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We have carried out detailed phenotypic characterization of five temperature-sensitive (ts) mutants of
vaccinia virus, the ts lesions of which have previously been mapped to two different subunits of the viral RNA
polymerase. We have also attempted to determine the mechanism of temperature sensitivity in these mutants.
Phenotypic characterization of each of the mutants showed that at the nonpermissive temperature, all five
mutants exhibited normal levels of early viral mRNA and protein synthesis, but for an extended period of time,
all mutants accumulated normal levels ofDNA in abnormally large pools in the cell cytoplasm; all mutants were
defective in the synthesis of late viral mRNA and proteins and in viral morphogenesis. In an attempt to address
the mechanism of temperature sensitivity in these mutants, we measured the effect of a temperature shift on the
ability of the mutants to direct late viral protein synthesis. If infected cells were shifted down from a
nonpermissive temperature late during infection, late protein synthesis was initiated after a lag period of 1 to
2 h. If infected cells were shifted up from a permissive temperature early during infection, late protein synthesis
continued to be defective. If infected cells were shifted up to the nonpermissive temperature after late protein
synthesis had commenced, late protein synthesis was maintained at the nonpermissive temperature at the level
observed when the temperature was shifted up. We interpret these results to mean that once a functional RNA
polymerase has been assembled at the permissive temperature during a mutant infection, it remains functional
at the nonpermissive temperature, but that the ts mutants are defective in the assembly of a newly synthesized
RNA polymerase at the nonpermissive temperature. This interpretation implies that the virion RNA
polymerase is responsible for early viral transcription and that a newly synthesized RNA polymerase
transcribes late viral genes.

Vaccinia virus, a large double-stranded DNA-containing
virus, is distinguished by its unusual morphology and cyto-
plasmic site of replication. Like many otherDNA viruses, its
gene expression is temporally regulated but it is unique in
that its gene expression is carried out by virus-encoded,
host-independent transcriptional machinery (27). Upon en-
try into the host cell, the virion-associated enzymes tran-
scribe early viral genes until viral DNA replication begins.
When DNA replication begins, expression of most early
genes ceases and late viral gene expression is initiated. The
mechanism controlling the switch from early to late viral
gene expression is poorly understood. If conditional lethal
mutations which affect the switch could be isolated, then the
characterization of the mutants would aid in the identifica-
tion of factors controlling the switch from early to late viral
gene expression.
We have previously isolated 65 temperature-sensitive (ts)

mutants of vaccinia virus, assigned the mutants to comple-
mentation groups, and carried out a preliminary characteri-
zation of the mutants (7, 8). Analysis of the data revealed
that mutants in six different complementation groups were
defective in switching from early to late viral gene expres-
sion (8). We have identified two of these complementation
groups as genes encoding two different subunits of the viral
RNA polymerase (presented in an accompanying report
[43]). This suggested that the RNA polymerase might be one
of the factors involved in the switch from early to late gene
expression. We therefore have undertaken a detailed pheno-
typic characterization of these mutants and attempted to
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identify the mechanism of temperature sensitivity in the
mutants.
There are pronounced differences in the structure of early

and late vaccinia virus mRNAs which could relate to the
switch from early to late gene expression. Early mRNAs are
of a discrete size with homogeneous 5' and 3' ends, a result
of at least two different cis-acting elements which control
initiation (6, 9, 44) and termination (33, 47) of early transcrip-
tion. The 5'-flanking regions from early genes behave like
classical promoters in a variety of in vitro and in vivo assays.
In contrast, late mRNAs are heterogeneous at both the 5'
and 3' ends. Many, if not all, late mRNAs have a poly(A)
sequence of 30 to 50 residues, which is not encoded in the
genome, attached to their 5' ends (3, 35, 36). Some late genes
produce mRNAs with multiple 5' ends, resulting from tran-
scription of varying amounts of 5'-flanking sequence (19, 20).
Specific termination of transcription does not occur late
during infection, so late transcripts are also heterogeneous at
their 3' ends (22). Although the 5'-flanking regions of late
genes are clearly essential in conferring late transcription
specificity to these genes (2, 6, 17, 25, 45), the relationship of
these sequences to poly(A) heads or to a typical promoter
sequence is not yet understood.

Differences in the regulatory sequences between early and
late viral genes also suggest that the transcription complexes
that interact with these sequences may differ. Core RNA
polymerase purified from virions is a heteropolymer (1, 41)
with immunologic cross-reactivity (26) and amino acid se-
quence homology (4) with cellular RNA polymerase II. The
core enzyme has only nonspecific polymerizing activity in
vitro (1, 41). However, a high-molecular-weight protein
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complex which is capable of accurate transcription initiation
and termination of vaccinia virus early genes in vitro can be
isolated from virions (5). This suggests that additional fac-
tors interact with the core polymerase to render it specific.
Although a complete characterization of the virion-associ-
ated transcription complex is not yet available, it has been
shown that the viral guanylyl transferase and a viral DNA-
dependent ATPase cosediment with the complex along with
other polypeptides of unknown function (5). Further frac-
tionation of the transcription complex has led to purification
of a viral transcription termination factor which copurifies
with the viral guanylyl transferase (39). An in vitro system
which is derived from vaccinia virus-infected cells and which
accurately transcribes late genes has recently been reported
(35). There is as yet insufficient data to permit a detailed
comparison of this system with the virion-associated com-
plex. However, the inability of the virion-associated tran-
scription complex to transcribe late genes and the differ-
ences in early and late gene regulatory sequences and in the
structures of the mRNA products all suggest that the tran-
scription system specific for late genes differ from the
virion-associated transcription complex and that this differ-
ence is a critical determinant in the switch from early to late
viral gene expression.

It has been suggested that the viral RNA polymerase core
enzyme may play an integral role in the switch from early to
late gene expression in vaccinia virus (14). Phenotypic
characterization of ts mutants with lesions in the 147-
kilodalton (kDa) subunit of the RNA polymerase led En-
singer (14) to suggest that newly synthesized RNA polymer-
ase may be responsible for late transcription or that the
virion-associated RNA polymerase may interact with factors
to discriminate between early and late promoters.
We report here the phenotypic characterization of five ts

mutants, the ts lesions of which have been mapped to either
the 22- or 147-kDa subunit of the viral RNA polymerase. At
the nonpermissive temperature, all the mutants show normal
levels of early viral mRNA and synthesize normal amounts
of early viral proteins, but for an extended period of time, all
mutants accumulate normal amounts of viral DNA in abnor-
mally large pools in the cell cytoplasm and all are defective
in the synthesis of late viral mRNA and proteins. In an
attempt to identify the molecular defect in these mutants, we
studied the effect of temperature shifts on protein synthesis
patterns of the mutants and the results are presented in this
report. We interpret the data obtained to mean that the
mutants are defective in the assembly of RNA polymerase
subunits into a functional complex at the nonpermissive
temperature. These results imply that the virion-associated
RNA polymerase transcribes early vaccinia virus genes and
that a newly synthesized RNA polymerase transcribes late
genes.

MATERIALS AND METHODS

Cells and virus. BSC40 cells, wild-type (wt) vaccinia virus
strain WR, ts7, ts2O, ts42, tsSl, ts53, ts65, the conditions for
their growth, infections, and plaque titrations have been
described in detail previously (7, 8).

Bacteriophage clones. The construction of the recombinant
phages R13300.044 and Bm3205.202, the map positions of
their inserts, and the conditions for their growth have been
described in detail previously (21).

Protein synthesis. Pulse labeling of infected cells with
[35S]methionine (New England Nuclear Corp.), sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis, and

autoradiography procedures have been previously described
(7).
DNA synthesis. Measurement of viral DNA replication,

using dot blot hybridization, was done as described previ-
ously (14), with the modifications described below. Cells in
35-mm-diameter dishes were infected with 20 PFU per cell of
mutant or wt virus, and the dishes containing the infected
cells were incubated at 31 or 40°C. GeneScreen was used as
the hybridization membrane. Hybridization and washes
were done as described in the GeneScreen instruction man-
ual. For a probe, plasmid clone 801 containing a 2,130-
base-pair EcoRI-SaIl fragment from open reading frame D7R
(28) was cut with the restriction enzymes EcoRI and HpaI. A
1,600-base-pair EcoRI-HpaI DNA fragment was purified by
gel electrophoresis and labeled with [32P]dCTP (ICN Phar-
maceuticals Inc.) by nick translation. The unincorporated
nucleotides were removed by using a spun column (23).

Isolation of total RNA from infected cells. Cells in individ-
ual (100-mm-diameter) dishes were infected with 20 PFU per
cell of either wt or mutant virus and incubated at 31 and 40°C
as described above. At various times postinfection, total
RNA was isolated from the infected cells as described
previously (31).

Northern (RNA) analysis. Formaldehyde-treated RNA
(38), isolated from virus-infected cells, was fractionated by
electrophoresis on a 1.2% agarose gel and then transferred to
GeneScreen. The gels were stained with ethidium bromide (3
,ug/ml in electrophoresis buffer) before and after transfer to
the membrane. After the RNA was transferred, the mem-
brane was rinsed in 12.5 mM sodium phosphate buffer,
dried, and then baked at 80°C for 3 h. Prehybridizations and
hybridizations were done as described in the GeneScreen
instruction manual. The radioactive probe used in the hy-
bridization was made as described previously (21) with the
modifications described below. A [32P]DNA copy of single-
stranded M13mpl8 DNA with a specific activity of 5 x 10'
cpm per ,ug of DNA was made by the oligolabeling proce-
dure provided with the oligolabeling kit (Pharmacia, Inc.).
The unincorporated nucleotides were removed by using a
spun column (23). Two micrograms of the unlabeled single-
stranded recombinant phage R13300.044 or Bm3205.202 (21)
DNA was mixed with 20 ng of the [32P]DNA copy of M13,
boiled for 10 min, and allowed to anneal for 6 to 10 h at 55°C.
The annealed probe containing 1 x 108 to 2 x 108 cpm was
then added to the hybridization mixture, and the hybridiza-
tion was continued for 16 to 24 h at 42°C. The filters were
washed twice for 5 min each at room temperature with 0.1 x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-
0.1% SDS and then three times for 30 min each at 65°C with
O.1x SSC-1% SDS. The filters were then dried and autora-
diographed by using Kodak XAR-5 film and an intensifying
screen (Cronex Lightning-Plus, E. I. du Pont de Nemours &
Co., Inc.) at -70°C.
Temperature shifts and effect of ActD. Cells in individual

35-mm-diameter dishes were infected with 20 PFU of mutant
virus per cell at 31 and 40°C for 30 min. The inoculum was
removed, the dishes were washed twice with prewarmed
phosphate-buffered saline, fresh medium was added, and the
dishes were incubated at 31 and 40°C. At 4, 6, and 8 h
postinfection, sets of dishes were transferred from 31 to 40°C
and from 40 to 31°C without changing the medium on the
cells. Medium on cells in other sets of dishes was replaced
with medium containing 10 ,ug of actinomycin D (ActD) per
ml, and the dishes were transferred from 31 to 40°C and from
40 to 31°C. At various times, the infected cells were pulse-
labeled with [35S]methionine for 15 min. Protein samples
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were analyzed by SDS-polyacrylamide gel electrophoresis
and autoradiography.

Electron microscopy. BSC40 cells grown to confluence on
cover slips coated with coverslip release spray (Miller-
Stevenson) were infected with virus at a multiplicity of
infection of 20 PFU per cell. After a 0.5-h adsorption period
at the appropriate temperature, excess inoculum was
washed from the monolayers, medium was added, and
infected cells were incubated at 31 or 40°C for the indicated
times. Infected cells were fixed as described previously (24),
and embedded in the resin described by Spurr (42). Sections
were made in the plane of the monolayer and processed for
electron microscopy by conventional techniques. Samples
were examined by using a JEOL 100 CX-2 transmission
electron microscope.

Feulgen staining. Cells were grown on cover slips and
infected as described for electron microscopy. Cells were
then rinsed with phosphate-buffered saline, fixed with neu-
tral buffered 10% Formalin, and stained by conventional
techniques (32).

RESULTS

We have previously identified three ts mutants, tsSl, ts53,
and ts65, and two other ts mutants, ts7 and ts2O, that have
lesions in the 147- and 22-kDa subunits of the vaccinia virus
RNA polymerase, respectively (presented in the accompa-
nying report [43]). Preliminary characterization of these five
ts mutants has also been previously reported (7, 8). Data
from those studies indicated that, at the nonpermissive
temperature, all five ts mutants synthesized normal amounts
of early viral proteins. Two of the mutants, tsSl and ts65,
appeared to shut off early protein synthesis normally and
synthesize normal amounts of late viral proteins at the
nonpermissive temperature. However, the other three mu-

tants, ts53, ts7, and ts2O, did not shut off early viral protein
synthesis and synthesized subnormal amounts of late pro-
teins. These preliminary observations indicated that most of
the mutants with lesions in RNA polymerase subunits have
a functional early transcription apparatus but are defective in
turning off early viral gene expression and turning on late
viral gene expression. These results suggested a functional
role for the viral RNA polymerase in the switch from early to
late gene expression in vaccinia virus. We therefore decided
to carry out a detailed phenotypic characterization of these
mutants to identify the molecular defect in the viral RNA
polymerase.

Protein synthesis in virus-infected cells. We reexamined
and quantitated viral protein synthesis in cells infected with
each of the five mutants. Infected cells were pulse-labeled
with [35S]methionine at various times postinfection at 31 and
40°C. The labeled polypeptides were separated on an SDS-
polyacrylamide gel and visualized by autoradiography. Au-
toradiograms of protein synthesis in cells infected with wt,
ts7, ts2O, tsSl, ts53, and ts65 are shown in Fig. 1. An early
and a late protein (shown by an arrow in Fig. 1) were chosen
as representatives of early and late viral protein synthesis for
densitometric analysis. A graphical representation of the
densitometric analysis of these two proteins in the wt- and
mutant-infected cells is shown in Fig. 2. The data indicated
the following. (i) The infection by wt virus was hastened at
40°C compared with that at 31°C (Fig. la). Specifically, early
viral protein synthesis and host protein synthesis were shut
off earlier at 40°C (Fig. la and 2a). Late protein synthesis
commenced earlier at 409C and the amount of late proteins
synthesized was higher at 40°C (Fig. la and 2b). (ii) In cells

infected with ts7, ts2O, ts53, or ts65, early and late viral
proteins were synthesized in a normal fashion at 31°C,
whereas very little, if any, late viral protein synthesis was
observed at 40°C (Fig. lb, c, e, and f and 2a and b). In
addition, the shutoff of host protein synthesis at 40°C after
infection with these mutant viruses was apparently unaf-
fected, whereas early virus proteins were synthesized for a
prolonged period of time (Fig. lb, c, e, and f, and 2a). (iii) In
cells infected with tsSl, early viral proteins were synthesized
in normal amounts at 31 and 40°C (Fig. ld and 2a). Late
proteins were synthesized in the same amounts at 31 and
40°C but synthesis was delayed by 2 to 4 h at 40°C (Fig. ld
and 2b). The shutoff of host and early viral protein synthesis
in ts51-infected cells at 40°C was normal (Fig. ld and 2a). In
summary, these data show that ts5l was slightly defective in
the synthesis of late viral proteins whereas ts7, ts2O, ts53,
and ts65 were strongly defective in turning off early viral
protein synthesis and turning on late viral protein synthesis.

Northern analysis. The results described above show that
ts7, ts2O, ts53, and ts65 are defective in switching from early
to late viral protein synthesis. Since these mutants possess ts
lesions in RNA polymerase subunits, it is highly probable
that the observed defect in the protein synthesis patterns
reflects a defect at transcriptional, rather than translational,
level. We therefore assayed, by Northern analysis, the
steady-state levels of early and late viral mRNA in wt- and
mutant virus-infected cells. We chose one mutant each, ts7
and ts53, from the 22- and 147-kDa viral RNA polymerase
subunits, respectively. We determined the levels of mRNA
transcribed from one early (D5R) and one late (D13L) gene
in the Hindlll D fragment as overall representatives of early
and late viral gene expression. Total RNA, isolated from
infected cells at various times postinfection was separated
on an agarose gel and transferred to GeneScreen. The filters
were probed with single-stranded recombinant phage
R13300.044 or Bm3205.202, both of which have been shown
to specifically hybridize to transcripts from either gene D5R
or gene D13L, respectively (21). The autoradiograms are
shown in Fig. 3. The data showed that, in wt-infected cells,
a transcript encoding the early gene D5R was observed only
at 2, 4, and 6 h postinfection at 31°C and in higher amounts
at 2 and 4 h postinfection at 40°C. The smear in the
background observed at late times during the infection is
characteristic of a late transcript, probably D3R, which is
transcribed in the same direction as gene D5R and reads
through gene D3R (Fig. 3a). It is therefore detected by the
single-stranded probe specific for gene D5R. In ts7-infected
cells, at 31°C, the transcript encoding the early gene D5R
was present in the same amount and at the same times
postinfection as in the wt-infected cells. In contrast to
wt-infected cells at 40°C, the D5R transcript persisted until
12 h postinfection in mutant-infected cells (Fig. 3a). Similar
results were obtained with ts53-infected cells (data not
shown). When the wt-infected cells were probed for the
D13L late message, a heterogeneous smear characteristic of
late vaccinia virus transcripts was observed after 6 h post-
infection at 31°C and at 4 h postinfection at 40°C, consistent
with the hastened late protein synthesis patterns observed at
40°C (Fig. 3b). In sharp contrast, in ts7- and ts53-infected
cells, the steady-state levels of D13 message were severely
reduced at 40°C, consistent with the subnormal late protein
synthesis pattern exhibited by the mutants at 40°C (Fig. 3b).
On the basis of these results, we conclude that the mutants
ts7 and ts53 are unable to turn off the transcription of early
viral genes and turn on the transcription of late viral genes
normally at the nonpermissive temperature.

J. VIROL.



VACCINIA VIRUS RNA POLYMERASE ts MUTANT PHENOTYPE 717

Ci-&:

o a - "t

5a. s a

Woos....

t7~

4...
_.

0...

In-a 0 WT

49

b

hit;l'
1-

.-..
*#-0

-

.wa

4 .- (:I ..

_k-.-.. ..

0:V -.

#-:
i_ W~~b _0

410 ve-

0b.--ma.

cmO~ ~ ~~~04b...

e w

-:' '. t.S 51. 40 C

me-
4 ~ ~ - oO WS -- s-

ut- - .

..tr___o

- 4 8 13 12 0 2 4 C 8 C *

~e pos11 r!!L' :,) .'L:r!,:

f

ri----| 14
_ llt:IBI:li§--p!1*

Il-

I.

VW

~-- aSNU
w

- p.t

... U

j~'U

Ail I-'4u- m 0
-'c --

*0 12 C0 2 -1 6 o 10 '2

m e r o ,nrect.on S

FIG. 1. Protein synthesis of wt- and mutant-infected cells. Cells were infected at 31 or 40°C with the virus indicated at the top of each figure
and then pulse-labeled with [35S]methionine. Samples were electrophoresed on a 10% SDS-polyacrylamide gel and autoradiographed. The
autoradiograms are shown. Each lane represents pulse-labeling at a different time postinfection shown at the bottom of each autoradiogram.
Approximate molecular masses (in kilodaltons) are indicated to the left. On the right are indicated an early and a late protein which were used
for densitometric analysis. Lanes m, Mock-infected cells.

Viral DNA synthesis. The data from protein synthesis
experiments and Northern analysis indicated that four of the
five mutants in the RNA polymerase subunits were unable to

turn off early viral transcription and turn on late viral

transcription. A plausible explanation for the above obser-
vations is that the mutants are defective in DNA replication,
since previous studies have indicated that mutants defective
in DNA replication exhibited a similar phenotype (8). To
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FIG. 3. Northern analysis of infected-cell RNA. BSC40 cells
were infected with wt, ts7, or ts53 and incubated at 31 or 40°C. Total
RNA was extracted at various times postinfection, indicated at the
bottom of the figure, and blotted onto GeneScreen. The filters were
probed with 32P-labeled M13 clones that specifically hybridize to
transcripts from gene D5 (a) or gene D13 (b) (19). The filters were
then washed and autoradiographed (see Materials and Methods).
The autoradiograms are shown. (a) The positions to which the 18S
and 28S rRNA migrate are indicated on the right. (b) The positions
to which other labeled markers migrate are indicated on the right.

address this possibility, we measured the accumulation of
virus-specific DNA sequences in cells infected with the
mutants. Crude extracts of virus-infected cells made at
various times postinfection were blotted onto GeneScreen,
denatured, probed with a recombinant viral DNA fragment,
and autoradiographed. The autoradiogram depicting the pat-
tern of DNA accumulation in wt-, ts7-, and ts20-infected
cells is shown in Fig. 4. ts42, a DNA-negative mutant (a
mutant that does not synthesize DNA at the nonpermissive
temperature) (8), served as a negative control in this exper-
iment. A similar experiment was done with tsSl-, ts53-, and
ts65-infected cells (data not shown). Densitometric analysis
of the results obtained from all six mutants is shown in Fig.
5. The data showed that viral DNA accumulation in wt-
infected cells was first observed at 5 h postinfection at 31°C
and at 3 h postinfection at 40°C. In the DNA-negative mutant
ts42, viral DNA accumulation was first observed at 5 h
postinfection at 31°C and no DNA accumulation was ob-
served at 40°C. All five ts mutants showed normal accumu-

lation of viral DNA at 40°C compared with that of wt virus.

FIG. 4. Dot blot analysis of virus-specific DNA accumulation in
wt- and mutant-infected cells. BSC40 cells were infected with wt
(WT) or mutant virus at 31 or 40°C. At the time indicated (shown to
the left in the top half of the autoradiogram and on the autoradio-
gram itself in the bottom half) postinfection, crude extracts of the
virus-infected cells were blotted onto GeneScreen, probed with a
32P-labeled virus-specific DNA fragment, washed, and autoradio-
graphed (see Materials and Methods). The autoradiogram is shown.

Electron microscopy. The poxvirus infection is particularly
amenable to electron microscopic analysis, and detailed
descriptions of the development of both wt (10, 12) and
mutant (11, 13, 15, 40) vaccinia virus strains have been
published. Normal morphogenesis begins with the appear-
ance of characteristically rigid viral membranes in cytoplas-
mic areas of viral replication termed viroplasm. These mem-
branes eventually close to form nucleoprotein-containing
vesicles called immature particles. The structure of the
immature particles is then reorganized to yield mature par-
ticles which contain a biconcave, DNA-containing core
flanked by lateral bodies, surrounded by the viral membrane.
In very few circumstances has an electron microscopic
phenotype been correlated with a precise biochemical phe-
notype for a conditional lethal mutant of the virus (13, 15,
40). We were therefore interested to examine, by electron
microscopy, the appearance of cells infected with RNA
polymerase mutants.

Cells grown on cover slips were infected with wt or mutant
virus, incubated at 31 or 40°C for various periods of time,
fixed, embedded, sectioned in the plane of the monolayer,
stained, and examined in the electron microscope. Typical
sections are shown in Fig. 6. In cells infected with wt virus
for 24 h at 40°C (Fig. 6b), viroplasm can be discerned as
regions containing a density of mitochondria lower than

VOL. 63, 1989
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FIG. 5. Densitometric analysis of virus-specific DNA accumulation. The autoradiogram shown in Fig. 4 and another autoradiogram of the
results ofDNA accumulation in ts7- and ts2O-infected cells (results not shown) at 31 or 40°C were scanned, using an LKB UltroScan XL laser
densitometer. A graphical representation of the analysis is shown.

normal and virus particles in various stages of maturation.
Areas of viroplasm at distinctly different stages of matura-
tion can be seen. Some areas contains mostly immature
particles, and mature particles are found in large clusters. In
cells infected with wt virus for 24 h at 31°C (Fig. 6a), virus
morphogenesis was less advanced than at 40°C. All cells
exhibited areas of viroplasm containing immature particles.
Clusters of mature particles could be found (results not

shown) but they occurred less frequently at 31°C than at
400C.

Electron microscopic images of infections with three RNA
polymerase mutants, ts53, ts7, and ts5l are shown in Fig. 6c
through h. In all cases (ts7 [Fig. 6c], ts53 [Fig. 6e], and tsSl
[data not shown]), the appearance of mutant-infected cells
incubated at 310C was comparable with that of wt virus-
infected cells at 31°C. Most importantly, every infected cell

FIG. 6. Electron microscopic analysis of wt- and mutant virus-infected cells. Cells were infected and processed for electron microscopy
as described in Materials and Methods. (a) wt infection, 24 h postinfection, 31°C. Bar, 2 p.m. (b) wt infection, 24 h postinfection, 40°C. Bar,
2 p.m. (c) ts7 infection, 24 h postinfection, 31°C. Bar, 2 p.m. (d) ts7 infection, 24 h postinfection, 40°C. The leftmost cell is mitotic. It has no

nuclear membrane, and the chromosomes are condensed. Bar, 4 p.m. (e) ts53 infection, 24 h postinfection, 31°C. Bar, 3 p.m. (f) ts53 infection,
24 h postinfection, 40°C. Bar, 3 p.m. (g) ts53 infection. Cells were incubated at 40°C for 24 h and then at 31°C for 24 h. Bar, 2 p.m. (h) tsSl
infection, 12 h postinfection, 40°C. Bar, 0.5 p.m. V, Viroplasm; M, mature particles; N, nucleus; np, viral nucleoprotein. Arrowheads indicate
immature virus particles.
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a

V

FIG. 7. Feulgen staining of wt and ts53-infected cells. Cells were
infected with wt virus (a) or ts53 (b), incubated at 40°C for 24 h, and
stained by the Feulgen reaction (32). N, Nucleus. Arrowheads
indicate viroplasmic inclusions. Bar, 10 ,.m.

contained viroplasm with maturing virus particles, and clus-
ters of mature particles could be found. When infected cells
were incubated at 40°C, a strikingly different picture was
obtained. In ts7-infected cells (Fig. 6d), virtually every cell
contained at least one (sometimnes more) inclusion of viro-
plasm (see below) which was fairly uniform in density,
lighter in density than the surrounding cytoplasm, and de-
void of either normal cellular organelles, viral membranes,
or virus particles at any stage of maturation. These inclu-
sions typically contained some membranes that did not have
the appearance of viral membranes. No other evidence of
viral morphogenesis could be found in these cells. At 40°C,
ts53-infected cells were indistinguishable from ts7-infected
cells (Fig. 6f). Cells infected with ts5l at 40°C (Fig. 6h)
yielded electron microscopic images which were different
than either wt-infected cells or cells infected with ts7 or ts53.
In ts51-infected cells, viroplasmic inclusions were found
which contained immature particles. In addition, these in-
clusions contained large, dense masses of viral nucleopro-
tein, often in close association with immature viral mem-
branes. These structures were not observed in the
corresponding wt infections. Few, if any, mature particles
were observed in ts51-infected cells.
Two different experiments were done in order to prove

that the inclusions observed in ts7- and ts53-infected cells at
the nonpermissive temperature were viroplasm. First, ts53-
infected cells which had been incubated at 40°C for 24 h were
shifted down to 31°C for an additional 24 h, and sections
from the cells were examined in the electron microscope
(Fig. 6g). In these cells, we observed inclusions which were
similar in appearance to the inclusions observed at 40°C,
except that they now contained immature virus particles. We
interpret this result to mean that the inclusions observed
after an infection at the nonpermissive temperature are virus
factories in which virions can develop when the temperature
is lowered. In a second experiment, infected cells were
fixed, stained by the Feulgen reaction (32), which is specific
for DNA, and examined by light microscopy. Cells infected
with either wt virus or ts53 at 31°C (results not shown) or
with wt virus at 40°C (Fig. 7a) were similar in appearance.
The only prominent stained structure in these cells was the
nucleus. In contrast, cells infected with ts53 at 40°C exhib-
ited large, stained cytoplasmic inclusions in addition to
stained nuclei. We equate these cytoplasmic inclusions with
the inclusions observed in the electron microscope. The fact

that they stain by Feulgen reaction is evidence that they
contain DNA. Apparently, any viroplasmic structures
formed under conditions permissive for virus growth were
too small to be resolved by this technique.

Effect of temperature shifts. We expected initially that
mutants with ts lesions in a vaccinia virus RNA polymerase
subunit would be defective in both early and late viral gene
expression. Contrary to expectations, the data presented
above show that five ts mutants which have lesions in two
different RNA polymerase subunits were normal in early
viral gene expression and only defective in late viral gene
expression. These results suggest a model (see Fig. 10 and
Discussion) in which two functionally distinct transcription
complexes are used during the course of a vaccinia virus
infection. Specifically, we propose that the virion-associated
transcription complex is made up in part by an RNA
polymerase assembled from subunits synthesized late during
a viral infection and that this is the only RNA polymerase
which can transcribe early viral genes. We further propose
that a functionally distinct transcription complex, which we
will call the cytoplasmic complex, is made up in part by a
virus-encoded RNA polymerase assembled from subunits
synthesized early during infection and that this cytoplasmic
RNA polymerase transcribes only late viral genes. Finally,
we propose that the ts mutants are defective in the assembly
of a functional transcription complex at the nonpermissive
temperature but that once assembled at a permissive tem-
perature, a transcription complex containing an RNA poly-
merase with a mutant subunit is not thermolabile. Thus,
when a cell is infected with an RNA polymerase mutant,
early viral transcription proceeds from a virion-associated
transcription complex which was assembled during growth
of the virus at the permissive temperature, and late tran-
scription is defective because the cytoplasmic transcription
complex cannot be assembled at the nonpermissive temper-
ature. One prediction of this model is that if a mutant
cytoplasmic transcription complex is allowed to assemble at
the permissive temperature, it should continue to function
when shifted to a nonpermissive temperature. To test this
prediction, we measured the effect of temperature shifts on
late viral protein synthesis in each of the mutants.

Cells were infected at the permissive temperature and at
various times postinfection were moved to the nonpermis-
sive temperature. At various times after the shifts, the cells
were pulse-labeled with [35S]methionine, the labeled poly-
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peptides were separated on an SDS-polyacrylamide gel and
autoradiographed. Autoradiograms depicting the effects of
temperature shifts on the protein synthesis pattern in ts53-
infected cells are shown in Fig. 8. Similar results were
obtained with ts7-, ts2O-, tsSl-, and ts65-infected cells (data
not shown). ts53 synthesized early and late proteins in a
normal fashion at 31°C but as previously observed was
strongly defective in the synthesis of late proteins at 40°C. If
the infection was allowed to proceed for 4 h at 31°C and then
continued at 40°C, the virus exhibited a defective late
phenotype (Fig. 8a). We interpret this observation to mean
that the transcription complex that transcribes late genes is
not functional at 4 h after infection. When the ts53 infection
was allowed to proceed at the permissive temperature for 6
or 8 h, a time when late viral protein synthesis has begun,
and then shifted to the nonpermissive temperature, synthesis
of late proteins continued at almost the same level observed
at the time of the shift (Fig. 8b and c). Interestingly, if the
infection was allowed to proceed for 4, 6 (data not shown),
or 8 h (Fig. 9) at 40°C, when no late viral protein synthesis
was observed, and then continued at the permissive temper-
ature, late viral protein synthesis resumed after a lag of 1 to
2 h.
Our interpretation of the temperature shift up experiment

is predicated on the assumption that the labeling of virus
proteins reflects active transcription, rather than translation
of stable late messages. To test this assumption, we studied
the effect of temperature shift up on late viral protein
synthesis in the presence of ActD. The experiment was done
in parallel with the temperature shift experiment done in the
absence of ActD in ts53-infected cells (Fig. 8). ActD was
added to ts53-infected cells at 4, 6, and 8 h postinfection at
31°C, and the dishes were then moved to 40°C. At regular
intervals (Fig. 8), the infected cells were pulse-labeled with
[35S]methionine. The labeled polypeptides were separated
on an SDS-polyacrylamide gel and visualized by autoradiog-
raphy. The data showed that in the presence of ActD, late
viral protein synthesis in ts53-infected cells diminished rap-
idly, indicating that late viral messages were unstable in
ts53-infected cells. A similar result was obtained for late wt
viral mRNAs. The half-lives of wt late viral mRNAs at 40°C
were determined to be between 45 min and 1 h (data not
shown), which is in agreement with previous observations
(30, 37).
On the basis of these data, we conclude that the continued

late protein synthesis that we see in ts53-infected cells at 2
and 4 h after shifting the temperature up late during infection
represents transcription by a complex which was assembled
at the permissive temperature and retains function at the
nonpermissive temperature. These results support our prop-
osition that the molecular defect in these mutants lies in their
inability to assemble at the nonpermissive temperature a
functional cytoplasmic transcription complex that tran-
scribes late viral genes.

DISCUSSION

We initially expected that mutants with ts lesions in
vaccinia virus RNA polymerase subunits would be defective
in both early and late viral gene expression and therefore be
defective in viral DNA replication and virion morphogenesis
as well. However, our data show that five mutants with ts
lesions in either the 22- or 147-kDa subunit of the viral RNA
polymerase were normal in host shutoff, initiation of early
viral gene expression, and viral DNA synthesis. The mutants
were defective in the shutoff of early viral gene expression,
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FIG. 8. Effect of a temperature shift up on viral protein synthe-
sis, with and without ActD in ts53-infected cells. BSC40 cells were
infected with ts53 at 31'C. At 4 (a), 6 (b), and 8 (c) h postinfection,
the infected cells were shifted to 40'C in the absence (- Act D) or
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J. VIROL.



VACCINIA VIRUS RNA POLYMERASE ts MUTANT PHENOTYPE 727

1 00 -------

t00 .

5 _

25 --- - _ __ _

0.0 1.0 1.5 2.0 4.0
tirme post shift (hours)

FIG. 9. Effect of a temperature shift down on viral protein
synthesis in ts53-infected cells. BSC40 cells were infected at 400C
with ts53. At 8 h postinfection, the infected cells were shifted to
31°C. At various times after the shift, indicated at the bottom of each
autoradiogram, the infected cells were pulse-labeled with
[35S]methionine. The labeled polypeptides were separated on a 10%
SDS-polyacrylamide gel and autoradiographed. The autoradiograms
are shown. Approximate molecular masses (in kilodaltons) are

indicated to the left.

initiation of late viral gene expression, and virion morpho-
genesis.
The data presented here, in conjunction with in vitro

transcription studies (see Introduction) and previous char-
acterization of vaccinia virus RNA polymerase mutants (14),
support a model for control of vaccinia virus gene expression
(Fig. 10) in which two functionally distinct transcription
complexes are active during a vaccinia virus infection. One
complex transcribes only early viral genes, and another
transcribes only late viral genes. The phenotypic character-
ization of RNA polymerase mutants reported here shows
that the mutant subunits selectively affected the late tran-
scription complex, even though in a wt infection, the gene

products were found in both virion- and cell-derived RNA
polymerase.
Our interpretation of the phenotype of the RNA polymer-

ase mutants is predicated on the understanding that ts
mutations generally fall into two classes, mutants which are

thermolabile (tl) and mutants which show temperature-
sensitive synthesis (tss) (34, 46). tl mutants encode gene
products which, once formed correctly at the permissive
temperature, lose function if raised to the nonpermissive
temperature. tss mutants are temperature sensitive in the
folding or association of mutant protein subunits during
synthesis. If the gene product from a tss mutant is allowed to
form at a permissive temperature, it does not lose function
when raised to the nonpermissive temperature. Our results
show that early viral transcription is normal during infection
with vaccinia virus RNA polymerase ts mutants and that late
viral transcription continues after a temperature shift up late
during a mutant infection. This eliminates the possibility that
these are tl mutants and therefore strongly suggests that the
mutants are tss mutants, that is, that they are defective in the
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FIG. 10. Model for the cycle of RNA polymerase synthesis and
function during vaccinia virus infection. vRNAPOL, virion RNA
polymerase; cRNAPOL, cytoplasmic RNA polymerase.

assembly of a functional RNA polymerase at the nonpermis-
sive temperature. Since the mutants are tss mutants and
since they specifically affect late transcription, we conclude
that early viral transcription is directed entirely by the virion
transcription complex, and that formation of a functional late
viral transcription complex requires de novo synthesis of
viral RNA polymerase during infection. We are testing this
further using antibodies directed against the RNA polymer-
ase subunits. Although tl mutants of Saccharomyces cerevi-
siae RNA polymerase have been characterized (29), most
RNA polymerase mutants are tss mutants (16, 18).
The morphogenetic defect for all the strongly defective

late mutants is characterized by the presence of large DNA-
containing viroplasmic inclusions devoid of viral membranes
or virion precursor particles. This phenotype follows logi-
cally from the absence of late viral protein synthesis. It is
interesting to note that the viral DNA which accumulates in
cells infected with these and other defective late mutants
contains an abnormally high fraction of concatemeric mole-
cules (Mike Merchlinsky and Bernard Moss, submitted for
publication; L. DeLange, manuscript in preparation).
The RNA polymerase mutants studied here do not all have

identical phenotypes. ts53 and ts5l provide an extreme
comparison. Both are tight ts mutants in the 147-kDa subunit
of the viral RNA polymerase, yet while ts53 exhibits almost
no late viral protein synthesis, late gene expression in a ts5l
infection occurs at almost normal levels and is only slightly
delayed relative to a wt infection. Since shutoff of early viral
protein synthesis seems to require late viral protein synthe-
sis (7, 8), it seems likely that the apparently normal early
shutoff observed during a ts5l infection results from the
almost normal synthesis of late viral proteins. Whereas
virion morphogenesis is absent in a ts53 infection at the
nonpermissive temperature, morphogenesis in a ts5l infec-
tion proceeds to an intermediate and possibly abnormal
stage. It is obvious that the transcriptional defect in ts53 can
account for temperature sensitivity of virus growth. In
contrast, while the primary defect in ts5l is undoubtedly
transcriptional, the phenotype is much more subtle and is
manifested primarily as a defect in virion morphogenesis. It
seems likely that the transcriptional defect results in reduced
synthesis of component(s) essential for normal morphogen-
esis. Ensinger has observed a similar heterogeneity of phe-
notype in vaccinia virus RNA polymerase mutants (14).
The phenotype of vaccinia virus RNA polymerase mu-

tants provides us with initial evidence that late genes are
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transcribed by a newly synthesized RNA polymerase. This
process represents one of the mechanisms controlling the
switch from early to late vaccinia virus gene expression. The
mutants will therefore prove useful in understanding inter-
actions of the core RNA polymerase with other transcription
complex factors that attribute specificity to the core poly-
merase in recognizing early and late viral genes.
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