the wild-type and #s61 kinases displayed similar thermal inactivation profiles, the
ts54 kinase was thermosensitive in vitro. These findings suggest that protein phosphorylation plays an essential

role at an early stage of virion assembly.

The DNA sequence of the vaccinia virus genome predicts
that the virus encodes 199 polypeptides (13, 16). At least 70
vaccinia virus genes are dispensable for virus growth in cell
culture (16). Genes essential for vaccinia virus replication have
been defined by the isolation and characterization of condi-
tionally lethal (temperature-sensitive [ts]) mutant viruses (4-7,
9, 11, 32). The combined mutant collection of R. Condit and
M. Ensinger, consisting of 72 s mutants of vaccinia virus strain
WR, has been especially informative because nearly all of the
32 complementation groups have been assigned a crude phys-
ical map position based on marker rescue with wild-type DNA
fragments (5, 6, 32). At least one isolate from each comple-
mentation group has been classified with respect to the patterns
of macromolecular synthesis under nonpermissive growth con-
ditions (6). Four broad phenotypes have been described: (i)
DNA replication negative, (ii) abortive late protein synthesis,
(iii) defective late protein synthesis, and (iv) normal. Normal
mutants exhibit a wild-type pattern of DNA replication and
protein synthesis at the nonpermissive temperature.

The normal phenotype is suggestive of mutation of a viral
gene whose protein product might either participate in virion
morphogenesis or be essential for establishment of the next
round of infection (e.g., during virus penetration or the syn-
thesis of early mRNAs by the virion-encapsidated RNA poly-
merase). Several normal mutants from the Condit collection
have been mapped by marker rescue to individual viral genes.
In some instances the gene product has been identified as an
enzymatic component of the virus particle with a known or
presumptive role in early transcription. Examples include the
H4 protein, a subunit of the virion RNA polymerase (17, 36);
the D6 protein, a subunit of the early transcription initiation
factor (3, 20); and the I8 protein, an RNA helicase (12, 28).
Other normal £s mutations map to constituent polypeptides of
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the virion for which no enzymatic activity has yet been dem-
onstrated. These include the D2, D3, and 17 proteins, muta-
tions of which result in defective assembly of progeny virus
particles at the nonpermissive temperature (10, 18).

There are currently 11 complementation groups of normal s
mutants from the Condit collection that have not been mapped
to specific vaccinia virus genes. We anticipate that completion
of the genetic assignments of these mutations will either illu-
minate the physiological roles of known viral proteins or define
essential functions for some of the many virus-encoded pro-
teins about which nothing is yet known beyond a predicted
amino acid sequence. In this article, we present a molecular
genetic and phenotypic analysis of four mutants (528, #554,
ts61, and ts15) isolated by Condit and assigned to a single
complementation group (4, 5, 32). We demonstrate by electron
microscopy that the fs growth phenotype is caused by a defect
in virus assembly. The genetic lesions conferring the growth defect
were mapped by marker rescue to the vaccinia virus F10 gene, en-
coding a virus-encapsidated protein kinase (21). One of the muta-
tions (#s54) results in thermolability of protein kinase activity in vitro.

MATERIALS AND METHODS

Cells and viruses. BSC40 cells were maintained in Dulbecco modified Eagle’s
medium (DME) supplemented with 5% fetal calf serum (FCS). Wild-type vac-
cinia virus WR was propagated in BSC40 cells grown at 37°C. Vaccinia virus
mutants 512, ts15, 528, ts54, and s61 were kindly provided by R. Condit,
University of Florida. £528 was subjected to two rounds of plaque purification in
BSC40 cells grown at 31°C (permissive temperature) prior to amplification in
monolayer cultures at 31°C. The other #s isolates were amplified in monolayers
directly from virus suspensions obtained from the Condit laboratory. The ther-
molability of mutant virus stocks was verified by comparative titration on BSC40
cells at 31 and 40°C (nonpermissive temperature).

Metabolic labeling. Confluent BSC40 monolayers were infected with virus at
multiplicity of infection of 10 at 40°C. The inoculum was removed after 30 min,
and cells were washed once with medium and then overlaid with fresh DME-5%
FCS. At various times postinfection, medium was removed, and cells were
washed with methionine-free DME and then overlaid with methionine-free
DME containing 30 or 120 pCi of [**S]methionine per ml (>800 Ci/mmol) for
30 min. In pulse-labeling experiments, this medium was removed and cells were
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immediately lysed in situ by the addition of 0.15 ml of a solution containing 0.065
M Tris HCI (pH 6.8), 2% sodium dodecyl sulfate (SDS), 5% B-mercaptoethanol,
and 10% glycerol. In pulse-chase experiments, the cells were washed twice with
DME after the labeling medium was removed and then were overlaid with fresh
medium containing unlabeled methionine. The monolayers were returned to
incubate at 40°C and then lysed in situ after a 4- or 8-h chase. Lysates were stored
at —20°C. Aliquots (30 pl) were heated at 100°C for 5 min and then electropho-
resed through a 10 or 12% polyacrylamide gel containing 0.1% SDS. Radiola-
beled polypeptides were visualized by autoradiographic exposure of the dried gel.

Plasmids and molecular cloning. Plasmid pHind-F contains the 13.5-kbp
HindIII F restriction fragment of vaccinia virus WR cloned into pUC13. Further
subcloning was performed by insertion of gel-purified restriction fragments (see
Fig. 1) into the polylinker of pBS(—) (Stratagene). Plasmids were named ac-
cording to the restriction sites at the borders of the viral insert. DNAs used for
marker rescue experiments were prepared by alkaline lysis and CsCl equilibrium
centrifugation.

A plasmid containing the F10 open reading frame was generated as follows.
Oligonucleotide primers complementary to the 5’ and 3’ flanks of the F10 open
reading frame and containing restriction sites for Ndel and BamHI, respectively,
were used to amplify the F10 gene from the pHind-F plasmid. The sequence of
the 5’ flanking primer was 5'-GCTTTTTGTACAACATATGGGTGTTGCC;
the 3’ flanking primer was 5'-GACATTAGTAGGGATCCAATGTTGAGC.
PCR was carried out with Pfu DNA polymerase. The PCR products were gel
purified and cleaved with endonucleases Ndel and BamHI. The digestion prod-
ucts (a 510-bp Ndel-Ndel fragment from the 5’ end of the F10 open reading
frame and a 873-bp Ndel-BamHI fragment from the 3’ end of F10) were gel
purified. The 873-bp fragment, which included the coding region of F10 from
amino acids 171 to 439) was inserted into plasmid pET16b (Novagen), which had
been digested with Ndel and BamHI, to generate pet-F10(171-439). The 510-bp
Ndel fragment of F10 was then inserted into pet-F10(171-439), which had been
linearized with Ndel. The resulting plasmid, pet-F10, contained the entire F10
coding sequence. In this plasmid, a leader sequence encoding 10 tandem histi-
dine codons is fused in frame to the 5’ end of the F10 gene.

The genomic HindIII F fragment of mutant virus #528 was gel purified from a
HindIII digest of cytoplasmic DNA from BSC40 cells infected with #528 at
permissive temperature; this fragment was inserted into pBS(—), which had been
cleaved with HindIIl. A BamHI-PstI subclone derived from this £528 pHind-F
plasmid was used to determine the sequence of the #528 F10 gene. Alternately,
the F10 genes from mutant viruses 528, ts54, ts61, and £s15 were isolated by PCR
amplification of total viral DNA (prepared from the cytoplasm of cells infected
with £s virus at permissive temperature) using the flanking oligonucleotides used
to prepare pet-F10. The amplified F10 fragments were digested with Ndel and
BamHI and inserted into pET16b to generate the series pet-F10-ts. Several
independent plasmid clones were isolated and sequenced for each mutant F10
allele. Sequencing of plasmid DNA was performed by the dideoxy nucleotide
chain termination method. A T7 DNA polymerase-based sequencing kit (Seque-
nase, version 2.0) was used according to protocols supplied by the manufacturer
(United States Biochemical).

Marker rescue. Confluent BSC40 cell monolayers (35-mm dishes) were in-
fected with virus at a multiplicity of infection of 5 at 31°C. The inoculum was
removed after 30 min, and cells were washed once with medium and overlaid
with DME-5% FCS. After 30 min, cells were dislodged from the monolayer by
treatment with 1 ml of 0.05% trypsin—0.53 mM EDTA. Suspended cells were
mixed with 4 ml of DME and recovered by centrifugation for 5 min at 4°C in a
clinical centrifuge. The pellet was washed with 0.5 ml of HBS (20 mM HEPES
[N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid] [pH 7.0], 150 mM NaCl,
0.7 mM Na,HPO,, 5 mM KCl, 6 mM dextrose) and centrifuged as before. The
pellet was resuspended in 1 ml of cold HBS by pipetting and kept on ice. An
aliquot (0.8 ml) of the suspension was transferred to a prechilled Bio-Rad 0.4-cm
electrode gap cuvette. Plasmid DNA (10 pg) was added to the cuvette (with
mixing by pipetting), and the cuvette was chilled on ice for 10 min. The cuvette
was pulsed at 200 V (capacitance, 960 wF) in a Bio-Rad Gene Pulser equipped
with a Bio-Rad Capacitance Extender and then kept on ice for 10 min. The
suspension was diluted into 8 ml of medium at room temperature. An aliquot (3
ml) was then applied to a confluent cell monolayer of BSC40 cells (35-mm well)
maintained at 40°C. After 2 days of incubation at 40°C, the cells were stained
with 0.1% crystal violet in order to visualize plaques formed from infectious
centers. Alternatively, in a two-step marker rescue assay, the monolayers were
harvested by scraping and the yield of rescued virus was determined by titration
on BSC40 monolayers at 40°C.

Electron microscopy. Confluent BSC40 cell monolayers (35-mm dishes) main-
tained at 40°C were infected with wild-type or s virus at a multiplicity of infection
of 10. The inoculum was removed after 30 min, and the cells were washed twice
with medium and then overlaid with fresh DME-5% FCS. At 24 h postinfection,
cells were dislodged by scraping and then spun in a clinical centrifuge. The
supernatant was removed, and the cell pellet was placed immediately on ice.
Cells were fixed initially in 2.5% glutaraldehyde and then in 2% osmium tetrox-
ide. Specimens were dehydrated and then embedded in epoxy resin (Polybed
812). Thin sections were stained with uranyl acetate and lead citrate for visual-
ization in a JEOL 1200 CX transmission electron microscope.

Expression and purification of His-F10. pET16-based expression plasmids for
wild-type and s F10 genes were transformed into Escherichia coli BL21(DE3).

ts MUTATIONS IN VACCINIA VIRUS PROTEIN KINASE 2 6377

Overnight cultures of E. coli BL21(DE3)/pet-F10 transformants were inoculated
into 500 ml of Luria-Bertani medium containing 0.1 mg of ampicillin per ml and
grown at 37°C until the A4y, reached approximately 0.6. Cultures were placed on
ice for 30 min and adjusted to 2% ethanol and 0.2 mM IPTG (isopropyl-B-p-
thiogalactopyranoside). The cultures were then incubated at 18°C for 48 h with
continuous shaking. Cells were harvested by centrifugation, and pellets were
stored at —80°C. All subsequent procedures were performed at 4°C. Cell lysis
was achieved by treatment of thawed, resuspended cells with lysozyme (0.2
mg/ml) and Triton X-100 (0.1%) in lysis buffer containing 50 mM Tris HCI (pH
7.5), 0.15 M NaCl, and 10% sucrose. Insoluble material was removed by cen-
trifugation. The supernatants (approximately 50 ml) were mixed with 1 ml of
Ni-nitrilotriacetic acid-agarose resin (Qiagen) for 2 h. The slurries were poured
into a column and then washed with lysis buffer. The columns were eluted
stepwise with IMAC buffer (20 mM Tris HCI [pH 7.9], 0.5 M NaCl, 1 mM
phenylmethylsulfonyl fluoride, 10% glycerol) containing 5, 50, 100, or 200 mM
imidazole. The polypeptide composition of the column fractions was monitored
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Fractions enriched for
the expressed 54-kDa His-F10 polypeptides, which were eluted at 100 mM
imidazole, were pooled and dialyzed against buffer A (50 mM Tris HCI [pH 8.0],
1 mM EDTA, 2 mM dithiothreitol (DTT), 0.1% Triton X-100, 10% glycerol).
The dialysates were applied to 1-ml columns of phosphocellulose that had been
equilibrated with buffer A. The columns were eluted stepwise with buffer A
containing 0.1, 0.3, 0.5, or 1 M NaCl. The His-F10 proteins were recovered in the
0.3 M NaCl fraction. Wild-type His-F10 was purified further by glycerol gradient
sedimentation. An aliquot (0.2 ml) of the phosphocellulose fraction was applied
to a 4.8-ml 15 to 30% glycerol gradient containing 0.5 M NaCl, 50 mM Tris HCI
(pH 8.0), 1 mM EDTA, 2 mM DTT, and 0.1% Triton X-100. The gradients were
centrifuged at 50,000 rpm for 20 h at 4°C in a Beckman SW50 rotor. Fractions were
collected dropwise from the bottom of the tube. Protein concentrations were deter-
mined by using the Bio-Rad dye reagent with bovine serum albumin as a standard.

Protein kinase assay. Reaction mixtures (20 wl) containing 50 mM Tris HCI
(pH 7.5), 5 mM MgCl,, 1 mM DTT, 10 pg of dephosphorylated a-casein (Sig-
ma), 50 uM ATP, 10 pCi of [y-*?P]ATP (Amersham), and enzyme were incu-
bated at 25°C for 10 min. The reaction was halted by addition of SDS; the
samples were electrophoresed through a 10% polyacrylamide gel containing
0.1% SDS. Phosphorylated polypeptides were visualized by autoradiographic
exposure of the dried gel. Phosphate transfer from [y-*>P]JATP to casein was
quantitated either by scintillation counting of excised gel slices or by scanning the
gel with a FUJIX BAS1000 Phosphorimager.

Nucleotide sequence accession numbers. The nucleotide sequence of F10
(WR) has been deposited in GenBank under accession number U32589. Other
GenBank numbers are as follows: vaccinia virus strains Copenhagen and LIVP,
M35027 and M57977, respectively; smallpox virus strains Bangladesh-1975 and
India-1967, 122579 and X69198, respectively; swinepox virus, L.22013.

RESULTS

Growth characteristics of mutant viruses. Stocks of #512,
ts15, 528, ts54, and ts61 prepared at the permissive tempera-
ture (31°C) were tested for their ability to form plaques at both
31°C and 40°C in BSC40 cells. The efficiency of plaque forma-
tion was reduced =10,000-fold at the nonpermissive tempera-
ture. In contrast, the levels of plaque formation by wild-type
virus at 31 and 40°C were equivalent.

Marker rescue. It was shown previously that #528 could be
restored to temperature-independent growth by marker rescue
with a plasmid containing the entire HindIll F genomic frag-
ment derived from wild-type virus (32). An annotated map of
the 13.5-kbp F fragment, which includes 17 viral genes (16), is
illustrated in Fig. 1. We mapped the £528 mutation more pre-
cisely using an electroporation-based protocol for DNA-medi-
ated marker rescue. Cells infected with 528 were electropo-
rated with plasmid DNA and plated onto uninfected cell
monolayers maintained at the nonpermissive temperature.
Successful marker rescue yields recombinant wild-type prog-
eny from individual electroporated cells that were seeded onto
the virgin monolayer; this was manifested as a plaque arising
from each infectious center. No infectious centers were ob-
served when monolayers were seeded with #s28-infected cells
that had been electroporated without added DNA (Fig. 1).
Marker rescue was achieved by electroporation with the
pHind-F plasmid, containing the entire wild-type HindIIl F
fragment, but not with plasmid pHind-I, containing the 6.5-kbp
wild-type HindIII I fragment (Fig. 2A). Rescue was also ob-
tained with a BamHI-HindIII subclone corresponding to the
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FIG. 1. Map of the genomic HindIII F fragment and subfragments used for
marker rescue. Plasmid pHind-F contains the full 13.5-kbp HindIII F fragment
cloned into pUC13. A physical and genetic map of the viral DNA insert is shown.
HindIII restriction sites defining the borders of the viral DNA and internal sites
for BamHI, EcoRI, Sacl, and PstI used in subcloning are indicated. Protein-
encoding regions of the F fragment (boxed segments) are distinguished from
noncoding regions (intervening line segments). Genes F1 through F16 are tran-
scribed in the leftward direction, whereas F17 is transcribed rightward (13, 16).
pF-Bam/Hind and pF-Bam/Pst contain subregions of the F fragment extending
from the internal BamHI site to either the terminal HindIII site or the internal
Sacl site. pF-Eco/Sac includes portions of the F10 and F11 genes. pet-F10
contains the complete F10 open reading frame.

right half of the F fragment and including genes F9 to F17
(data not shown) and with a BamHI-PstI subclone that con-
tained complete genes F10 and F11, along with portions of the
F9 and F12 open reading frames (Fig. 1A). Marker rescue by
an EcoRI-Sacl fragment further localized the 528 mutation to
a region including the amino portion of the F10 protein (res-
idues 1 to 397) and the C terminus of the F11 gene product
(Fig. 2B). Final assignment of the mutation was made by sep-
arately amplifying the F10 and F11 coding sequences by PCR
and cloning the products into a pET-based vector. Plasmid
pet-F10, containing the complete F10 gene but no coding se-
quence from the F11 gene, afforded marker rescue (Fig. 1B),
whereas an F11-containing plasmid did not (data not shown).
We concluded, therefore, that the genetic lesion of #528 local-
ized to the F10 gene. Similar analyses of #554 and ts61 con-
firmed that these mutations also mapped to the F10 gene, i.e.,
rescue of growth was observed when #s54- or ts61-infected cells
were electroporated with plasmid pHind-F, pF-Bam/Pst, pF-

pHind-F pHind-

3
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N

FIG. 2. Marker rescue of #528. Electroporation-based marker rescue using
supercoiled plasmid DNAs was performed as described in Materials and Meth-
ods. Photographs of the stained monolayers from two experiments (A and B) are
shown. The no-DNA control entailed seeding the monolayers with virus-infected
BSC40 cells that had been electroporated without added DNA.
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Eco/Sac, or pet-F10 (Fig. 3). Parallel rescue of 515 indicated
that this mutation also mapped to F10 (not shown).

The extent of marker rescue of ts28, ts54, ts61, and ts15
viruses was quantitated by performing a two-step marker res-
cue procedure, in which the fs virus-infected cells were elec-
troporated with pF-Eco/Sac DNA, plated on monolayers at
40°C, and then harvested at 48 h and titrated at the nonper-
missive temperature. Transfection with pF-Eco/Sac DNA re-
sulted in a virus yield of 1 X 10° to 2 X 10° PFU at 40°C,
whereas s virus-infected cells electroporated in parallel with-
out plasmid DNA yielded less than 10> PFU (in the case of
ts28, ts15, and ts54) or 3 X 10° PFU (for ts61). The marker-
rescued viruses were recovered and plated in parallel with
wild-type virus at 40°C; plaque size and plaque morphology of
the rescued viruses were indistinguishable from those of wild-
type vaccinia virus.

We were unable to detect rescue of £5s12, even when infected
cells were electroporated with pHind-F, containing the entire
genomic F fragment (not shown). We suspect that £s12 con-
tains one or more separate ts mutations that map outside the
genomic F fragment. (Note that the occurrence of a double s
mutation would not have impacted on the original assignment
of this isolate to the same genetic complementation group as
1528, ts54, ts61, and #s15. Suspicions of a second fs lesion would
not arise during complementation tests unless such lesions
mapped to genes defined by other complementation groups in
the collection.) We have therefore limited our subsequent
studies to 528, ts54, ts61, and ts15.

Viral protein synthesis. One-step growth experiments were
performed with 528, £554, ts61, and ts15 at both 31°C and 40°C.
Cells were harvested at 2, 12, 24, and 36 h after infection, and
the production of infectious virus was assayed by titration at
31°C. The yield of #s progeny at 36 h at the permissive tem-
perature was comparable to that of wild-type virus. No increase
in the titer (over the 2-h background) was observed when
infections with the #s viruses were performed at the nonper-
missive temperature (not shown). Growth of wild-type virus
did not vary significantly with temperature. The patterns of
viral protein synthesis at nonpermissive temperature were an-
alyzed by pulse-labeling synchronously infected cells with
[>>S]methionine over a 12-h time course postinfection (Fig. 4).
A normal temporal pattern of vaccinia virus gene expression
was observed in cells infected with 528, ts54, or ts61 at 40°C
(Fig. 4). Hallmarks include the shutoff of host cell protein
synthesis (e.g., the prominent 45-kDa cellular polypeptide de-
noted by the asterisk in Fig. 4) and the transition to late viral
protein synthesis by 8 h postinfection. Late polypeptides are
exemplified by the precursor forms of the major virion struc-
tural proteins (L in Fig. 4). Identical patterns of viral protein
synthesis were observed in fs15-infected cells at 40°C (not
shown). The polypeptide synthetic profiles for #528, 554, ts61,
and 515 were indistinguishable from that of wild-type virus at
40°C (not shown). Hence, all four members of the complemen-
tation group that could be rescued by the F10 gene displayed
a normal phenotype with respect to viral protein synthesis.

Defective processing of virion structural proteins at the
nonpermissive temperature. Three major structural proteins
of the virion core—4a, 4b, and 25K—are encoded by the vac-
cinia virus A10, A3, and L4 genes, respectively. Each is syn-
thesized at late times as a precursor polypeptide (p4a, p4b, or
28K) that is proteolytically processed to yield the mature spe-
cies. Conversion of p4b to 4b and that of 28K to 25K both
appear to entail single endoproteolytic events, whereas pro-
cessing of p4a involves multiple internal cleavages that gener-
ate at least two polypeptides (4a and 23K) found in the core
(31, 33, 35). The precursor polypeptides were readily identified
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FIG. 3. Marker rescue of ts54 and #s61. Electroporation-based marker rescue was performed as described in Materials and Methods. Photographs of the stained
monolayers are shown. The no-DNA control entailed seeding the monolayers with virus-infected BSC40 cells that had been electroporated without added DNA.

in [>*S]methionine pulse-labeling reactions performed during
the late phase of vaccinia virus infection (e.g., 12 h postinfec-
tion [Fig. 4 and 5]) and were converted to mature forms during
a chase of the wild-type virus-infected cells in the presence of
unlabeled methionine (Fig. 5). Conversion was seen as a de-
crease in the labeled p4a and p4b polypeptides accompanied
by the appearance of a doublet corresponding to 4a and 4b
(asterisk in Fig. 5). (The 4a and 4b polypeptides were not
resolved well in this gel, but other electrophoresis experiments
confirmed that both species were present.) The precursors of
4a and 4b were synthesized in cells infected at 40°C with 528,
ts54, and ts15, but there was no apparent conversion to 4a and
4b, even after 8 h of chase (Fig. 5). In ts61-infected cells at

ts28 ts54 ts61
2 4 812 2 4 812 2 4 812
12— W
sa— MW EE N - L
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FIG. 4. Synthesis of viral proteins by #s mutant viruses. Virus-infected cells
maintained at 40°C were pulse-labeled for 30 min with [**S]methionine (30
wCi/ml of medium), and radiolabeled polypeptides were analyzed by SDS-PAGE
as described in Materials and Methods. An autoradiograph of the gel is shown.
The time at which the pulse-labeling was initiated (hours postinfection) is indi-
cated above each lane. The positions and sizes (in kilodaltons) of coelectro-
phoresed protein standards are indicated on the left. A labeled polypeptide
corresponding to the predominant 45-kDa host protein, actin (asterisk), and two
abundant viral late proteins (L), corresponding to virion precursors p4a and p4b,
are indicated.

40°C, p4b was converted to 4b, but processing of p4a was
inhibited (Fig. 5).

These results show that, although each of the #s mutants
displayed some defect in precursor processing, the severity of
the block to p4a and p4b processing varied among the F10 s
alleles. Disparate effects of vaccinia virus mutations on the
processing of different precursor proteins have been noted
previously (10, 38, 39). For example, ts mutations of vaccinia
virus genes D2 and D3 have no effect of conversion of 28K to
25K, but they do block processing of p4a and delay the pro-
cessing of p4b (10). A conditional null mutation of the viral
D13 gene, which is required for virus assembly, also affects
processing of p4a to a greater extent than p4b (39). A similar
differential effect on p4a versus p4b was seen for a conditional
null mutation in the gene encoding the 11-kDa virion core
protein; this mutation also elicited a block to virion assembly
(38). Because almost any mutation or drug treatment that
blocks virus assembly also affects processing of the virion struc-
tural precursors, the latter finding provides a biochemical
marker suggestive of a morphogenetic defect for the F10 s
mutant viruses at the nonpermissive temperature. This was
evaluated directly by electron microscopy.

Electron microscopy. The mature vaccinia virion evolves in
stages from microscopically well-characterized immature
forms, which were apparent in electron micrographs of BSC40
cells infected with wild-type virus at 40°C (Fig. 6). The earliest
of these are crescent-shaped spicule-coated viral membranes,
which were observed either free in the cytoplasm (Fig. 6A) or
associated with centers of electron-dense viroplasm (Fig. 6B).
Spherical immature viral particles are formed upon closure of
the membrane around the granular material (Fig. 6B). These
spherical immature particles develop into mature brick-shaped
virions, clusters of which were evident in wild-type-virus-in-
fected cells (Fig. 6C). No mature progeny virions were ob-
served in cells infected with 528, £s54, or ts61 at the nonper-
missive temperature. Cytoplasmic foci of viroplasm were
visible, occasionally coalescing into sizable cytoplasmic inclu-
sions, as shown in the low-power view of a cell infected with
1528 (Fig. 7A). Note that spherical immature particles were
absent as well. Close scrutiny revealed only scant formation of
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FIG. 5. Processing of virion structural proteins by s mutant viruses. Virus-infected cells maintained at 40°C were pulse-labeled for 30 min with [3*S]methionine (120
wCi/ml of medium) at 12 h postinfection and then either lysed in situ immediately after labeling (lanes P) or chased for the times indicated (in hours) in medium
containing unlabeled methionine. Radiolabeled polypeptides were analyzed by SDS-PAGE. An autoradiograph of the gel is shown. The labeled polypeptides
corresponding to the structural protein precursors p4a and p4b and their processed products 4a and 4b (an ill-resolved doublet in this gel) (asterisk) are indicated. WT,

wild type.

viral membrane fragments in #s28-infected cells. Examples of
such fragments are shown in Fig. 7B and C; these structures
resemble the short crescents detected in wild-type-virus-in-
fected cells. A similar situation applied to infection with 554,
in which we observed foci of viroplasm, occasionally accompa-
nied by viral membrane fragments (Fig. 8A and B). Rarely, we
observed spherical membranes, e.g., in ts61-infected cells in
Fig. 8C; however, these spherical forms did not contain elec-
tron-dense viroplasm. There was no evidence of maturation
beyond initial membrane formation. It should be emphasized
that formation of viral membranes in ts virus-infected cells was
far less extensive than in a wild-type vaccinia virus infection.
Thus, the growth phenotypes of 528, ts54, and #s61 could be
attributed to a specific defect at an early stage of virus assem-
bly.

Sequence analysis of the wild-type and mutant F10 genes.
The wild-type F10 gene of the WR strain of vaccinia virus
encodes a protein of 439 amino acids with a predicted molec-
ular mass of 52 kDa (Fig. 9). The nucleotide sequence of F10

from vaccinia virus WR differed at 14 positions from the pub-
lished sequence of the F10 gene of the Copenhagen strain (13).
Twelve of the nucleotide changes were silent at the protein
level. Two amino acid differences were noted between the WR
and Copenhagen strains (Fig. 9). In order to fine map the #528
mutation, the genomic HindIII F fragment of #s28 viral DNA
was isolated from virus-infected cells and cloned into a pBS(—)
plasmid vector; a BamHI-PstI subclone of this plasmid was
employed for DNA sequencing. Dideoxy sequencing of the
ts28 F10 gene revealed a single coding change (GTT to ATT)
that resulted in a predicted Val-to-Ile substitution at residue
168 of the F10 polypeptide. The identical sequence was ob-
tained when we analyzed two different plasmid clones obtained
by PCR amplification of viral DNA from #s28-infected BSC40
cells. The molecular lesions of the ts54, ts61, and £s15 isolates
were determined by sequencing individual plasmid clones ob-
tained after PCR amplification from DNA isolated from ts
virus-infected cells. Three different clones were sequenced for
ts54, with each clone containing a single coding change (CCT

FIG. 6. Virus assembly assessed by electron microscopy. Cells infected with wild-type virus at 40°C were harvested at 24 h postinfection and analyzed by electron
microscopy. Representative micrographs show several stages of viral morphogenesis. (A) Spicule-containing membrane crescents; (B) viral membranes and spherical
immature virus particles containing electron-dense viroplasm; (C) a cluster of IMVs. Bars, 0.2 pm.
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FIG. 7. Defective assembly of £528. Cells infected with #528 at 40°C were harvested at 24 h postinfection and analyzed by electron microscopy. (A) Cell nucleus (Nuc)
and a large cytoplasmic focus of viroplasm (the borders of which are indicated by arrowheads). Several mitochondria, which are excluded from the viroplasm, can be
seen at the upper left. Bar, 1 wm. (B and C) Isolated fragments of crescent-shaped viral membranes (arrows) could be detected. Bars, 0.2 pm.
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FIG. 8. Defective assembly of 554 and #s61. Cells infected with 554 (A and B) or 561 (C) at 40°C were harvested at 24 h postinfection and analyzed by electron

microscopy. (A) A focus of electron-dense viroplasm flanked by two viral membrane fragments. Bar, 0.2 pum. (B) A group of three viral membrane fragments. Bar, 0.1
pm. (C) Membrane crescents and an apparently spherical membrane. These membranes do not enclose viroplasm (e.g., compare with Fig. 6B). Bar, 0.2 pm.

to TCT) resulting in a Pro-to-Ser substitution at position 85.
Three clones were sequenced for zs61, each containing a point
mutation (GAA to AAA) resulting in a Glu-to-Lys substitution
at position 123. Each of three clones derived from #s15 con-
tained a coding change (CCC to TCC) that produced a
Pro—Ser substitution at residue 131. All F10 clones derived
from 1528, 1554, ts61, and ts15 (originating in the Condit labo-
ratory) also contained a single silent base change relative to the
wild-type WR sequence (which was obtained by sequencing a
genomic clone of vaccinia virus WR originally constructed by
M. Merchlinsky, National Institutes of Health); we attribute
this silent change (AAC to AAT at the codon for Asn-33) to
natural sequence variation among WR stocks grown in differ-
ent laboratories.

A BLAST search of the NCBI database indicated that the
F10 protein was most highly related to protein homologs en-
coded by other poxviruses, particularly the 439-amino-acid
proteins of two strains of smallpox virus, variola Bangladesh
and variola India (434 identical amino acids each) (Fig. 9). The
LIVP strain of vaccinia virus encodes a 405-amino-acid F10
homolog that has a deletion of a 33-amino-acid internal seg-
ment (corresponding to residues 18 to 50 in the WR polypep-
tide) (Fig. 9). The swinepox virus homolog is identical at 314
positions to WR F10 and is punctuated by two single-residue
insertions (Fig. 9). The F10 residues Pro-85, Pro-131, and
Val-167, which when mutated confer temperature-sensitive
growth are strictly conserved in each of the poxvirus proteins,
whereas Glu-123, which is conserved among orthopoxviruses,
is substituted by Asp in swinepox virus.

The database search also highlighted sequence similarities
to a large number of protein kinases. (Three conserved kinase
motifs in the F10 protein are underlined in Fig. 9.) Although it
has been known for over 20 years that vaccinia virus particles
contain a protein kinase activity (26) and the resemblance of
F10 to kinases has been noted during genomic sequencing (13,
16), only recently has it become clear that the major kinase
activity in the virion is encoded by the F10 gene. The virion
kinase was identified by Lin and Broyles as the F10 gene
product on the basis of the peptide sequence of the purified
enzyme (21). The F10 protein was named vaccinia protein
kinase 2, to distinguish it from the 300-amino-acid B1 gene
product, which had been shown previously to be a serine/

J. VIROL.

threonine kinase (22, 27). The F10 and B1 kinases are not well
conserved at the amino acid sequence level; their similarity is
limited to the kinase motifs underlined in Fig. 9.

The DNA sequence of the F10 gene suggests that F10 is
probably expressed at late times during vaccinia virus infection.
For example, the ATG codon of the F10 protein is situated
within a TAAATG sequence; the TAAAT motif is an essential
component of a vaccinia virus late promoter, and the close
proximity of TAAAT to the translation start site is a common
feature of late genes (8). Furthermore, the F10 gene of vac-
cinia virus strain WR contains two internal TTTTTNT motifs
that specify termination of early gene transcription. Such motifs
tend to be excluded from the coding sequence of viral early genes
but are usually detected with late coding sequences because this
signal is not recognized as a terminator during late transcription.

Purification and characterization of recombinant F10 ki-
nase. In order to study the catalytic properties of vaccinia virus
protein kinase 2 and to assess the biochemical consequences of
the #s missense mutations, we expressed the F10 protein in
bacteria. An inducible T7 RNA polymerase-based vector in
which a short histidine-rich amino-terminal leader segment
was fused to the F10 polypeptide was constructed. The expres-
sion plasmid was introduced into E. coli BL21(DE3), a strain
that contains the T7 RNA polymerase gene under the control
of a lacUV5 promoter. Expression of the His-F10 polypeptide
was induced by IPTG. Preliminary experiments indicated that
solubility of the expressed His-F10 was improved by growing
the bacteria at 18°C during IPTG induction (not shown). The
His tag allowed for rapid enrichment of His-F10 due to the
affinity of the tag for immobilized nickel. Soluble lysate was
applied to Ni-agarose and step eluted with increasing concen-
trations of imidazole. SDS-PAGE analysis revealed a 54-kDa
polypeptide eluted at 100 mM imidazole; this polypeptide was
not recovered when lysates of induced BL21(DE3) carrying the
pET16 vector were subjected to the same Ni-agarose chroma-
tography procedure (not shown). The Ni-agarose His-F10
preparation catalyzed the transfer of *?P; from [y-**P]ATP to
casein, thereby confirming the observation of Lin and Broyles
(with a glutathione S-transferase-F10 fusion protein) that re-
combinant F10 was catalytically active (see below) (21). His-
F10 was purified further by adsorption to phosphocellulose
and step elution with salt. Protein kinase activity was recovered
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FIG. 9. Sequence of the F10 protein and locations of amino acid changes responsible for s growth. The amino acid sequence of the 429-amino-acid F10 polypeptide
encoded by wild-type vaccinia virus WR (wr) is shown aligned with the homologous polypeptides encoded by related poxviruses, including vaccinia virus strain
Copenhagen (cop), smallpox virus (variola major) strain Bangladesh-1975 (spb), smallpox virus strain India-1967 (spi), vaccinia virus strain LIVP (liv), and swinepox
virus (swp). Amino acids identical to those in the WR F10 protein are indicated by dashes. Divergent residues are indicated. A segment of the F10 protein that has
apparently been deleted in the LIVP strain of vaccinia virus is demarcated by brackets. Two inserted residues in the swinepox homolog are indicated below the swinepox
polypeptide sequence. Asterisks, amino acid residues in WR F10 that are mutated in vaccinia viruses ts54 (Pro-85), ts61 (Glu-123), ts15 (Pro-131), and #528 (Val-168).
Regions of the F10 protein that are conserved among numerous protein kinase family members are underlined.

in the 0.3 M NaCl fraction (see Fig. 11A), which was nearly
homogeneous with respect to the 54-kDa His-F10 polypeptide
(Fig. 10). The phosphocellulose preparation was centrifuged
through a 15 to 30% glycerol gradient in 0.5 M NaCl. Protein
kinase activity sedimented as a single peak (Fig. 11A) coinci-
dent with the sedimentation profile of the His-F10 polypeptide
(Fig. 11B). A sedimentation coefficient of 4S (relative to cata-
lase and cytochrome ¢ centrifuged in parallel [not shown]) sug-
gested that the vaccinia virus protein kinase was a monomer.
Further characterization of the F10 protein kinase was per-
formed with the phosphocellulose enzyme fraction, with ATP
as the phosphate donor and casein as the phosphate acceptor.
The major phosphorylated reaction product was a 32-kDa
polypeptide corresponding to casein (Fig. 11A). A minor phos-
phorylated species, migrating diffusely at about 70 kDa, was
also detected. Formation of this labeled product, which was
noted also by Lin and Broyles (21), depended on addition of
casein and was presumed to represent a contaminating
polypeptide in the casein preparation. Phosphoryl transfer
from [y->*P]JATP to casein was linear with time up to at least
20 min of incubation at 25°C (Fig. 12) and varied linearly with
input enzyme (Fig. 13A). The kinase was active from pH 6.0 to
9.0 in Tris buffer (not shown). Kinase activity depended abso-
lutely on a divalent cation and was optimal at 5 to 10 mM
MgCl, (Fig. 14A). Manganese (5 mM) was equivalent to mag-
nesium in supporting casein phosphorylation, whereas cobalt
was less effective. Copper, calcium, and zinc supported much
lower levels of activity (Fig. 14B). Kinase activity increased
with ATP concentration from 10 to 50 uM and leveled off
thereafter (Fig. 12B); a K, of 30 M ATP was calculated from

a double-reciprocal plot of the data. Activity was proportional
to the amount of phosphate acceptor, with saturation achieved
at 10 pg of input casein (Fig. 12C). We calculated from the
protein titration data (Fig. 13A) that His-F10 catalyzed a mo-
lar excess of protein phosphorylation relative to input protein
(30 mol of phosphate incorporation into casein per mol of
His-F10 during a 10-min reaction). This calculation was based
on the protein concentration of the phosphocellulose prepa-
ration and the assumptions that (i) the His-F10 preparation
was homogenous, (ii) the active form of the His-tagged enzyme
was a 54-kDa monomer, and (iii) all enzyme molecules were
catalytically active.

Incubation of purified His-F10 with [y->>P]JATP and magne-
sium in the absence of casein resulted in label transfer to a
single 54-kDa polypeptide; we attributed this to autophosphor-
ylation. Note that native F10 kinase purified from vaccinia
virions also catalyzed autophosphorylation (21). The extent of
autophosphorylation by recombinant His-F10 was propor-
tional to input protein (Fig. 13B). Higher levels of His-F10
were required to detect autophosphorylation than the levels
required to detect phosphorylation of casein (compare Fig.
13A and B). We estimated that approximately 0.04 mol of
autophosphorylation occurred per mol of His-F10.

Kinase activity of 561 and ts54 His-F10 proteins. The F10
proteins encoded by the £s61 and #s54 alleles were expressed in
bacteria as His-tagged fusions and purified by the same pro-
cedure as that used for wild-type His-F10. The extent of puri-
fication at the phosphocellulose step was comparable to that of
the wild-type protein, as shown by SDS-PAGE (Fig. 11). ts61
His-F10 was nearly homogeneous with respect to the 54-kDa
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FIG. 10. Polypeptide composition of purified His-F10. Wild-type (WT), ts54,
and 561 His-F10 proteins were expressed in bacteria and purified by Ni-agarose
and phosphocellulose column chromatography steps. Aliquots (1.5 g of pro-
tein) of the phosphocellulose fractions were denatured with SDS and analyzed by
SDS-PAGE; also analyzed in parallel were samples of the protein fractions that
had been incubated for 10 min at 41°C prior to SDS denaturation. Polypeptides
were visualized by staining with Coomassie blue dye. The polypeptide corre-
sponding to His-F10 is indicated (arrow). The positions and sizes (in kilodaltons)
of coelectrophoresed marker proteins are indicated on the left.

polypeptide, whereas #s54 His-F10 included a minor contami-
nant of 60 kDa (Fig. 10). (Initial attempts to express the #s28
protein in bacteria were frustrated by low yield of soluble
protein). The #s61 and #s54 proteins readily phosphorylated
casein, and activity was proportional to input enzyme (Fig.
13A). The specific activity of the zs61 His-F10 preparation was
about half that of the wild-type F10 preparation (Fig. 13A).
The specific activity of the t554 protein was about 30% of that
of the wild type (Fig. 13A). Both mutant proteins were capable
of autophosphorylation in the absence of casein; the specific
activities in autophosphorylation were in the same range as
that of wild-type His-F10 (=40%) (Fig. 13B). (Because the
extent of autophosphorylation by all F10 proteins was very low
compared with casein phosphorylation, we are reluctant to
attribute significance to slight differences in mutational effects
on autophosphorylation versus casein phosphorylation.)
Thermolability of F10 protein kinase activity in vitro. Sta-
bilities of the wild-type and mutant kinase activities were tested
by preincubation of the purified enzyme preparations for 5 min
at either 14, 25, 31, 37, or 42°C, followed by quenching on ice.
The samples were then assayed for casein kinase activity at
25°C. The wild-type F10 kinase activity was stable to preincu-
bation at 25°C, reduced by treatment at 31°C, and virtually
abolished by preincubation at =37°C (Fig. 15A). (The purified
wild-type F10 kinase was apparently unstable in vitro at tem-
peratures normally permissive for vaccinia virus replication in
vivo. This point is considered in Discussion.) The purified 561
F10 was somewhat more sensitive to incubation at 14 to 25°C
but otherwise displayed a heat inactivation profile that was
similar to that of the wild-type protein from 30 to 42°C (Fig.
15A). In contrast, the purified £s54 kinase was clearly thermo-
labile; its inactivation curve was shifted to the left by about
10°C (Fig. 15A). Thus, the £554 kinase was almost completely
inactivated by incubation at 31°C, whereas wild-type and #s61
proteins retained 60% of the kinase activity of the untreated
controls. The lability of the #s54 protein at 25°C may account,
in part, for the observed lower specific activity of the purified
enzyme (e.g., because of destabilization of the enzyme during
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FIG. 11. Glycerol gradient sedimentation. The phosphocellulose (PC) frac-
tion of recombinant wild-type His-F10 was sedimented in a glycerol gradient as
described in Materials and Methods. Thirty fractions were collected from the
bottom of the gradient. (A) Protein kinase activity. Kinase assay mixtures (20 pl)
contained 50 mM Tris HCI (pH 7.5), 5 mM MgCl,, 1 mM DTT, 10 pg of casein,
50 wM [y->2P]ATP, and 1 pl of either the phosphocellulose F10 fraction or the
indicated glycerol gradient fraction. After incubation for 10 min at 25°C, the
samples were denatured with SDS and analyzed by SDS-PAGE. An autoradio-
graph of the gel is shown. The positions and sizes (in kilodaltons) of marker
proteins are indicated on the left. The predominant 32-kDa phosphoprotein
product, corresponding to phosphorylated casein, is indicated on the right. (B)
Aliquots (40 pl) of the indicated glycerol gradient fractions were analyzed by
SDS-PAGE. Polypeptides were visualized by staining the gel with Coomassie
blue. The 54-kDa polypeptide corresponding to His-F10 is indicated on the right.
Sedimentation markers (catalase and cytochrome c) were centrifuged in a par-
allel gradient (not shown).

the kinase assay). The possibility that loss of kinase activity
during the preincubation might be caused by degradation of
the protein was excluded by the control experiment shown in
Fig. 10. Here, the enzyme preparations were preincubated at
41°C (sufficient to inactivate the kinase) and analyzed by SDS-
PAGE; there was no decrease in the abundance of the 54-kDa
His-F10 polypeptide and no appearance of polypeptides of
lower molecular weight (Fig. 10).

Thermostability was also assessed by following the inactiva-
tion of the enzyme preparations as a function of duration of pre-
incubation at a single temperature, 31°C. The purified wild-type
and #s61 F10 proteins were inactivated with virtually identical
kinetics (half-life, approximately 10 min). In contrast, 554 F10
was destabilized much more rapidly (Fig. 15B). These data indi-
cate that the #554 mutation, which results in vaccinia ts virus repli-
cation in vivo, also renders the F10 kinase activity thermolabile in
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FIG. 12. Characterization of the F10 protein kinase activity. (A) Time course. A reaction mixture (120 ul) containing 50 mM Tris HCI (pH 7.5), 5 mM MgClL,, 1
mM DTT, 60 pg of casein, 50 M [y->*P]ATP, and 84 ng of wild-type His-F10 was incubated at 25°C. Aliquots were withdrawn at the indicated times and quenched
by addition of SDS. The reaction products were analyzed by SDS-PAGE. Casein phosphorylation was quantitated by scintillation counting. (B) ATP dependence.
Reaction mixtures (20 wl) containing 50 mM Tris HCI (pH 7.5), 5 mM MgCl,, 1 mM DTT, 10 pg of casein, 14 ng of wild-type His-F10, and [y->*P]ATP as indicated
were incubated at 25°C for 10 min. Casein phosphorylation was quantitated by scintillation counting and plotted as a function of ATP concentration. (C) Casein
dependence. Reaction mixtures (20 pl) containing 50 mM Tris HCI (pH 7.5), 5 mM MgCl,, 1 mM DTT, 50 pM [y->*P]ATP, 14 ng of wild-type His-F10, and casein
as indicated were incubated at 25°C for 10 min. Phosphorylation is plotted as a function of input casein.

vitro. In contrast, the stability of the purified zs61 F10 protein did
not differ appreciably from that of the wild-type kinase in vitro.

DISCUSSION

The mutations responsible for #s growth of vaccinia virus
mutants 1528, 1554, ts61, and #s15 have been mapped by marker
rescue to the F10 gene. The F10 gene product is a 52-kDa
serine/threonine protein kinase that is encapsidated within the
infectious virion (21). It has been named protein kinase 2, to
distinguish this enzyme from the 34-kDa serine/threonine ki-
nase encoded by the vaccinia virus B1 gene (22, 27). Although
the B1 kinase is also present in the virus particle (22), the
predominant protein kinase activity that can be isolated from
virions is attributable to F10 (21, 22). Attempts to disrupt the
F10 gene by insertion of a dominant selectable marker invari-
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ably resulted in retention of a wild-type copy of the F10 gene
in tandem with the disrupted allele (21). This implied that the
F10 gene was essential for vaccinia virus replication but did not
reveal the nature of its essential function. The present study of
viral replication under nonpermissive growth conditions estab-
lishes that vaccinia virus protein kinase 2 is required at an early
step of virus assembly.

Formation of the intracellular mature virion (IMV) in the
cytoplasm of virus-infected cells is an event of extraordinary
structural and biochemical complexity. It is no less elaborate
than the assembly of a fully functional organelle. Structural
intermediates are readily observed by electron microscopy, and
they have been the subject of much interest and occasional
controversy (7, 25, 29). The earliest viral structures are cres-
cent-shaped membranes that progress to spherical forms en-
compassing viroplasm, a biochemically ill-defined substance
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FIG. 13. Specific kinase activities of wild-type (WT) and mutant His-F10 proteins. (A) Casein kinase activity. Reaction mixtures (20 pl) containing 50 mM Tris HCI
(pH 7.5), 5 mM MgCl,, 1 mM DTT, 10 ug of casein, 50 uM [y->*P]ATP, and purified recombinant His-F10 proteins as indicated (phosphocellulose fractions) were
incubated for 10 min at 25°C. The reaction mixtures were analyzed by SDS-PAGE. Incorporation of *?P into casein was quantitated by scintillation counting. (B)
Autophosphorylation. Reaction mixtures (20 ul) containing 50 mM Tris HCI (pH 7.5), 5 mM MgCl,, 1 mM DTT, 50 uM [y->?P]ATP, and His-F10 proteins as indicated
(phosphocellulose fractions) were incubated for 10 min at 25°C. The reaction mixtures were analyzed by SDS-PAGE. Incorporation of 3P into a 54-kDa species

(presumed to be His-F10) was quantitated with a Phosphorimager.
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FIG. 14. Divalent-cation dependence. (A) Reaction mixtures (20 1) containing 50 mM Tris HCI (pH 7.5), 1 mM DTT, 10 ug of casein, 50 uM [y->>P]ATP, 28 ng
of wild-type His-F10, and MgCl, as indicated were incubated for 10 min at 25°C. (B) Reaction mixtures (20 ul) contained 50 mM Tris HCI (pH 7.5), 1 mM DTT, 10
g of casein, 50 pM [y-32P]ATP, 28 ng of wild-type His-F10, and the divalent cations at 5 mM. Incubation was for 10 min at 25°C. Mg, Mn, Ca, and Co were added

as chloride salts; Cu and Zn were added as sulfates.

that includes many of the structural proteins of the IMV.
Although the immature particles appear circular in thin sec-
tions, they may not be fully enclosed. Microscopic evidence
suggests that the viral genome is incorporated into the spher-
ical immature particles through a pore-like opening (25). Clo-
sure of the spherical particles would occur after uptake of the
DNA is complete. There then ensues a series of morphological
transitions within the membrane-bound structures that lead
ultimately to IMV. Known and presumptive events include
condensation of the viral genome, proteolytic processing of major
structural proteins, formation of the core and lateral bodies, and
reorganization of the viral membranes. These steps are poorly
understood, primarily because they have not been placed in the
context of an ordered genetic or biochemical pathway.

ts mutations offer a potentially powerful genetic tool to study
virus assembly. For example, Dales and coworkers have docu-
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mented by electron microscopy altered patterns of morpho-
genesis when fs vaccinia virus mutants from their collection
were grown under nonpermissive conditions (7). As many as 17
phenotypic categories were described on the basis of the types
of viral structures accumulating at 40°C; these categories range
in severity from mutants that formed no viral structures what-
soever (most severe) to those that formed progeny IMV par-
ticles that were morphologically normal but noninfectious
(most subtle) (7). This collection remains a largely untapped
resource, as most of the mutations have not, to our knowledge,
been mapped to individual viral genes. The Condit #s collection
has been mapped more thoroughly (6), but only a few of the
mutants have provided direct insights into virus assembly. Mu-
tations that affect viral macromolecular synthesis (either DNA
replication or late gene expression) will invariably impact on
virus assembly (e.g., see references 2, 15, and 37) because the
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FIG. 15. Heat inactivation of protein kinase. (A) Samples of the purified wild-type (WT), ts61, and ts54 His-F10 preparations were preincubated in buffer A for 5
min at either 14, 25, 31, 37, or 42°C and then placed on ice. The residual casein kinase activity was assayed in reaction mixtures containing 50 mM Tris HCI (pH 7.5),
5 mM MgCl,, 1 mM DTT, 10 ug of casein, 50 M [y->*P]ATP, and 14 ng of preincubated His-F10 proteins. Casein kinase activity was normalized to that of control
reactions containing a wild-type, 561, or ts54 His-F10 that had not been subjected to preincubation. Activity (percent of control) is plotted against the temperature of
preincubation (note the nonlinear scale on the x axis). (B) Samples of the purified wild-type, 561, and #s54 His-F10 preparations were preincubated in buffer A at 31°C
for the indicated times and then placed on ice. The residual casein kinase activity was assayed in reaction mixtures containing 50 mM Tris HCI (pH 7.5), 5 mM MgCl,,
1 mM DTT, 10 pg of casein, 50 uM [y-3?P]ATP, and 14 ng of preincubated His-F10 proteins as indicated. Casein kinase activity was normalized to that of control reactions
containing a wild-type, zs61, or 554 His-F10 that had not been subjected to preincubation. Activity (percent of control) is plotted as a function of the duration of preincubation.
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initial formation of viral membranes depends on late protein
synthesis (which is, in turn, contingent on DNA replication).
Although formation of viroplasmic inclusions is not contingent
on late gene expression, the microscopic appearance of the
viroplasm formed by #s mutants can vary depending on the
mutant strain.

The microscopic phenotype of the s mutations in F10 is
reminiscent of the category C of morphological aberrations
described by Dales et al. (7). Because the three F10 s mutants
analyzed by electron microscopy showed a relatively consistent
morphogenetic defect and because all of the F10 £ mutants
synthesized late proteins at the nonpermissive temperature, we
infer that the phenotype was a direct consequence of the pro-
duction of defective F10 protein. Indeed, each ts virus had
sustained a distinctive nucleotide change resulting in different
single-amino-acid substitutions in the F10 protein.

The F10 s mutations demarcate the earliest genetically de-
fined step in vaccinia virus assembly. The F10 gene product
apparently acts prior to the D13 protein, which is the target of
the drug rifampin (1, 23). The D13-dependent step was, until
now, the most proximal assembly event that had been studied
genetically and pharmacologically. Rifampin causes assembly
to undergo arrest after the formation of abnormal membrane-
enclosed structures (rifampin bodies), which contain viroplasm
but lack the rigid spherical shape of normal immature parti-
cles. The rifampin bodies appear to lack the spicule layer
characteristic of the normal immature forms. Rifampin resis-
tance and hypersensitivity are attributable to point mutations
in the D13 gene (1, 23), which encodes a 65-kDa polypeptide.
The D13 protein localizes by immunoelectron microscopy to
the concave surface of the membrane crescents and the inter-
nal face of the immature spherical particles (30, 34). In the
presence of rifampin, the D13 protein is found in viroplasmic
inclusions but not in association with membranes (24, 30). The
rifampin bodies rapidly acquire a rigid spicule-containing
spherical structure upon removal of the drug. Conditional re-
pression of D13 gene expression elicits a morphogenetic phe-
notype similar to that elicited by rifampin treatment (39). It
has been suggested that the D13 polypeptide serves as a scaf-
fold to impart curvature to the membrane crescents (30). The
proposition that F10 acts prior to D13 is based on the follow-
ing: (i) the F10 phenotype results only in scant formation of
membrane crescents, whereas the D13 phenotype permits
abundant production of membranous structures, albeit mal-
formed ones; (ii) membrane closure is rare in the F10 mutants
but does occur when D13 function is blocked; (iii) the few
membranes formed by the F10 mutants do not encapsidate
viroplasm, whereas viroplasm is incorporated into rifampin
bodies. Conceivably, the order of action of F10 and D13 could
be tested directly with the F10 #s mutants, e.g., by combining
temperature shifts with rifampin block and reversal. Such ap-
proaches may be complicated, however, by a requirement for
F10 action at additional downstream steps in virus assembly.

How might the F10 protein participate in early viral assem-
bly? The membrane crescents are believed to derive from the
intermediate compartment, a membrane cisterna situated in
the vesicular trafficking pathway between the endoplasmic re-
ticulum and the Golgi stacks (29). The proteins that dictate the
highly ordered and rigid shape of the viral membranes remain
largely undefined (except for D13, as noted above). The inter-
mediate-compartment hypothesis must invoke some molecular
“cement” that bridges the two membranes and obliterates the
lumen. This could be accomplished either by a single viral
protein that transits through both membranes or by two sep-
arate proteins that make contact across the lumen. There must
be some asymmetry of the fused membrane structure that
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facilitates the acquisition of curvature, e.g., a specific ligand on
the concave face of the crescents which interacts (perhaps)
with the D13 protein or some other partner. The F10 muta-
tions markedly reduce the extent of crescent formation as well
as progression to spherical forms. The most appealing hypoth-
esis is that the protein kinase activity of the F10 protein is
affected at the nonpermissive temperature and that the ob-
served assembly defect results from a failure to phosphorylate
one or more viral proteins involved in membrane formation.
Any number of specific models can be invoked, e.g., that phos-
phorylation is required to target viral proteins to the interme-
diate compartment, to promote closure of the membrane cis-
terna, or to recruit scaffold proteins to one or another face of
the intermediate compartment. Because the vaccinia virus pro-
teins targeted to the intermediate compartment have not yet
been identified, it is difficult to test these ideas directly.

The notion that the protein kinase activity of F10 is relevant
to its biological function is supported by our studies showing
that the #s54 F10 protein kinase is thermolabile in vitro. How-
ever, the #s phenotype in vivo may result from any of several
distinct mechanisms not predicated on fs catalytic activity, for
example, (i) enhanced turnover of the mutant F10 polypeptide
at the nonpermissive temperature or (ii) defective interaction
of F10 kinase with other viral proteins, including potential
regulatory factors or specific phosphate acceptors. Interaction
of the F10 protein with other polypeptides may serve to stabi-
lize the kinase in vivo and would explain the observation that
even the wild-type F10 was relatively unstable in vitro at phys-
iological temperatures. No matter what basis is established for
functional inactivation at the nonpermissive temperature, the
major issue will be the identification of the target proteins that
are phosphorylated by protein kinase 2 in vivo. One obvious
approach will be to follow the incorporation of labeled phos-
phate into protein by cells infected with the various F10-zs
viruses at permissive and nonpermissive temperatures. How-
ever, given the background of multiple cellular protein kinases
and the existence of at least one other vaccinia virus-encoded
protein kinase, the in vivo phosphorylation pattern may be
difficult to interpret.

Several vaccinia virus-encoded proteins are phosphorylated
in vivo. Prominent among these is an 11-kDa phosphoprotein
(encoded by the F17 gene [16]) that is encapsidated within the
infectious IMV. The 11-kDa protein, which binds to DNA, is a
major structural component of the virion and is phosphory-
lated in vivo at two different serine residues (19). An 11-kDa
polypeptide (presumably F17) is among the most prominent of
the virion polypeptides that are phosphorylated in vitro by the
intrinsic protein kinase activity of the vaccinia virus core. The
fact that vaccinia virus also encodes a phosphoprotein phos-
phatase (14) makes it likely that protein phosphorylation is a
dynamic process in vivo. A long-standing hypothesis is that
phosphorylation of virion proteins (including the 11-kDa spe-
cies) by the endogenous kinase might be required to activate
the transcription of early viral genes by the virion-associated
vaccinia virus RNA polymerase. Our findings concerning the
F10 #s mutants do not exclude such a role for protein kinase 2,
but they do make clear that faulty transcription by progeny
virions is not the basis for the #s phenotype. Although the
11-kDa protein remains a plausible substrate for vaccinia virus
protein kinase 2, it is again unlikely that failure to phosphor-
ylate F17 would account for the phenotypes observed for F10
ts mutants at the nonpermissive temperature. It is known, for
example, that a conditional null mutant of the gene encoding
the 11-kDa phosphoprotein results in a morphogenetic block
subsequent to formation of the spherical immature particles



6388 WANG AND SHUMAN

(38), i.e., at a stage downstream of the F10 #s arrest observed
in the present work.

The crescent assembly step is apparently the earliest event
that requires F10; whether other morphogenetic steps also
entail F10 action (e.g., via phosphorylation of different virion
components at distinct stages of assembly) is an issue that is
not addressed herein but may be approached by performing
temperature shifts at different times after infection or by seek-
ing more subtle phenotypes at semipermissive temperatures.
Some pleiotropy of the F10 phenotype was revealed by the
present study, e.g., the allele-specific effects on proteolytic pro-
cessing of the major virion structural proteins 4a and 4b. Nu-
merous prior studies have shown that almost any drug treat-
ment or genetic mutation that affects morphogenesis at the
microscopic level is associated with some defect in protein
processing. This is because processing of p4a and p4b is likely
to occur at a late stage of internal maturation of the virion and
therefore be affected by numerous upstream defects. The ob-
servation that #s61 processed p4b to some extent at the non-
permissive temperature despite the profound early assembly
defect suggests that morphogenetic steps do not proceed in a
strictly linear path. Rather, parallel pathways (e.g., membrane
formation, genome condensation, and protein processing) may
converge during virion assembly without being strictly coupled.

In conclusion, this study provides the first suggestion that a
protein kinase (and, by inference, protein phosphorylation) is
essential for vaccinia virus morphogenesis. Our results under-
score the value of the existing collection of s vaccinia virus mu-
tants in defining a multistep, multicomponent assembly pathway.
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