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It was previously shown that vaccinia virus is unable to complete

its replicative cycle in cells that have been subjected to cytochala-

sin-B mediated enucleation prior to infection. Likewise, in the

presence of the drug a-amanitin, a potent inhibitor of host RNA

polymerase II but not of viral transcription, the replication of

vaccinia virus is inhibited by approximately 95%. These findings led

to the conclusion that active participation of the host cell tra-

nscriptional apparatus is required for the production of infectious

vaccinia virus progeny.

In order to identify the viral gene(s) that interacts with the

host cell transcriptional apparatus during viral replication, I

isolated and characterized a vaccinia virus mutant (a-27) capable of

replicating in the presence of the drug a-amanitin. A biochemical

analysis of the replication of a-27 versus wild-type vaccinia virus

in the presence and absence of the drug revealed no differences with

respect to DNA synthesis or viral protein synthesis. However, a

marked difference was observed in the ability of the two viruses to

direct the proteolytic processing of the two major core precursor



polypeptides, P94 and P65, in the presence of the drug. The process-

ing reaction was completely blocked by a-amanitin in wild-type

vaccinia virus-infected cells, but proceeded normally in a-27-infected

cells.

In an attempt to map the mutation responsible for a-amanitin

resistance, an a-amanitin-resistant/temperature sensitive vaccinia

virus mutant (ar its/), in which both phenotypes were the result of one

or two very closely linked mutations, was isolated. Marker rescue

experiments using the cloned HindIII DNA fragments from wild-type

vaccinia virus, mapped the a-amanitin-resistant mutation to the 1.5Kb

HindIII-N fragment.

As a preliminary step toward determining the nature and number of

the gene(s) encoded within the HindIII-N fragment, I sequenced this

region of the genome using the Sanger dideoxynucleotide chain termi-

nation method. The sequencing data showed that there are two open

reading frames in this area of the genome. One of the open reading

frames is translated into a 20K polypeptide while the second one is

translated into a 48K polypeptide.
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Host Cell Nuclear Involvement in Vaccinia Virus Replication

CHAPTER I

Background

Poxviruses comprise a large family that infects both vertebrate

and invertebrate hosts. The members of this family are characterized

by their complex morphology, large size, and cytoplasmic site of

replication. Vaccinia virus (VV) is the prototype of the family

Poxviridae, having been investigated in most detail at the molecular

level.

The importance of VV was first recognized after it was used

successfully in the form of a vaccine against the dreaded disease

smallpox. This practice started in the late 18th century and culmin-

ated with the eradication of the disease in October of 1977. In

addition to playing a crucial role in the eradication of smallpox, VV

was the first animal virus to be seen microscopically and to be accu-

rately titered. Furthermore, it was the first animal virus to be

physically purified and chemically analyzed. During the last fifteen

years studies with VV have contributed enormously to our understanding

of the strategies used by viruses to replicate and express their

genomes. In addition, the cytoplasmic site of RNA and DNA synthesis

and the packaging within the infectious particle of a number of

enzymes that carry out the former process continue to be features

useful for the investigation of basic biochemical mechanisms.

Vaccinia virus has a complex capsid composed of a core, lateral
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bodies, and a lipid envelope (Westwood et al., 1964). The core, which

is centrally located and kidney bean-shaped, contains the genome and

from 13 to more than 21 proteins, as determined by SDS-polyacrylamide gel

electrophoresis or two-dimensional electrophoresis (Sarov and Joklik,

1972; Oie and Ichihashi, 1981). Some of these core proteins function

enzymatically during infection. The lateral bodies are oval struc-

tures of unknown function located within the indentations of the virus

core. Virus particles present within infected cells contain an enve-

lope that completely surrounds internal structures and consists of

lipids. In addition to the lipids the envelope contains at least two

and as many as 14 viral glycoproteins (Holowczak, 1970; Garon and

Moss, 1971; Sarov and Joklik, 1972; Oie and Ichihashi, 1981). The 1

to 10% of virus progeny that leave the infected cells have an additional

membrane enclosing the entire particle (Boulter and Appleyard, 1973). As a

result, extracellular viruses contain several surface proteins not seen in

their intracellular counterparts. These surface proteins include at least

nine glycoproteins, one of which is a virus-coded hemagglutinin (Payne and

Norrby, 1976; Payne, 1978; Payne, 1979; Payne, 1980). It has been suggested

that these glycoproteins may account for the antigenic differences between

extracellular and intracellular particles (Appleyard et al., 1971;

Balachandran et al., 1979).

The VV genome is a large linear double-stranded DNA molecule with

a molecular weight of 120 X 106 daltons (Grady and Paoletti, 1977;

McCarron et al., 1978). In theory, a DNA genome of this size has a

coding capacity of approximately 150 to 200 proteins (Geshelin and
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Berns, 1974). However, only between 84 and 111 viral polypeptides

ranging from 8K to 200K have been resolved by gel electrophoresis from

mature viruses (Sarov and Joklik, 1972; Essani and Dales, 1979; Oie

and Ichihashi, 1981). The DNA molecule is covalently linked at its

termini (Geshelin and Berns, 1974; Holowczak, 1974) which indicates

that the VV genome consists of a single uninterrupted polynucleotide

chain that is folded to form a linear duplex structure. It has been

strongly suggested that the common occurrence of terminal loops among

the members of the Poxviridae family is related to their role in DNA

replication. In addition to the above, each DNA terminus consists of

an inverted repeat of 10,000 base pairs in length (Garon et al., 1978;

Wittek et al., 1978). These inverted repeats contain regions encoding

proteins as well as two noncoding regions of tandemly repeated nucleo-

tide sequences (Wittek et al., 1980; Wittek and Moss, 1980; Cooper et

al., 1981). The remaining 90% of the nucleotide sequences are unique

(Geshelin and Berns, 1974).

A fascinating feature of VV, as well as of the other members of

the family Poxviridae, is that infectious particles contain a tran-

scriptional system (Kates and McAuslan, 1967; Munyon et al., 1967)

that can synthesize functional mRNA that is polyadenylated (Kates and

Beeson, 1970), capped, and methylated (Wei and Moss, 1975). To carry

out this complex process, a large number of enzymes are packaged in

the virus particle. The enzymes packaged in the virus particle are

RNA polymerase, poly(A) polymerase, RNA triphosphatase, RNA guanylyl-

transferase, RNA (guanine-7-)methyltransferase, RNA (nucleoside-2'-)

methyl-transferase, 5'-phosphate polynucleotide kinase, adenosine
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triphosphatase, nucleoside triphosphatase, endoribonuclease, deoxyri-

bonuclease (pH4.4 optimum), deoxyribonuclease (pH7.8 optimum), DNA

topoisomerase, protein kinase, and alkaline protease. Although

genetic data are lacking, the properties of these enzymes suggest that

they are coded by the large virus genome.

Regardless of the functions which they encode, VV genes are

usually grouped into either early or late classes. The distinction is

dependent on whether their expression takes place before or after

viral DNA synthesis. Early VV genes are often subdivided into immed-

iate-early or delayed-early subsets, based on whether they are

expressed prior to, or subsequent to viral core breakdown. However,

we should emphasize that the classification of viral genes into three

categories is done primarily for the convenience of the investigator

and probably reflects only minimally on the in vivo situation within

infected cells. For example, if vaccinia virus-infected cells are

pulse-labeled with [
35

S]methionine at half hour intervals during

infection and the resulting radioactive viral proteins are analyzed by

SDS:polyacrylamide gel electrophoresis, it becomes immediately obvious

that within the early and late classes of VV genes there is a large

number of different kinetic modes of expression (Pennington, 1974;

Hruby and Ball, 1982). However, there are still some profound recogn-

izable differences in the way that VV genes are expressed at early and

late times during infection.

Vaccinia virus early genes are transcribed immediately post

infection. It is likely that this reaction is catalyzed entirely by

enzymes contained within the viral core since cell-free VV
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coredirected transcription reactions give rise to the same set of

transcripts as are seen at early times in vivo (Puckett and

Moss, 1983). Early VV mRNAs are capped, polyadenylated, and migrate

as discrete species on denaturing gels with sizes proportional to the

polypeptides that they encode (Mahr and Roberts, 1984). These tran-

scripts initiate at a distinct 5'-site and terminate at a distinct 3'-

site. Starting with the onset of viral DNA synthesis, transcription

of VV early genes stops, and expression of VV late genes begins.

Similarly, at this time early mRNAs, although they are present and

still functional if removed from the cell, are no longer translated

in vivo (Hruby and Ball, 1981). The mechanisms governing the

early to late transition in the cells translational apparatus are

unknown. Likewise it is not known if the switch in transcriptional

specificity between early and late times involves DNA-binding pro-

teins, changes in the VV RNA polymerase, or both. Although late genes

are initiated at one or a few closely spaced sites, they appear to

terminate randomly, if at all. Like early mRNAs, late transcripts

are polyadenylated.

As mentioned earlier in this chapter, VV is believed to be cap-

able of replicating and transcribing its viral DNA entirely within the

cytoplasmic compartment of susceptible host cells. It was also dis-

cussed that the virions contain or encode many, if not all, of the

enzymes required for the expression of their genetic information.

This is why it is not surprising that for a long period of time it was

the consensus among the workers in this field that the virus
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replicated solely in the cytoplasm of infected cells without any

participation from the host cell nucleus.

The first indication that this was not the complete story came in

1974 from the experiments of Pennington and Follett which showed that

if you take BSC-1 cells and enucleate them using the drug cytochala-

sin-B followed by centrifugation, and infect them with wild-type VV,

the virus is unable to complete its replicative cycle. The work of

Pennington and Follett (1974) not only presented the first indication

that there is some type of host cell nuclear involvement in VV repli-

cation, but also encouraged other groups of researchers to take a

closer look into what the nature of this interaction might be.

Further evidence linking the host cell nucleus to VV replication was

provided independently by two groups of researchers, that of Hruby and

his co-workers (1979) and Dales and his co-workers (1979), who demon-

strated that in the presence of the drug a-amanitin, a potent inhibi-

tor of host RNA polymerase II, but not of viral transcription, VV

replication is inhibited by approximately 95%. These findings led to

the conclusion that active participation of the host cell transcrip-

tional apparatus is required for the production of infectious VV

progeny. Even though the work discussed above provided us with very

important information it left some specific questions unanswered. For

example, it would be of interest to determine which viral gene(s)

interact with the host cell transcriptional apparatus during viral

replication. Likewise, it would also be very interesting to determine

the nature and function of the viral as well as the host cell gene

product(s) involved.
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This manuscript details my efforts in trying to identify the

viral gene(s) that interact with the host cell nucleus during viral

replication as well as the viral gene product(s) involved. I have

divided it into three chapters that describe, in order: 1) the isola-

tion and characterization of a VV mutant capable of replicating in the

presence of the drug a-amanitin, 2) the mapping of the mutation

responsible for a-amanitin resistance, and 3) the sequencing of the

region of the VV genome where the a-amanitin-resistance mutation lies.
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CHAPTER II

Isolation of Vaccinia Virus Mutants Capable of Replicating Independently
of the Host Cell Nucleus.

Authors: Elcira C. Villarreal, Nancy A. Roseman, and Dennis E. Hruby
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Summary

a-Amanitin-resistant vaccinia virus mutants were isolated after

serial virus passages in BSC-40 cells that were carried out in the

presence of inhibitory levels (6 pg/m1) of a-amanitin. One such

mutant, a-27, was highly refractory (>95%) to a-amanitin-mediated

inhibition and was selected for further study. In the absence of

drug, the phenotypes of a-27 and wild-type vaccinia virus were indis-

tinguishable with respect to growth kinetics, DNA synthesis, protein

synthesis, and morphogenesis. Infections in the presence of

a-amanitin revealed two striking differences, however. First, wild-

type virus was unable to catalyze proteolytic processing of the two

major capsid proteins VP62 and VP60, whereas a-27 was most efficient

at this process. Second, wild-type viral morphogenesis within the

infected cells was arrested by a-amanitin at an apparently analogous

step to that previously described for enucleated cells. This observa-

tion was supported by the ability of a-27 virus to replicate in

enucleated BSC-40 cells. Restriction enzyme analyses of a-27 versus

wild-type genomes revealed that a Xhol cleavage site was altered

in the a-27 DNA molecule, suggesting a possible location for the

a-amanitin resistance locus.
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Introduction

Traditionally, the poxviruses, such as vaccinia virus (VV), have

been considered to be the sole representatives of the DNA-containing

animal viruses which were capable of replicating independently of the

host cell nucleus (Hruby et al., 1979). This concept was based on two

lines of evidence. First, virtually all the virus-specific repli-

cative events that could be detected, either biochemically or with the

electron microscope, occurred within the cytoplasmic compartment of

infected cells. Second, VV virions contain or encode many of the

enzymes necessary for viral DNA and RNA biogenesis, implying nuclear

independence (Moss, 1974). This idea was supported by the experiments

of Prescott et al., (1971), who demonstrated the occurrence of VV DNA

replication in enucleated mouse L-cells.

The first indication that the situation was not quite so

straightforward was provided by the experiments of Pennington and

Follett, (1974) which showed that VV infections of enucleated cells

did not result in the production of infectious progeny as might have

been expected. More recently, the question of nuclear involvement in

poxvirus replication has been reexamined in greater detail (Hruby et

al., 1979; Hruby et al., 1979; Silver et al., 1979; Silver and Dales,

1982). These studies showed that whether the nucleus of a cell was

physically removed by cytochalasin B-mediated enucleation, functional-

ly inactivated by UV irradiation, or selectively inhibited with

a-amanitin (an inhibitor of host but not viral transcription), the

results were identical upon subsequent VV infection. VV was able to
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enter the cells and initiate the infection, early genes were express-

ed, viral DNA was replicated, and late genes were expressed; however,

at this point the virus encountered some sort of block and was unable

to complete its morphogenetic development into mature infectious pro-

geny virions. It was not clear whether this inhibition was due to an

aberration in a late replicative step or whether it was due to an

early defect which only becomes apparent at late times after infect-

ion. In either case, two theories were proposed to explain the appar-

ent requirement for the host transcriptional apparatus during VV

replication. Dales and his co-workers have suggested that the host

cell RNA polymerase II is needed to transcribe a portion of the VV

genome at late times during infection (Silver et al., 1979). This

hypothesis is strengthened by the observations of Bolden et al. (1979)

who detected both VV DNA and RNA within the nuclear compartment of

infected cells. Alternatively, Hruby et al. (1979) hypothesized that

activity of the transcriptional system of the host was needed to

supply a labile factor which participated directly in the viral

assembly process. Unfortunately, it was difficult to conceive experi-

ments sufficient to distinguish between these, and other, theories as

to the nature of the host cell nuclear involvement during productive

poxvirus infection.

Recently, however, the utility of a new approach to studying VV

genes of interest has become obvious. Several laboratories (Raczynski

and Condit, 1983; Jones and Moss, 1984; Traktman et al., 1984) have

used selection of drug-resistant VV mutants as a procedure to target

mutations into specific genes of interest. For example, selection of
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phosphonoacetic acid-resistant VV mutants has led to the mapping and

characterization of the viral DNA polymerase gene (Jones and Moss,

1984; Traktman et al., 1984). In the experiments reported in this

paper, we have pursued a similar avenue toward unraveling the question

of nuclear involvement. Specifically, we have sought to select and

isolate a-amanitin-resistant (a-Ar) VV mutants. We reasoned that such

mutants might prove useful in at least two ways. First, a detailed

biochemical comparison between wild-type (WT) and drug-resistant VV

might provide more specific information concerning the nature of the

nuclear requirement. And second, by using marker rescue techniques

(Condit et al., 1983) with the dominant drug-resistant phenotype, it

should be possible to locate and identify the VV gene(s) which

requires the activity of the host cell nucleus.
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Methods and Materials

Cells and viruses. BSC-40 cells, a clonal derivative of BSC-1

cells selected for their ability to grow at 40°C, were grown in mono-

layers and maintained with Eagle minimum essential medium (Flow

Laboratories) supplemented with 10% heat-inactivated fetal calf serum,

2 mM L-glutamine, and 50 pg of gentamicin sulfate per ml. Parental VV

(WR strain) was obtained from the American Type Culture Collection in

1977 and has been propagated by low-multiplicity passages and periodic

plaque purification. Hydroxylamine (HA)- and nitrosoguanidine (NG)-

mutagenized VV was prepared and kindly provided by R. Condit (Condit

and Motyczka, 1981). Viral infections and plaque assay titrations

were performed as previously described (Hruby et al., 1979).

Mutant isolation. Confluent monolayers of BSC-40 cells (60-mm

dishes) were treated with 6 pg of a-amanitin (Sigma Chemical Co.) per

ml for 18 h before infection to equilibrate the effective drug dosage

(Hruby et al., 1979). The pretreated cells were then infected at a

multiplicity of 1 with WT or mutagenized stocks of VV. After 72 h of

infection in the presence of drug, the infected cells were harvested

into 4 ml of sterile phosphate-buffered saline. Progeny virions were

liberated by two cycles of freeze-thawing. Titers were determined for

a portion of this crude stock while 0.5 ml was used to infect another

set of a-amanitin-treated BSC-40 cells. This set of steps was

repeated a total of seven times. Note that although the initial

multiplicity was 1, subsequent passages by necessity were carried out
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at much lower multiplicities due to a-amanitin-mediated reduction in

crude stock titer.

After seven serial passages, drug-resistant virus populations had

arisen from each of the three parental stocks (WT, HA, and NG).

Twenty-five individual a-Ar mutants were isolated from each mixture by

the following procedure. Cell monolayers (100 mm) were infected with

ca. 100 PFU of a-ArVV. After 48 h, the monolayers were stained with

0.01% neutral red, and 25 well-isolated plaques were picked with

sterile Pasteur pipettes. Fifteen (times three) of the plaque

isolates were frozen at -70°C for later analysis. The remaining 10

(times three) were used to infect BSC-40 monolayers and to produce

crude stocks whose titers were subsequently determined. From these 30

a-A
r
mutants, the 15 having the highest titers were chosen for further

analysis, whereas the other 15 were frozen. The entire plaque isola-

tion procedure was carried out in the absence of drug selection.

Mutant characterization. (i) Virus growth. Duplicate 60-mm

dishes of of BSC-40 cells were pretreated with the indicated concen-

trations.of a-amanitin for 18 h before infection. The monolayers

were then infected (for 24 h at 37°C) with identical multiplicities of

WT or a-ArVV. The infected cells were harvested into 4 ml of sterile

phosphate-buffered saline and subjected to two cycles of freeze-

thawing. The infectious titers were determined by plaque assay of

serial virus dilutions on BSC-40 monolayers in the absence of drug.

Viral plaques were visualized by staining with either neutral red or

crystal violet (Hruby et al., 1979).

(ii) Protein synthesis. BSC-40 monolayers were infected with VV
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at a multiplicity of 25 and then maintained in complete medium at

37°C. At the indicated times postinfection, the medium was replaced

with medium (minus methionine) containing 5 pCi of L-[35S]methionine

(New England Nuclear Corp.; 1,143 Ci/mmol) per ml and incubated at

37°C for 30 min. The cells were then loosened with a rubber police-

man, harvested by low-speed centrifugation and suspended in 0.5 ml of

ice-cold 1 mM Tris-hydrochloride (pH9), and the hot-trichloroacetic

acid-precipitable radioactivity of an appropriate sample was deter-

mined. Samples containing equivalent radioactive counts were then

analyzed by electrophoresis on 12.5% sodium dodecyl sulfate-polyacry-

lamide gels (Studier, 1973) and autoradiography of the dried gels on

Kodak XAR-5 film.

(iii) DNA synthesis. BSC-40 monolayers were infected with VV and

incubated at 37°C. At various times postinfection, 5 pCi of [methyl-

3
H]thymidine (New England Nuclear Corp.;78.1 Ci/mmol) per ml was added

to the medium for 10 min. The use of brief labeling periods prefer-

entially labels the viral DNA which is being synthesized in the cyto-

plasmic compartment. Infected cells were then loosened with the aid

of a rubber policeman and collected by low-speed centrifugation, and

the cell pellet was suspended in 1 ml of ice-cold water. An equal

volume of ice-cold 10% trichloroacetic acid was added. The resulting

precipitate was filtered onto Whatman GF/C filters, and its radio-

activity was counted by liquid scintillation.

(iv) Electron microscopy. Cells were infected with WT or a-27 VV

at a multiplicity of 10 in the presence or absence of 6 pg of a-

amanitin per ml. At 8 h postinfection, infected cell pellets were
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collected by centrifugation and suspended in 1 ml of 2.5% glutaralde-

hyde in 0.15 M cacodylate buffer (pH 7.4) containing 2 mM CaC12.

After 2 min at 25°C, the suspension was centrifuged, the supernatant

fluid was decanted, and the undisturbed pellets were fixed in the

above glutaraldehyde solution for 30 min at 25°C. The pellets were

postfixed in 1% osmium tetroxide in 0.15 cacodylate (pH 7.4) for 30

min and then stained en bloc with 0.5% uranyl acetate buffer (pH 5.0)

for 30 min, dehydrated in acetone, and embedded in Epon 812. Thin

sections were cut on a Porter-Blum MT-2 ultramicrotome, stained with

uranyl acetate and lead citrate (Reynolds, 1963), and examined in a

Hitachi HU-11E electron microscope at 80 kV.

Viral DNA extraction and gel analysis. Dishes (150 mm) of BSC-40

cells were infected at a multiplicity of 0.3 with WT or a-27 VV.

After 72 h of infection, the infected cells were harvested, cyto-

plasmic extract was prepared, and the viral DNA was extracted and

purified as previously described by Esposito et al., (1981). Approxi-

mately 40 to 50 ug of viral DNA was obtained per dish of infected

cells, and it was of sufficient purity for subsequent analyses. One

microgram of WT or a-27 VV DNA was then digested with a variety of

restriction endonucleases according to the conditions suggested by the

manufacturer (Bethesda Research Laboratories). The resulting DNA

fragments were resolved by electrophoresis at 50 V overnight in a 0.6%

agarose (Seakem) gel in TAE (40 mM Tris-acetate [pH 8], 20 mM sodium

acetate, 1 mM EDTA). The gels were stained with 0.5 ug of ethidium

bromide per ml and photographed with a UV transilluminator and

Polaroid type 57 film.
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Results

Isolation of a-Ar VV mutants. Before attempting the isolation of

Ar VV mutants it was necessary to address two problems associated

with this drug: slow uptake and generalized cellular toxicity. Pre-

vious experiments have shown that addition of a-amanitin to the nut-

rient medium at 18 h before infection is necessary and sufficient to

equilibrate the effective dose (Hruby et al., 1979). To determine the

minimal concentration of a-amanitin that would suffice to inhibit VV

replication (>95%) the effect of increasing doses was titrated versus

the ability of treated cells to support a VV infection. Addition of

6 -g of a-amanitin per ml to cells at 18 h before infection proved to

elicit a 95% inhibition of VV growth. Under these conditions, the

cells maintained their normal morphology and exhibited high macromole-

cular biosynthetic capabilities (data not shown).

To select a a-Ar VV, low multiplicity serial passages of WT, NG-

mutagenized (NG-10), or HA-mutagenized VV were carried out in the

presence of a-amanitin. Passages 1 to 3 resulted in a 3 to 4-log drop

in the titer of infectious progeny (Fig. II.1). However, beginning

with passage 4, the emergence of a-Ar populations in each of the

stocks became obvious. Later passages (5 to 7) allowed accentuation

of the apparent a-Ar phenotype, resulting in the production of WT, HA,

and NG crude stocks which had titers on the order of 10
6

PFU per dish.

Since a-Ar progeny arose from each of the series after only four

passages, this implies that the conversion to the drug-resistant
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Fig. II.1. Serial passage of VV in the presence of a-amanitin. Cell
monolayers were pretreated with 6 pg of a-amanitin per ml
for 12 h and then infected with VV (WT[A] or mutagenized
with HAW or NG[i] at a multiplicity of 1. After 72 h of
infection in the presence of the drug, progeny virus was
harvested, titers were determined, and the progeny virus
was used to reinfect a-amanitin-treated monolayers. This
procedure was repeated seven times.
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phenotype was likely the result of a single mutation. The mathemati-

cal probabilities of simultaneously isolating multiple mutants in

three separate passages are extremely low. Also, it should be noted

that the a-Ar VV present after seven passages was likely to be a

mixture of different mutants. These could be mutations in different

genes or different mutations within the same gene. In either case, it

was necessary to carry out plaque purification protocols before pro-

ceeding.

Twenty-five individual a-Ar plaques were picked from each of the

three populations (WT, HA, NG). Of these, 30 were chosen at random

and used to infect dishes of BSC-40 cells. The yield from each

infection was titrated, and the 15 a-Ar mutants displaying the most

growth were quantitatively tested for their ability to replicate in

the presence or absence of a-amanitin (Table II.1). Note that during

the entire plaque purification scheme no drug was present. Therefore,

if the orAr mutants had a high reversion frequency in the absence of

selection, they had every opportunity to revert. As expected, the 15

a-Ar mutants displayed a variety of relative resistance to a-amanitin

inhibition, ranging from 1.9% (a-46) to 50.7% (a-72) to 93.8% (a-27).

There was no apparent correlation between the parental stock (WT, HA,

or NG) and the level of a-amanitin resistance in the derived mutants.

For detailed analysis, we decided to concentrate initially on a

single a-Ar VV mutant. On the basis of the data displayed in Table

II.1, a-27 was chosen. Its resistance to a-amanitin-mediated inhibi-

tion was assayed versus WT VV (Fig. 11.2). The replication of a-27

was essentially unaffected by concentrations of drug up to 6 pg/ml.
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TABLE II.1. Replication of Individual VV a-Ar Mutantsa

Mutant Deriva- Yield (PFU/dish)
No. tion + a-amanitin a-amanitin Resistance

WT 5.0 x 10
3

1.5 x 10
5

3.4

a-11 WT 1.5 x 10
4

8.3 x 10
4

18.0

a-14 WT 1.9 x 10
5

4.5 x 10
5

42.0

a-16 WT 7.4 x 10
5

2.1 x 10
6

35.66

a-27 HA 2.3 x 10
6

2.4 x 10
6

93.81

a-28 HA 1.5 x 10
4

5.0 x 10
4

30.0

a-30 HA 5.0 x 10
3

2.5 x 10
4

20.0

a-33 HA <10
3

1.5 x 10
4

<6.6

a-34 HA 4.3 x 10
5

5.5 x 10
5

76.92

a-44 HA 5.0 x 10
4

2.5 x 10
5

20.0

a-46 HA <10
3

5.3 x 10
4

<1.9

a-62 NG 2.7 x 10
5

1.8 x 10
6

14.65

a-63 NG 2.8 x 10
5

2.1 x 10
6

13.66

a-64 NG 1.2 x 10
5

1.2 x 10
6

9.4

a-69 NG 1.5 x 10
5

4.5 x 10
5

34.3

a-72 NG 9.3 x 10
5

1.8 x 10
6

50.68

a
Monolayers of BSC-40 cells were infected in the presence or absence

of 6 pg,of a-amanitin per ml with WT VV or individually plaque-puri-
fied A' VV mutants. After 24 h, progeny virus was harvested, and
titers were determined by plaque assay.

b
(+ a-amanitin/- a-amanitin) x 100.
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Fig. 11.2. Replication of a-27 (A) versus WT (1) VV in the presence
of increasing concentrations of a-amanitin. This experi-
ment was carried out as described in the legend to Fig.
II.1. In the absence of drug the yields of infectious
progeny per infected cell for WT and a-27 were 64.6 and
400, respectively.
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Even at higher a-amanitin concentrations (8 to 10 Pg/m1), a-27 still

grew to 70 to 80% of control titers (data not shown). This is

especially impressive considering the obvious cellular toxicity dis-

played at these drug doses. Another view of a-27 growth in the pre-

sence of a-amanitin is shown in Fig. 11.3. WT and a-27 VV were

plagued on BSC-40 monolayers which had been pretreated with a-amanitin

for different lengths of time before infection. Although drug-

mediated toxicity prevents plaque formation if the drug is added at 6

to 12 h before infection, there is a narrow time window 0 to 3 h

before infection during which a differential effect can be seen. If

a-amanitin was added at these times, control numbers of a-27 plaques

were observed, whereas no or minute plaques were observed in the WT-

infected dishes. These results confirm the a-Ar phenotype of a-27,

and they indicate that single-step marker rescue experiments should be

possible by assaying plaque formation of WT VV in the presence of a-

amanitin added at -3 h and rescue with DNA fragments from a-27 DNA.

Biochemical analysis of a-27 growth. As an initial step toward

discerning the nature of the a-27 mutation which enables VV to repli-

cate in the presence of a-amanitin, several facets of virus growth

were compared biochemically between a-27 and WT VV. One of the most

easily measured parameters of a VV infection is cytoplasmic DNA syn-

thesis. The kinetics and amount of a-27 DNA synthesis were indistin-

guishable from those of WT when analyzed by pulse-labeling with

[
3
Iflthymidine. Both displayed a sharp peak of incorporation at 2 h

which decreased thereafter (data not shown). Viral gene expression

was analyzed by pulse-labeling infected cells at various times post-
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Fig. 11.3. VV plaque formation in the presence of a-amanitin. Before
infection, BSC-40 monolayers were pretreated with
a-amanitin for the indicated number of hours. At To the
monolayers were infected with ca. 50 to 100 PFU of a-27 or
WT VV. After 48 h of infection in the presence of the
drug, the monolayers were stained with crystal violet.
Control dishes received no drug before or during
infection.
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infection with [35S]methionine. The qualitative and quantitative

expression of a-27 viral proteins looked identical to that of WT at

both early and late times postinfection (Fig. 11.4). Of course, this

is only a one-dimensional analysis, and a two-dimensional gel might

possibly elucidate more subtle differences. In short, no differences

could be observed between a-27 and WT VV at the levels of DNA, RNA,

or protein synthesis.

Replication of a-27. Previous electron micrographs of VV-

infected cytoplasts have shown an accumulation of immature morpho-

genetic forms which were apparently arrested at a specific stage in

development (Hruby et al., 1979). Since VV replication is identical

biochemically in cytoplasts and a-amanitin-treated cells, it has been

presumed that virus development is aborted at the same stage. How-

ever, this has not been examined directly. Figure 11.5 shows electron

micrographs of a-27- and WT-infected BSC-40 cells at 8 h after

infection in the presence of a-amanitin. Electron-dense viroplasm is

quite obvious in both situations, indicating viral DNA and protein

synthesis. The a-27.infection shows a variety of developmental forms

including immature particles, particles with condensing DNA (eye-

balls), and mature brick-shaped virions. The WT infection, however,

is arrested at a point similar to that previously described for

enucleated cells, namely, viral membranes form around viral DNA and

protein (viroplasm), but this structure does not coalesce and condense

into a recognizable virus particle.

The immature particles seen in Fig. II.5B are reminiscent of

those which accumulate in the presence of rifampin. Rifampin is a



28

Fig. 11.4. a-27 and WT VV protein synthesis. BSC-40 cell mono-
layers were infected with a-27 or WT VV at a multipli-
city of 25 in the presence of 6 pg ofa-amanitin per ml.
At the indicated hours postinfection, thqcells were
pulse-labeled for 30 min with 5 uCi of ["S]methionine
per ml.The infected cells were then collected, and the
radioactively labeled proteins were analyzed by poly-
acrylamide gel electrophoresis and autoradiography.
Numbgrs at the right indicate the molecular weights
(x10') of marker polypeptides.
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Fig. 11.5. Electron micrographs of VV morphogenesis. Cells were
infected with oc-27 (A) or WT (B) VV at a multiplicity of
10 in the presence of a-amanitin. At 8 h postinfection,
the infected cells were harvested, fixed with glutar-
aldehyde, thin sectioned, and then examined by electron
microscopy.
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specific inhibitor of VV replication. It acts, either directly or

indirectly, by inhibiting the cleavage of the two major virion pre-

cursor polypeptides, P94 and P65, into the mature VP62 and VP60 core

proteins (Moss et al., 1969; Katz and Moss, 1970). The modes of

rifampin- and a-amanitin-mediated inhibition are apparently distinct

though, as a-27 was unable to replicate in rifampin-treated cells

(data not shown). However, since the effects of a-amanitin and rifam-

pin were visibly similar, we decided to see if they were biochemically

analogous, namely, inhibiting VV-specific proteolytic cleavages. In

Fig. 11.6 are shown the results of a protein pulse-chase experiment

carried out at late times postinfection with either a-27 or WT VV in

the presence of a-amanitin. A most surprising result is evident. WT

VV, in the presence of the drug, synthesized P94 and P65 but was

unable to process them into VP62 and VP60. In contrast, the process-

ing of a-27 core polypeptides occurred normally in the presence of

a -amanitin.

Earlier, it was stated that replication of VV was blocked at the

same stage in enucleated, UV-irradiated, or a-amanitin-treated cells.

If this statement is correct, then one might predict that a-27 should

be capable of growth in enucleated cells. To test this, monolayers of

BSC-40 cells were enucleated, or mock enucleated, with cytochalasin B.

After a recovery period, the monolayers were infected with either a-27

or WT VV. After 24 h, the infectious progeny were harvested, and

titers were determined (Table 11.2) In agreement with previous

results (Hruby et al., 1979), WT VV was unable to grow in the absence

of the host cell nucleus. The low levels of infectious progeny pro-
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Fig. 11.6. a-Amanitin-mediated effects of VV proteolytic cleavages.
Cell monolayers were infected wither -27 or WT VV at a
multiplicity of 25 in the presence of a-amanitin. At 5
h postinfection, the infec;Rd cells were pulse-labeled
for 30 min with 5 iCi of [ S]methionine per ml.
Isotope-containing medium was then replaced with medium
containing unlabeled methionine (x100), and infection
was allowed to proceed for the indicated number of
hours. Infected cell proteins were analyzed by poly-
acrylamide gel electrophoresis and autoradiography. The
two major VV core proteins, VP62 and VP60, and their
precursors, P94 and P65, are indicated. Other proteins
which accumulated during the chase period are marked
with an asterisk. The

3
numbers at the right indicate the

molecular weights (x10 ) of marker proteins.
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TABLE 11.2. Replication of VV in Enucleated BSC-40 Cellsa

Titer (PFU/60-mm dish)

Virus Whole Cells

(107)

Cytoplasts %
b

WT

a-27

1.17

4.64

3.05 x 10
5

1.74 x 10
7

2.6

37.5

a
Enucleated (cytoplasts) or mock-enucleated (whole cells) BSC-40

cells were infected with WT or a-27 VV at a multiplicity of 5. After
24 h of infection, progeny virus was harvested, and titers were deter-
mined by plaque assay. Enucleation was carried out precisely as
previously described by Hruby et al.

b
(Titer in cytoplasts/titer in whole cells) x 100.
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duced are likely the result of the remaining 2 to 3% nucleated cells.

In contrast, a -27 grew to 37.5% of control titer in enucleated cells.

Considering the insult to the integrity of the cells due to the

enucleation procedure, this was a quite appreciable level of repli-

cation. In fact, a-27 replicates better in cytoplasts than do truly

cytoplasmic viruses such as poliovirus or reovirus (Follett et al.,

1975).

Genomic structure of a-27. As a first step toward determining

the nature of the a-27 mutation, it was necessary to examine the

genomic a-27 DNA to make sure no large deletions, insertions, or

sequence alterations had occurred during the mutant isolation pro-

cedure. To this end, DNA was extracted and purified from a-27 and WT

VV. The viral DNA was digested with a variety of restriction endo-

nucleases and analyzed by agarose gel electrophoresis. The typical

result is shown in Fig. II.7A, in which the HindIII digests of a-27

and WT DNA are indistinguishable, indicating the absence of any size-

able sequence alterations. The same results were obtained when the

enzymes SstI, PstI, or Sall were used (data not shown). However, when

XhoI digests of a-27 and WT DNA were compared (Fig. II.7B), a differ-

ence emerged. It can be seen that in the a-27 DNA XhoI digest, the

3.1-kilobase (kb) XhoI 0 fragment is missing. In its place is a

larger 24-kb fusion fragment resulting from the joining of the 3.1-kb

XhoI 0 and 21.9-kb XhoI C fragments. The identity of the a-27 0-C

fusion fragment was confirmed by the subsequent subdigestions (data

not shown). In the lower portion of Fig. 11.7 the appropriate por-

tions of the VV HindIII, XhoI (DeFilippes, 1982), and SstI (Hruby,
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unpublished data) maps are drawn and aligned so the approximate loca-

tion of this alteration in the a-27 genome can be determined.
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Fig. 11.7. Restriction enzyme analysis of om27 and WT VV DNA. Puri-
fied 01(-27 and WT VV DNA was restricted with either
HindIII or Xhol, and the resulting fragments were
resolved by agarose gel electrophoresis. The VV DNA bands
are lettered by size, according to convention. The
markers on the right side of the gels indicate the posi-
tions of the fragments from a DNA HindIII digest.
HindIII, Xhol, andSstI restriction maps of the
portion of the VV genome of interest are aligned and shown
below the gels. The arrow indicates theXho I cleavage
site missing in c-27 VV DNA.
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Discussion

In retrospect, the decision to attempt the isolation of a-Ar VV

mutants may have been imprudent. If either of the two explanations

for the nuclear requirement in VV replication, namely, cellular tran-

scription of viral genes or host factor catalysis of viral assembly,

were correct, then it is likely that a number of viral loci would be

involved. Therefore, the isolation of a VV mutant capable of circum-

venting the host cell nucleus would likely require a number of altera-

tions. The probability of selecting such a multiple mutant is

extremely low. However, as the data in Fig. II.1 demonstrated, a-Ar

VV mutants were readily selected from both WT and mutagenized viral

stocks. These mutants were quite stable and did not revert back to an

a-amanitin-sensitive state even after multiple passages in the absence

of drug selection. The ease and rapidity with which the a-Ar pheno-

type arose implies that only a single mutation was required. As such,

it is unlikely that either of the previously offered hypotheses are

entirely correct.

In all, 75 individual a-Ar VV mutants were isolated and plaque

purified. The experiments reported here have centered on a single

mutant, a-27, whose replication was essentially unaffected by 6 ug of

a-amanitin per ml. Comparative biochemical analyses between a-27 and

WT VV failed to discern any differences in viral gene expression or

DNA synthesis, in either the presence or the absence of the drug.

However, pulse-chase experiments revealed that a-27 was able to

mature its two major core precursors, P94 and P65, into VP62 and VP60
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in the presence of a-amanitin whereas WT was not. The block in this

obligatory processing reaction by a-amanitin was confirmed by electron

microscopy, which showed an accumulation of immature WT VV develop-

mental forms when the drug was present. It should not be assumed,

though, that the primary effect of a-amanitin inhibition is to block

this proteolytic step. The morphogenesis of VV is a very complex

procedure involving a large number of steps. If one of the initial

steps is aberrant, then perhaps the assembly process never progresses

to the configurational state necessary to allow processing. Thus, the

a-27 mutation might very well affect an earlier step in replication

which is only seen late in infection.

The Ability of a-27 to replicate in enucleated cells was both

surprising and remarkable. If one considers that after enucleation

there is essentially a bag of cytoplasm left, then upon VV infection

the virus is able to specify all the information necessary to tran-

scribe its many genes, regulate their expression, replicate its DNA,

and catalyze its own assembly. All in all, perhaps the original

notion of poxviruses as cytoplasmic-replicating entities was not so

farfetched after all. Recently, Archard (1983) has described the

synthesis of VV DNA within isolated HeLa cell nuclei. This result is

in line with those of Wing and Weissbach (1984), who have reported

finding VV RNA polymerase associated with the host cell nucleus and

have suggested that VV transcribes some of its RNA within the nucleus

of infected cells. If so, the ability of a-27 to replicate in cyto-

plasts would indicate that this is not an obligatory step in the VV

life cycle.
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It is doubtful whether additional biochemical analyses of a-27

will further enlighten us as to the mechanism by which this mutant

circumvents a-amanitin-mediated inhibition. We are therefore in the

process of trying to map the location of this mutation on the VV

genome so that we can carry out more definitive experiments. Two

approaches are being taken to map the a-27 mutation. First, we have

selected a number of temperature-sensitive a-Ar VV mutants. If, by

recombinational analyses, we can find a mutant whose dual phenotype is

the result of a single or two closely linked mutations (Sridhar and

Condit, 1983), then we can map the genomic location of the a-Ar tem-

perature-sensitive mutation by complementation analysis with other VV

mutants (Condit et al., 1983). The second approach we have taken is

to rescue the growth of WT VV by transfecting the infected monolayers

with all, or parts, of the a-27 genome. Toward that goal we performed

a restriction enzyme analysis of the a-27 genome and discovered that

the Xhol cleavage site between the 0 and C fragments had been altered.

Of course, finding a mutated restriction site was fortuitous, but

given that a-27 is derived from an HA stock (HA catalyzes the conver-

sion of G-C to A-T base pair changes) and that the recognition sequ-

ence of Xhol is CTCGAG, it is perhaps not totally unexpected.

Furthermore, the genome size of VV is on the order of 185 kb, so

finding a single altered enzyme cleavage site certainly doesn't prove

that this is the site of the a-27 mutation. However, in preliminary

experiments, we have been able to efficiently rescue WT VV with

intact, Xhol- or SstI-cleaved a-27 DNA, whereas HindIII-restricted

a-27 DNA was less effective. This information tends to indicate that
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the a-27 mutation may lie very close to the HindIII J-H junction. It

will be of interest to ascertain whether other a-Ar VV mutants such as

a-34, a-14, and a-72 also map to this region. One large VV early

transcript is known to originate from this region (Bajszar et al.,

1983), as well as several late transcripts (Hruby, unpublished data).

Whether any of these transcripts encode a protein involved with

a-amanitin inhibition of growth remains to be seen.

We are currently in the process of subcloning the a-27 genome to

precisely map the location of the a-27 mutation. Once this is done we

hope to use the cloned fragments to identify the transcript and

encoded polypeptide which is responsible for a-amanitin resistance.

Once identified, this protein will be used to raise monospecific

antisera with which to follow its synthesis and to identify the viral

and host polypeptides that it associates with. It is hoped that such

efforts will shed light on new facets of VV replication and how this

virus interacts with the host cell during infection.
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CHAPTER III

Mapping the Genomic Location of the Gene Encoding a-Amanitin
Resistance in Vaccinia Virus Mutants

Authors: Elcira C. Villarreal and Dennis E. Hruby
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Summary

To facilitate the determination of the genomic location of the

vaccinia virus gene(s) encoding a-amanitin resistance (a r) (Villarreal

et al., 1984), a collection of ar, temperature-sensitive (ts) mutants

were isolated. The premise of these experiments was that mutants

might be found whose dual phenotypes were the result of a single or

two closely linked mutations. Genetic analyses of the arts mutant

library revealed two mutants, arts7 and arts12, that apparently fit

this criterion; in arts7 the two lesions were indistinguishable,

whereas in arts12 the two mutations were closely linked but separable.

Cloned vaccinia virus HindIII DNA fragments were used to marker rescue

the temperature-sensitive phenotype of these two dual mutants. The

temperature-sensitive lesion of arts7 was rescued by the HindIII N

fragment (1.5 kilobases), whereas arts12 was rescued by the neighbor-

ing HindIII M fragment (2.0 kilobases). The progeny virions of the

a
r
ts7 HindIII-N rescue reverted to an a-amanitin-sensitive phenotype,

whereas the arts12 HindIII-M progeny were still resistant to the drug.

Taken together, these data indicate that the gene encoding a-amanitin

resistance maps to the HindIII N fragment and provides evidence for

the existence of essential vaccinia virus genes in a region of the

genome previously believed to be nonessential for replication in

tissue culture. Biochemical analyses revealed that both mutants were

capable of synthesizing DNA as well as early and late viral proteins

at the permissive and nonpermissive temperatures. At the
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nonpermissive temperature arts12 and arts7 were unable to process the

major core precursors P94 and P65 into VP62 and VP60.



47

Introduction

Poxviruses, such as vaccinia virus (VV), are believed to be

capable of replicating and transcribing their viral DNA entirely

within the cytoplasmic compartment of susceptible host cells (Moss,

1974; Moss, 1979; Dales and Pogo, 1981). Since VV virions contain or

encode many, if not all, of the enzymes required for the replication

and expression of their genetic information, this led early invest-

igators to postulate that VV replicated solely in the cytoplasm of

infected cells, completely independent of the host cell nucleus (Moss,

1974). This notion was challenged in 1974 by the experiments of

Pennington and Follett, which showed that VV was unable to complete

its replicative cycle in cells that had been subjected to cytochalasin

B-mediated enucleation before infection. This initial observation

concerning the existence of some essential interaction between VV and

the host cell nucleus has been followed up by a series of experiments

which have led to the conclusion that active participation of the host

cell transcriptional apparatus is required for the production of

infectious VV progeny. The most convincing argument in this regard

was the discovery that VV replication is blocked by the drug

a-amanitin (10 ug/ml), a potent inhibitor of host but not viral tran-

scription (Hruby et al., 1979; Silver et al., 1979; Silver and Dales,

1982), implicating cellular RNA polymerase II as the target.

As an initial effort toward understanding the nature of the viral

as well as the host cell involvement in this interaction, a VV mutant

(a-27) which was capable of replicating in the presence of a-amanitin
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was selected and isolated (Villarreal et al., 1984). A biochemical

analysis of a-27 replication revealed no differences, either in the

presence or absence of a-amanitin, when compared with wild-type VV

with respect to DNA synthesis or viral protein synthesis. However,

there was a marked difference in the ability of the two viruses to

direct the proteolytic processing of the two major core precursor

polypeptides, P94 and P65, in the presence of the drug. This pro-

cessing reaction was completely blocked by a-amanitin in wild-type

(WT) VV-infected cells, but proceeded normally in a-27-infected cells.

It was not clear whether the ability to carry out this cleavage

reaction in the presence of a-amanitin represented the primary, or a

secondary, effect of the a-27 mutation. In either case, it was un-

clear how to proceed with this problem without first identifying the

viral gene product(s) that were involved. Thus it became necessary to

determine the genomic location of the mutation giving rise to the

a-amanitin-resistant
r
) phenotype so that viral proteins encoded by

this region could be more closely scrutinized as to their structure

and function.

We report here the results of applying genetic mapping approaches

to determining the genomic position of the ar locus of VV. These data

have allowed the gene encoding this function to be localized within

the 1.5-kilobase (kb) HindIII N fragment and provide the first evid-

ence of an essential complementation group to be located in the

region. These results are discussed in the context of other recent

work (Gillard et al., 1985) with respect to the identity of the gene

product encoded at this site.
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Methods and Materials

Cells and viruses. BSC-40 cells, a clonal derivative of BSC-1

cells were selected for their ability to grow at 40°C, were grown in

monolayers and maintained with Eagle minimum essential medium (Flow

laboratories) supplemented with 10% heat-inactivated fetal calf serum,

2 mM L-glutamine, and 50 lig of gentamycin sulfate per ml. Parental VV

(WR strain) was obtained from the American Type Culture Collection in

1977 and has been propagated by low-multiplicity passages and periodic

plaque purification ever since. Hydroxylamine-mutagenized VV was

prepared as previously described and kindly provided to us by R. C.

Condit (Condit and Motyczka, 1981). Viral infections and plaque assay

titrations were performed as previously described (Hruby et al.,

1979).

Isolation of ar, temperature-sensitive (ts) mutants. Confluent

monolayers of BSC-40 cells (60-mm dishes) were pretreated with 6 tig of

a-amanitin (Sigma Chemical Co.) per ml for 18 h before infection to

equilibrate the effective drug dosage (Hruby et al., 1979). The

pretreated cells were then infected at a multiplicity of 1 with the

hydroxylamine-mutagenized stock of VV. After 72 h of infection in the

presence of drug, the infected cells were harvested into 4 ml of

sterile phosphate-buffered saline. Progeny virions were liberated by

two cycles of freeze-thawing. Infectious titers were determined, and

this crude preparation of virus was used to infect a second set of

a-amanitin-pretreated BSC-40 cells. This set of steps was repeated a

total of six times. All manipulations and incubations were done at
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the permissive temperature, 31°C (Condit and Motyczka, 1981).

After six serial passages, a drug-resistant virus population had

arisen from the parental hydroxylamine-mutagenized stock. Individual

a
r
ts mutants were obtained by use of a plaque enlargement technique

(Simpson and Hirst, 1968). Appropriate dilutions of the drug-

resistant virus were plated under a nutrient agar overlay at 31°C.

After 3 days of incubation, dishes were overlaid with nutrient agar

containing 0.005% neutral red. The following day, plaque sizes were

marked on the back of the dish by filling in the plaques with a felt-

tipped pen. Plates were then incubated at 40°C. Three days later,

plaques which had not enlarged were picked with sterile Pasteur

pipettes and suspended in 2 ml of phosphate-buffered saline containing

2% fetal calf serum. Virus was released from infected cells by one

cycle of freeze-thawing (Simpson and Hirst, 1968). Individual mutants

were then tested for their temperature sensitivity and resistance to

a-amanitin as described previously (Villarreal et al., 1984), except

that incubation of infected cells was carried out at 31 °C. The

screening procedure mentioned above yielded a number of temperature-

sensitive, a-amanitin-resistant mutants, two of which (Orts7 and

a
r
ts12) displayed sufficient temperature sensitivity and drug resist-

ance to be of use in further studies.

Genetic mapping. Quantitative recombination and complementation

analysis between arts7 and arts12 were carried out as described pre-

viously by Condit and Motyczka (1981).

To determine the recombination frequency between the two pheno-

types (or and ts) of each mutant, BSC-40 cells were infected at a
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multiplicity of 6 each with wild-type virus and arts7 or arts12, or at

a multiplicity of 12 with either mutant alone. After the unadsorbed

virus was removed and minimal essential medium containing 10% fetal

calf serum was added, the infected cells were incubated at 31°C for 2

days. The progeny virions were harvested, titered, and passaged in

the presence of 6 lig of a-amanitin per ml at 40°C. Virus yields were

determined by plaque titration, and the recombination frequencies were

calculated (Condit and Motyczka, 1981).

The leakiness test was carried out as described previously by

Condit and Motyczka (1981). To determine whether the two phenotypes

of each mutant were the result of one or two mutations, backcrossing

experiments between arts7 (or arts12) and WT VV were carried out as

described by Sridhar and Condit (1983).

Marker rescue. Recombinant DNA plasmids containing the WT VV

HindIIIDNA fragments were linearized by digestion with the restriction

enzyme HindIII. The DNAs were then purified by extraction with TE

(10 mM Tris chloride [pH 8], 1 mM EDTA)-saturated phenol, extracted

with H
2
0-saturated ethyl ether, and ethanol precipitated twice. These

manipulations essentially sterilized the DNA molecules. The plasmid

DNAs were then suspended in sterile H2O and coprecipitated with salmon

sperm DNA to a final concentration of 20 lig of total DNA per ml by the

calcium phosphate method originally described by Graham and Van der Eb

(1973). Confluent 60-mm dishes of BSC-40 cells were infected with the

a
r
ts mutant viruses at a multiplicity of 0.1 PFU/cell. After an hour

of adsorption at 31°C the viral inoculum was removed, medium was added

to the monolayers, and the infected cells were incubated at 31°C to
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allow the early event in viral infection to be initiated. After 4 h,

the medium was removed, the monolayers were treated with 15% glycerol

for 40 s (Sridhar and Condit, 1983), and the DNA precipitates were

added to the cells. The infected cells were incubated at 40°C for

3 h, the medium containing the precipitated DNA was then removed, the

monolayers were washed once with fresh medium, 4 ml of medium was

added to the dishes, and they were incubated at 40°C. After 48 h the

viral progeny were harvested and titered at both the permissive (31°C)

and nonpermissive temperatures (40°C).

Cloning. The cloned WT HindIII fragments used in the marker

rescue experiments were originally obtained from B. Moss (Belle Isle

et al., 1981). All other recombinant DNA manipulations were carried

out essentially as described by Maniatis et al. (1982).

Biochemical analyses. Early and late viral gene expression of

both mutants and WT VV at the permissive and nonpermissive temperature

was analyzed as previously described by Villarreal et al. (1984).

To examine viral DNA synthesis, BSC-40 monolayers were infected

with virus at a multiplicity of 10 and incubated at 31 and 40°C. At

various times postinfection the infected monolayers were harvested,

washed twice with phosphate-buffered saline, and suspended in 1 ml of

phosphate-buffered saline. The cells were then lysed by three freeze-

thaw cycles, treated with 0.25% trypsin for 30 min at 37°C, and col-

lected on a nitrocellulose sheet by filtration with a microsample

manifold (Schleicher & Schuell Co.). The filter was blotted three

times on successive Whatman 3MM paper saturated with (i) 0.5 M NaOH

and (ii) 1 M Tris hydrochloride (pH 7.6) and washed for 15 min in 0.1
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M Tris hydrochloride (pH 7.6)-0.15 M NaCl. The filter was baked at

80°C for 2 h and then incubated with 5X Denhardt solution, 6X SSC (1X

SSC is 0.15 M NaCl and 0.015 M sodium citrate), 50% deionized form-

amide, and 100 pg of denatured salmon sperm DNA per ml for 4 h. The

filter was then hybridized in a mixture consisting of 6X SSC, 5X

Denhardt solution, 10X dextran sulfate, 100 pg of denatured salmon

sperm DNA per ml, 50% deionized formamide, and DNA labeled with 32P by

nick translation (cloned HindIII J fragment) for 12 h. The filter was

washed three times at 42°C for 30 min in 2X SSC-0.1% sodium dodecyl

sulfate and three times at 50°C for 30 min in 0.2X SSC-0.1% sodium

dodecyl sulfate, dried, and placed on Kodak XAR-5 X-Omat film at

-70°C.
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Results

Our initial efforts to determine the genomic location of the VV

a
r
gene were directed toward using the drug-resistant phenotype to

rescue the replication of WT VV from a-amanitin-induced inhibition.

To carry out these experiments, the HindIII and XhoI fragments of the

DNA genome of the ar mutant a-27 were subcloned into both plasmid and

cosmid vectors. However, when these fragments were used in marker

rescue experiments, it was discovered that the combination of the

cramanitin-mediated toxicity and the transfection of the calcium pho-

sphate-precipitated DNA rendered the recipient BSC-40 cells essential-

ly incapable of supporting a viral infection. Although low levels of

phenotypic rescue were observed, two- to threefold over background

(data not shown), it did not appear that this level of signal strength

would provide an adequate assay for further mapping studies. There-

fore as an alternative approach, we sought to obtain a collection of

a
r
ts mutants in the hopes that one or more of these mutants would

display dual phenotypes that were the result of single or two closely

linked mutational events. If such were the case, then a variety of

well-established genetic mapping procedures could be employed to

locate the site of the arts lesion (Condit and Motyczka, 1981;

Drillien et al., 1982; Ensinger, 1982).

To select arts mutants, essentially the same protocol was

employed as that previously used to isolate a-27 (Villarreal et al.,

1984), namely, low-multiplicity serial passages of hydroxylamine-

mutagenized VV were carried out in the presence of 6 pg of a-amanitin
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per ml, except the entire procedure was carried out at the permissive

temperature of 31°C. Passages 1 and 2 resulted in a 3-log drop in the

titer of infectious viral progeny. The emergence of an cr population

became obvious in passage 3 and became amplified by passages 4 through

6 (data not shown). Potential ats mutants were initially identified

from the progeny of passage 6 by using a plaque-enlargement technique,

which allowed large numbers of plaques to be screened (Condit and

Motyczka, 1981). Sixty individual plaques were isolated and grown up.

Each was subjected to (i) a spot test to confirm its ts phenotype

(Condit and Motyczka, 1981) and (ii) a quantitative determination of

the degree of resistance to cramanitin inhibition. It appeared that

11 of the 60 plaque isolates possessed the desired dual phenotypes

(Table III.1). Of these 11, only 2 (arts7 and arts12) were judged to

be sufficiently drug resistant to be of interest. a-Amanitin resist-

ance (ratio of efficiency of plating at 31°C with a-amanitin to that

without a-amanitin) was 55% for arts? and 40% for arts12. Therefore,

these two mutants were selected for further genetic analyses.

Genetic analyses. Before proceeding any further with the genetic

and mapping analyses of the two isolated mutants (arts7 and arts12),

it was important to determine the degree of leakiness of each mutant.

The leakiness test [(one-step growth at 40°C/one-step growth at 31°C)

X 100] yielded values of 0.2 and 0.17% for arts7 and arts12, respect-

ively. As discussed above, the usefulness of an arts mutant for

mapping purposes depends on the two phenotypes (ar and ts) being the

result of one or two closely linked mutations. To address this ques-

tion, a backcross was carried out at the permissive temperature (31°C)
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TABLE III.1. Screening Mutants for Temperature Sensitivity and
a-amanitin Resistance

Mutant No. Temperature Sensitivity
ara

7 + 55

12 + 40

20 + 2

30 + 4.5

37 + 10

40 + 3

42 + 4.8

46 + 5.3

50 + 9

59 + 2

60 + 4.1

aEfficiency of plating (30°C) with a-amanitin/efficiency of
plating (31 C) without a-amanitin. Only mutants with dual phenotypes
are displayed. The other 49 mutants failed to demonstrate a tempera-
ture-sensitive phenotype in the spot test.
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between WT VV and either arts7 or arts12. The progeny of the back-

cross was passaged in the presence of a-amanitin at the nonpermissive

temperature (40°C), and the progeny virions from this step were har-

vested and plaque titrated at 40°C. If a-amanitin resistance and

temperature sensitivity result from two different mutations, recom-

bination with WT virus between the mutations will cause the phenotypes

to segregate into progeny which are only ar and only ts. The ar

mutants will produce a higher titer at 40°C in the presence of the

drug than that of the parental viruses (Sridhar and Condit, 1983). In

the case of arts7 the titer was not higher than that of the parents,

whereas that of arts12 was higher than that of the parental strains

(Table 111.2). Recombination frequencies between the ar and ts

mutations of arts7 and arts12 yielded values of 0.7 and 1.4% respect-

ively. Previous workers have shown that recombination frequency

between two noncomplementing VV ts mutants is usually less than 1%

(Condit and Motyczka, 1981; Drillien et al., 1982; Ensinger, 1982;

Sridhar and Condit, 1983). These results tend to indicate that in the

case of a
r
ts7, a

r
and ts result from a single or two very closely

linked mutations within the same gene, whereas in the case of orts12

they are the result of two distinct but closely linked mutations.

Marker rescue. Since ts and ar lesions appeared to be closely

linked in arts7 and arts12, it seemed that a close approximation of

the genomic location of the gene encoding a-amanitin resistance could

be obtained by mapping the ts mutations of these two dual mutants.

Therefore, the ability of cloned WT VV HindIII DNA fragments (D

through 0) as well as the HindIII C fragment preparatively isolated
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TABLE 111.2. Genetic Characteristics of orts7 andarts12a

Selective Recombination
Cross Conditions for Frequency Titer

Assays of Virus Yield (%) (PFU/ml)

Cross

a
r
ts7 x WT 40°C, a-amanitin 0.7

a
r
ts12 x WT 40°C, a-amanitin 1.4

a
r
ts7 x a

r
ts12 40°C 12

Backcross

arts7 x WT 40°C, a-amanitin 1.96 x 10
5

WT x WT 40°C, a-amanitin 3.23 x 10
5

a
r
ts7 x a

r
ts7 40°C, a-amanitin 1.02 x 10

5

a
r
ts12 x WT 40°C, a-amanitin 9.6 x 10

4

WT x WT 40°C, a-amanitin 8.7 x 10
4

arts12 x arts12 40°C, a -amanitin 3.9 x 10
4

a
The complementation index of a

r
ts7 for the a

r
ts7 x artsl2

cross was 2.9.
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from gels to rescue the replication ofarts7 or artsl2 at the nonper-

missive temperature (40 °C) was assessed (Table 111.3). The HindIII A

and B fragments, which due to their large size have not been cloned in

our laboratory, were not used in the marker rescue experiments. In

the case of arts7, the transfection of plasmid DNA, carrier DNA, or 13

of the individual VV HindIII DNA fragments did not provide the neces-

sary functional gene to rescue out the ts lesion. The HindIII N

fragment, however, proved most efficient in this regard. In the case

of arts12 a similar situation existed, except that this mutant was

rescued by the neighboring HindIII M fragment. One of the predictions

of the two phenotypes arising from the same or two closely linked

mutations is that the DNA fragment that rescues the ts phenotype

should also convert the ar phenotype back to WT, namely, as. The

progeny virions from the arts7-HindIII-N and arts12-HindIII-M rescues

were assayed for their resistance to a-amanitin-mediated inhibition.

The N fragment converted arts7 to both temperature insensitivity and

drug sensitivity (1% resistance), whereas the progeny of the arts12-

HindIII-M rescue retained their drug-resistant character (55% resist-

ance). These results are consistent with the complementation and

recombination experiments (Table 111.2), which suggested that the ts7

and ts12 mutations were in closely linked but different genes. Figure

III.1 shows the genomic location of both mutations in the context of

the VV HindIII restriction map.

It was of interest to examine the biochemistry of arts7 and

r
ts12 replication to see how it correlated with previous observations

with VV ar mutants (Villarreal et al., 1984). Therefore, viral DNA
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TABLE 111.3. Marker Rescue of arts7 and arts12 by using HindIII
Fragments from WT VV

HindIII

Expt fragment

Titer (PFU/ml), 40°C Titer (PFU/ml), 31°C

a
r
ts7 a

r
ts12 a

r
ts7 arts12

I DD

E

F

G

H

I

J

K

L

M
N

0

pBR322
Salmon
sperm
DNA

None

II C

D

E

F

G

H

I

J

K

L

M

N

0

pBR322
Salmon
sperm
DNA

None

o
0

0

0

0

0

0

0

0

0

0

6.0 x
0

0

0

0

o
0

0

0

0

0

0

0

0

0

0

4.0 x
0

0

0

0

10
3

10
4

0

0

0

0

0

0

0

0

0

0

4.6 x
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

5.0 x
0

0

0

0

0

10
3

10
4

5.0 x 10
3

3

5.2 x 10
3

4.8 x 10
3

4.3 x 10
3

4.8 x 10
3

7.2 x 10
3

6.0 x 10
6.6 x 10

3

3
4.7 x 10

3
6.0 x 10

3
8.0 x 10

3
5.5 x 10

4
1.0 x 10

3
6.2 x 10

3
6.3 x 10

5.4 x 10
3

3.8 x 10
4

3.24 x 10
4

4
3.4 x 10

4
5.0 x 10

4
3.5 x 10

4
3.7 x 10

4
4.3 x 10

4
2.7 x 10
5.0 x 10

4

2.5 x 10
4

4
2.0 x 10

4
3.6 x 10
1.0 x 10

4

3.2 x 10104
3.6 x 10

2.6 x 10
4

3.7 x 10
3

3

3.0 x 10
4.1 x 10

3

6.0 x 10
3

7.0 x 10
3

4.5 x 10
3

5.5 x 10
3

2.0 x 10
3

6.3 x 10
3

4.6 x 10
3

4.2 x 10
3

5.0 x 10
3

1.0 x 10
3

3.0 x 10
3

6.0 x 10

3.5 x 10
3

5.3 x 10
4

4.8 x 10
4

3.2 x 10
4

5.0 x 10
4

3.0 x 10
3.7 x 10

4

1.0 x 10
4

4
2.7 x 10

4
6.3 x 10

4
2.8 x 10

4
4.0 x 10

4
3.0 x 10
3.0 x 10

4

5.0 x 10
4

5.3 x 10

3.2 x 10
4
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Fig. III.1. HindIII restriction map of the whole genome identi-
fying the fragments which rescue a ts7 (HindIII-N) and
cets 12 (HindIII-M) to temperature insensitivity.
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and protein synthesis at the permissive (31°C) and nonpermissive

(40°C) temperatures as well as proteolytic cleavage of the major core

precursors were analyzed in the hope of obtaining some information

regarding what makes these mutants temperature sensitive or 01-amanitin

resistant. As shown by the dot-blot analysis in Fig. 111.2, both

mutants were capable of replicating their DNA at the permissive and

nonpermissive temperatures.

Late viral gene expression was analyzed by pulse-labeling

infected cells at 8 h postinfection with [35S]methionine. The quali-

tative and quantitative expression of viral proteins for both mutants

was identical to that of the WT at the permissive and nonpermissive

temperatures (Fig. 111.3). Early viral gene expression was also

examined, with identical results (data not shown). To determine

whether cleavage of the major core precursors P94 and P65 was taking

place at the nonpermissive temperature, a pulse-chase experiment was

carried out late in infection. At the permissive temperature both

mutants were capable of processing P94 and P65 into their products,

VP62 and VP60, respectively (Fig. 111.3). At the nonpermissive tem-

perature both mutants were unable to carry out the processing event.
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Fig. 111.2. Dot-blot hybridization of viral DNA from BSC-40-infected
cells. Duplicate plal,es of BSC;40 cells were infected
with either the WT, a ts7, oralts12 at a multiplicity of
10 and incubated at 31 and 40%. At various times post-
infection the infected monolayers were harvested, and the
viral DNA was extracted and used for the dot-blot hybrid-
4;ation assay described in Methods and Materials. The
"P-labeled HindIII-J DNA probe was prepared from
cloned VV DNA (Belle Isle et al., 1981) by the method of
Maniatis et al. (1982). The specific activity of the
nick-translated probe was 1.5 x 10 cpm/pg. (A) DNA
extracted from WT-infected cells at 0, g, and 7 h post-
infection after incubation at 31 and 40 C. (B) DNA
extracted from a ts7- infected cells At 2, 7, And 12 h
postinfection afl,er incubation at 31 C and 40 C. (C) DNA
extracted from a'ts12-infected cells, at 2, 7 and 12 h
postinfection after incubation at 31% and 40%.
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Fig. 111.3. Temperature-mediated effects of VV proteolytic cleavages.
Cell monolayers were infected with a'ts7,a'ts12,
or WT VV at a multiplicity of 25. At 8 h postinfection,
the infgEted cells were pulse-labeled for 30 min with 5
Ci of [ S]methionine per ml. Isotope-containing medium
was then replaced with medium containing 10 mM unlabeled
methionine, and infection was allowed to proceed for 8 h.
Infected cell proteins were analyzed by polyacrylamide gel
electrophoresis. The two major VV core proteins, VP62 and
VP60, and their precursors, P94 and P65, are indicated.
The gumbers at the right indicate the molecular weights
(x10') of marker proteins.
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Discussion

In an effort to elucidate the nature of the host cell nuclear

involvement in vaccinia virus replication, we reported earlier

(Villarreal et al., 1984) the isolation and characterization of a

vaccinia virus mutant (a-27) that is capable of replicating independ-

ently of the host cell nucleus. As it became obvious that further

biochemical analysis of a-27 was unlikely to provide additional help

in identifying the mechanism by which the mutant is capable of circum-

venting the need for the host cell nucleus, mapping the genomic loca-

tion of the a-amanitin loci became imperative.

The first approach used, i.e., to marker rescue the replication

of WT VV from a-amanitin-mediated inhibition by using cloned fragments

of the a-27 genome, was hampered by the toxicity of a-amanitin, which

made the use of single-step mapping procedures impossible. To over-

come this obstacle we resorted to an alternative approach which

involved the isolation of an a-amanitin resistant, temperature sensi-

tive mutant in which both phenotypes were the result of one or two

closely linked mutations. Screening of 60 mutants yielded 2 (arts7

and arts12) that met this criteria. Marker rescue experiments with

the WT VV HindIII DNA fragments mapped the ar locus within the 1.5-kb

HindIII N fragment. These data suggest that a mutation observed

earlier at the junction of the XhoI-0 and XhoI-C fragments in a-27

(Villarreal et al., 1984) is not the site of the ar locus.

The fact that no temperature-sensitive mutations in vaccinia

virus have previously been mapped to the left 28.5 kb of the genome
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(Condit and Motyczka, 1981; Drillien et al., 1982; Ensinger, 1982), as

well as the isolation of a viable deletion VV mutant (S variant)

(Panicalli et al., 1981) that contains a 6.3-megadalton deletion in

this same area, led researchers to speculate that this may represent a

nonessential region of the genome. Recently Gillard et al. (1985)

revised this notion by showing that a host range mutant lacking 18 kb

at the left-hand end of the genome, and which is unable to grow in

human cell lines, can be restored to the WT phenotype by the addition

of the EcoRI Kfragment (5.0 kb), which encompasses most of the HindIII

N fragment, the HindIII M fragment, and part of the HindIII K frag-

ment. The fact that we were able to map two temperature-sensitive

mutations as well as the ar loci within the same region supports the

idea that essential VV genes are present in this region of the genome.

Extensive transcriptional and translational analyses of this area

of the VV genome by Belle Isle et al. (1981) and by Morgan and Roberts

(1984) revealed that there are a number of early transcripts but no

late transcripts encoded by the HindIII N fragment. One of these

early transcripts, which is translated into a 20K polypeptide, seems

to be fully encoded by the N fragment, whereas another early tran-

script, which is translated into a 55K polypeptide, is only partly

encoded by this fragment. No function has been ascribed to either of

the polypeptide products encoded partly or in full by the HindIII N

fragment.

The data obtained thus far do not indicate in a definite manner

what function is encoded by the a-amanitin resistance gene. A poss-

ible clue as to what an aspect of this function may be comes from the
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results of a pulse-chase experiment carried out in the presence of the

drug which showed that WT VV is unable to process the major core

precursors P94 and P65, whereas a-27 is capable of carrying out the

processing event (Villarreal et al., 1984). This is reinforced by the

finding that orts7, in which both phenotypes seem to be the result of

a single mutation, is unable to carry out the processing event at the

nonpermissive temperature (Fig. 111.3). By what mechanism and at what

stage the processing event is stopped remain to be determined.

We are currently sequencing this region of the VV genome believed

to contain the 1 gene to obtain the necessary information to allow

identification of the encoded gene products.
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CHAPTER IV

Sequencing of the Region in the Vaccinia Virus Genome Encoding
for m-Amanitin Resistance

Authors: Elcira C. Villarreal and Dennis E. Hruby
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Summary

The mutation responsible for conferring an a-amanitin-resistant

phenotype on the mutant arts7 was previously mapped to the

HindIII-N fragment by marker rescue experiments (Villarreal and

Hruby, 1986). Sequencing of the HindIII-N and left-hand

HindIII-M fragments by the Sanger dideoxynucleotide chain termi-

nation method, revealed the existence of two open reading frames: one

which is translated into a 20K polypeptide and a second one which is

translated into a 48K polypeptide. A computer analysis of the two

open reading frames showed that both.are extremely A-T rich and con-

tain approximately the same percentage of acidic and basic residues as

well as of aromatic and hydrophobic ones. A search of the NBRF Pro-

tein Data Bank revealed no significant homology between each of the

two open reading frames or with other proteins.
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Introduction

Poxviruses, such as vaccinia virus (VV), differ from other DNA-

containing animal viruses in that they are able to replicate and

transcribe their viral DNA completely within the cytoplasm of suscept-

ible host cells (Moss, 1974; Moss, 1979; Dales and Pogo, 1981). This

coupled to the fact that the virions contain or encode many, if not

all, of the enzymes required for the replication and expression of

their genetic information led to the early belief that VV replicated

entirely within the cytoplasm of infected cells without the partici-

pation of the host cell nucleus (Moss, 1974). In 1974 Pennington and

Follett were the first to challenge this notion and demonstrate that

VV is unable to replicate in cells that have been enucleated prior to

infection using the drug cytochalasin B. Hruby et al. (1979) and

Silver et al. (1979) followed this initial observation with a series

of experiments in which they showed that VV is unable to replicate in

the presence of the drug a-amanitin, a potent inhibitor of host RNA

polymerase II but not of viral transcription. These experiments led

to the conclusion that active participation of the host cell tran-

scriptional apparatus is required for VV replication.

As an initial step toward elucidating the nature of the viral and

host cell involvement in this interaction, a VV mutant (a-27) which

was capable of replicating in the presence of a-amanitin was selected

and isolated (Villarreal et al., 1984). A biochemical analysis of the

replication of a-27 versus wild-type VV, in the presence and absence

of a-amanitin, showed no differences with respect to DNA synthesis or
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viral protein synthesis. However, a major difference was observed in

the ability of the two viruses to carry out the processing of the two

major core precursor polypeptides, P94 and P65, in the presence of the

drug. Wild-type VV was unable to carry out the processing event in

the presence of a-amanitin whereas a-27 was capable of undergoing the

proteolytic reaction under the same conditions.

The mutation responsible for a-amanitin resistance has now been

mapped to the HindIII-N fragment of the VV genome using marker rescue

techniques (Villarreal and Hruby, 1986). According to the results of

a transcriptional and translational analysis carried out by Morgan and

Roberts (1984), there are two putative early genes encoded within this

region of the genome. One of these early genes is translated into a

20K polypeptide and is fully encoded by the HindIII-N fragment. The

second early gene is translated into a 55K polypeptide and is partly

encoded by the HindIII-N fragment and partly by the neighboring

HindIII-M fragment. We report here the results of an attempt to find

two open reading frames capable of encoding for the two putative early

genes.
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Methods and Materials

Cloning. Recombinant plasmids containing the VV HindIII restric-

tion fragments M and N in the HindIII site of pBR322 were obtained

from B. Moss (Belle Isle et al., 1981). Plasmids were purified from

amplified cultures of Escherichia colt HB101 grown in the presence of

20 pg of ampicillin per ml. Recombinant plasmids containing VV

HindIII-N, BamHI subfragments A through D, and VV HindIII-M, HaeIII

subfragments A and B were constructed as follows. Vaccinia virus

HindIII-N and M plasmids (5 pg) were cleaved with HindIII, the pro-

ducts were separated by electrophoresis in a 0.8% agarose gel, and the

1.5-Kbp VV N fragment was isolated by electroelution (Gailbert et al.,

1974). The N fragment was digested with BamHI, and the digestion

products were ligated to pUC13 (Vieira and Messing, 1982) cut with

BamHI, and BamHI plus HindIII. These plasmids were then transformed

into E. colt JM83 by the method of Kushner (1978). Plasmid DNA from

ampicillin-resistant, $-galactosidase-negative colonies was analyzed.

Plasmids were prepared by a scaled-up version of the method of Holmes

and Quigley (1981), purified by extractions with phenol and ether,

twice ethanol precipitated, and analyzed by digestion with the appro-

priate restriction endonuclease.

Recombinant plasmids containing VV HindIII-M, HaeIII subfragments

were cloned in pUC13 cut with HindIII and Smal as described above.

DNA sequencing. DNA was sequenced as described by Sanger et al.

(1977) with mpl8 and mpl9 derivatives of phage m13 (Messing and

Vieira, 1982) and a 15-base single-stranded DNA primer. Nucleotides,
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sequencing primers, and enzymes for cloning and sequencing were pur-

chased from New England BioLabs, Bethesda Research Labs, and Pharmacia

Fine Chemicals while the radio-label was obtained from New England

Nuclear/DuPont. DNA was manipulated, evaluated, and stored essential-

ly according to Maniatis et al. (1982).

Computer analysis. Sequences were analyzed (Queen and Korn,

1984) and compared for homology with the National Biomedical Research

Foundation (NBRF) Protein Data Bank using Microgenie software obtained

from Beckman Instruments, Inc. on an IBM personal computer.
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Results

Restriction enzyme analysis of the 1.5Kb HindIII-N and left-hand

side of the HindIII-M fragments. In order to locate restriction sites

within the HindIII-N fragment that would give rise to convenient size

fragments suitable for sequencing, a plasmid consisting of pBR322 and

the VV HindIII-N fragment was subjected to a series of single digest-

ions. Of the enzymes used in this analysis, BamHI was the only one

that cut the fragment more than once. Partial digestion (Maniatis et

al., 1982) of the aforementioned plasmid with BamHI, followed by

sizing of DNA fragments on agarose gels mapped the location of the

BamHI sites and gave rise to the map shown in Fig. IV.1. There are

three convenient BamHI sites within the HindIII-N fragment which give

rise to fragments of 290, 350, 375, and 565bp in size.

Nucleotide sequence of the HindIII-N and left-hand side

of HindIII-M. The restriction endonuclease map of the HindIII-N and

left-hand side of the HindIII-M fragments is shown in Fig. IV.1. The

arrows underneath the map summarize the strategy used for cloning DNA

fragments in m13 phage and their sequencing by the Sanger dideoxy-

nucleotide chain termination method. Both DNA strands and overlapping

fragments were sequenced to keep errors at a minimum. The nucleotide

sequence of the 2,356bp fragment is shown in Fig. IV.2. Translation

of the three reading frames in the rightward direction did not show

any significant open reading frames (orfs). However, translation in

the leftward direction revealed the existence of two orfs (Fig. IV.2).
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Orf 1 (526 nucleotides) encodes for a 20,854 dalton polypeptide and

Orf 2 (1,263 nucleotides) encodes for a 47,901 dalton polypeptide.

Table IV.1 shows the results of a computer analysis of the two

putative polypeptides in an attempt to find some similarities or

differences between the two. Both polypeptides contain approximately

the same percentage of acidic and basic residues as well as of aro-

matic and hydrophobic ones. Both polypeptides are also very A-T rich

which is consistent with previous sequencing data on other VV early

genes (Venkatesan et al., 1981; Venkatesan et al., 1982; Hruby et al.,

1983; Weir and Moss, 1983). In addition to the above analysis, the

NBRF Protein Data Bank was searched for homologies between these two

putative polypeptides and other proteins. There was no significant

homology between each other or with other proteins.
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Fig. IV.1. Restriction endonuclease map of the HindIII-N and left-
hand HindIII-M fragments as well as the strategy used to
sequence this area of the genome.
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Fig. IV.2. Nucleotide sequence of a 2,356bp segment of DNA encompass-
ing the HindIII-N and left-hand HindIII-M fragments.



32

100

TAGAGACTGATCCAACAAAGATTAATCCCCATTACCTACACCCCAAGGATAAATATCMATCATAATTCTGAGTATACCATGCCTGGIAGTTA7GGCGT200

GACAITTATAGATGAACTAAACCAGTGCCTTCTTGACATAAAAGAACTAAGTTATGATATTTMATAGAGAGTAAATTGTTGCAAATATACAGAAATAG
300

AAATAGAAATATTAATTiTTATACTACAATCGACAACATTATCTGGCCAGTATTATCTATCTCTTTATGCCAAATATAATAGTAAAAATTTAGATCTATT400

TAGGAATATCCIACAACCTATCGAACCTTCTGGAAATAATTATCACATTCTACATGCGTATIVIGGAATTAAAGGACTAGATGAACGATTIGTCGAAGAA
MetLeuGlnAlaIleGluProSerGlyAsnAsnTyrHisIleLeuHisAlaTyrCysGlyIleLysGlyLeuAspGluArgPheValCluGlu

500

CTTCTTCATAGAGGATACTCTCCAAATGAGACGGATGATGATGGAAATTATCCATTGCATATACCITCTAAAATTAATAATAATAGAATAGTCGCGATGC
LeuLeuHisArgGlyTyr5erProAsnGluihrAspAspAspGlyAsrayrProLeuRisIleAlaSerLysIleAsnAsnAsnArglleValAlaMetL

600

TGCTGACGCACCGCGCAGATCCAAACCCGTGTGATAAACATAATAAAACACCICTATATTATCTCTCCCGAACAGATGATGAACTCATAGAGAGAATAAA
euLeuThrHisClyAlaAspProAsnAlaCysAspLysHisAsnLysThrProLeuTyrTyrLauSerGlythrAspAspGluValIleGluArgIleAs700

ITTATTCGTACAGTATGGAGCCAAGATTAACAACTCGCTTGATGAAGAAGGATGTCGTCCGTICTTGGCGTCTACAGATCCTTCAGAAAGAGTCITTAAA

nLeuLeuValGlniyrGlyAlaLysIleAsnAsnSerValAspGluGluGlyCysGlyProLeuLeuAlaCysThrAspProSerGluArgValPheLys800

AAAATAATCTCCATCGGATTCGAAGCCAGGATAGTGGATAAATTIGGCAAAAATCATATITATAGACATCTTATG7CAGACAATCCAAAACCTTCTACAA
LysIleMet5erIleGlyPheGluAlaArgIleValAspLysPheGlyLysAsnHisIleHisArgHisLeuMetSerAspAsnProLysAlaSerThrl900

TCTCATGGATGATGAAACIAGGAATTAGTCCCTCAAAACCAGATCATGATGGAAATACACCTCTCCATATTCTATGCTCTAAAACACTCAAGAATGTAGA
leSerTrpMetMetLysLauGlyIleSerProSerLysProAspHisAspGlyAsnThrProLeuHisIleValCysSerLysThrValLysAsnValAs

1000

CATTATAGATCITTTACTICCATCAACCGATCTTAATAAACAAAACAAAITCCGAGATAGTCCTCITACACTSCITATTAAGACATTGAGCCCACCCCAT
pIleIlaAspLeuLeutauProSerThrAspValAsnLysClnAsnLysPheGlyAsp5erProLeuThrLeuLeuIleLysThrLauSerProAlaHis

1100

CTTATTAACAAATMCTATCGACTACCAATGTTATTACGGATCAAACACITAATATITGIATCTTTTATGATAGAGATGAT
AGAAATTATTAATC

LaulleAsnLysLeuLeuSerihrSerAsnValIlehrAspGlnihrValAsnIlaCysIlePheTyrAspArgAspAspValLauGluIleIleAsnA1200

ATAAAGGAAACCAATATGATTCTACCGATTITAAGATCGCTCTTGAACTGGGATCCATAAGATGCGTCAAATATCTATTAGACAATGATATAATTTGTGA
spLysGlyLysClnlyrAspSerThrAspPhaLysMetAlaValGluValGlySerIleArgCysValLysTyrLeuLauAspAsnAsplleIlecysG1

1300

AGATCCTATCTACTACCMTACTATCTGAATACCAAACAATCGTAGACTATCTATTGTTGAATCATTITAGTGTAGACTTTGTAGTTAACGGTCATACA
uAspAlaMetTyrryrAlaValLeuSerGluTyrGluThrMetValAspTyrLauLaaPheAsnHisPheSerValAspPheValValAsnGlyklisThr1400

TCTATGAGCGAATCTGTAAGACTAAATAACCCAGTCATMATCGAAGCTGAICTTACATAATCCTACTTCTGAGACCATTIATCTAACTATGAAAGCTA
CysiMet5erGluCysValArgLauAsnAsnProValIlaLauSerLysLoutietLeuHisAsnProThrSerGluThrMetTyrLauThrMetLysAlaI

1500

TAGAMAAGATAGACTAGATAAATCTATrATTATICCGITrATCGCGTACTITC2ACTTATGCATCCOGAMTTTGTAAAAATCGTAGATACMACTTC
leGluLysAspArgLeuAspLysSerIleIleIleProPheIleAlaTyrPheValLeuMatH1sProAspPheCysLysAsnArgArgTyrPheThrSe1600

ATATMACCT
rCfUCTGATTATCTTCATGAAGGAGTATCTTACGMGTATTCGATGATTATTTTTAACMAATAACATAMAATAATATA11 t III

rTyrLysArgPheValThrAspTyrVaLllisCluGlyValSerTyrGluValPheAspAspTyrPheEnd 1700

AGGATTCGATCATGACCTCCTCTGCAATGGATAATAATGAACCTAAAGTACTAGAAATGCTATATGATGCTACAATTTIACCCGAAGGTAGTAGCATGGA
MetThrSerSerAlaMetAspAsnAsnGluProLysValLeuCluMatValTyrAspAlathrIleLeuProGluGlySerSerMetAs1800

TCCAMTATCATGGATTCTATAAACAGACACATCAATATGTGTATACAACGCACCTATATITCTAGTATAATTCCCATITTGGATAGATTCCTAATGATG
pProAsnIleMetAspCysIleAsnArgHisIlsAsnMetCysIleGlnArgThrTyrSerSerSerIlelleAlalleLeuAspArgPheLauMetMet1900

AACAAGGATGAACTAAATAATACACACTMCATATAATTAAAGAATTTATGACATACGAACAAATCGCGATTGACCATTATGGAGGATATGTGAACGCTA
AsnLysAspClulatiAsnAsnThrGinCysHisIlenaLysauPheMetThrTyrGluGlntietAlaIleAspHisTyrGlyGlyTyrValAsnAlal2000

TTCTATATCAAATTCGTAAAAGACCTAATCAACATCACACCATTGATC7CTITAAAAGAATAAAAAGAACCCCGTATGACACTITTAAAGTGGATCCCGT
leLauTyrGlnIleArgLysArgProAsnGlnHisHisThrIleAspLeuPheLysArgIleLysArgThrArgTyrAspThrPheLysValAspProVa2100

AGAATTCGTAAAAAAAGTTATCGGATTTGTATCTATCTTGAACAAATATAAACC=TTATAGTTACCTCCTCTACGAGAACCTCCTCTACGATCAGTTC
1G1uPheValLysLysValIleGlyPheValSerlleLeuAsnLysTyrLysProValTyr5erTyrValLeuTyrGluAsnValLeuTyrAspGluPhe2200

AAATGITTCATTAACTACGTGGAAACTAAGTKITICIAMATTAATGATCCATTAAliiiiiCTATTGATTCTCAATCCTAAAAACTAAAATATCAATAA
LysCysPheIleAsnTyrValGluThrLysTyrPheEnd 2300

GTATTAAACATACCGCTCTACTAATTGATTIAACATAAAAAATACTIGTTAACTAAAATAGTTAAATTACTAACCATGAGGACTCTACTTATTAGATATA

TraTTGGAGAAATGACAACCATCAAACCTATTATAATCATGATITTAAMACCIT

Figure IV.2



TABLE IV.1 Computer Analysis

Composition 2° structure
Asn in
context

% hydro- V. aro- % alpha % beta for gly-

orf MW (Daltons) % acidic % basic phobic matic helix sheet cosyla-
tion

1 20,854 12.0 12.0 41.7 13.1 48.0 17.0 2

2 47,901 13.5 10.0 37.3 9.3 49.0 22.1 3

Computer analysis of the two open reading frames encoded within the HindIII-N and
left-hand HindIII-M fragments.
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Discussion

As an approach toward identifying the vaccinia virus gene(s) that

interact with the host cell nucleus during viral replication, we

reported earlier (Villarreal and Hruby, 1986) that the mutation

responsible for conferring upon the mutant arts7 an a-amanitin-resis-

tant phenotype had been mapped to the HindIII-N fragment. The next

step then, was to determine the nature and number of the genes encoded

within the HindIII-N fragment. Morgan and Roberts (1984), following a

transcriptional and translational analysis of this area of the genome,

had reported the existence of two putative early genes. Their data

indicated that one of the early genes is translated into a 20K poly-

peptide and is fully encoded by the HindIII-N fragment. The second

gene is translated into a 55K polypeptide and is partly encoded by the

HindIII-N and partly by the neighboring HindIII-M fragment.

In order to determine if we could locate two open reading frames

capable of encoding for these two putative early genes we sequenced

the entire 1.5Kb HindIII-N fragment as well as 0.8Kb of the HindIII-M

fragment by the Sanger dideoxynucleotide chain termination method.

Our sequencing data confirmed the existence of two open reading

frames: one encoding for a 20K polypeptide and one encoding for a 48K

polypeptide. We believe that the discrepancy between the value of 55K

reported by Morgan and Roberts (1984) and that of 48K obtained from

the sequencing data is due to inadequate molecular weight markers in

their SDS:PAGE gels.



85

A computer analysis of the two open reading frames showed that

both polypeptides have approximately the same percentage of acidic and

basic residues as well as of aromatic and hydrophobic ones. In addi-

tion, the two open reading frames are very A-T rich which is consis-

tent with previous sequencing data obtained for other VV early genes

(Venkatesan et al., 1981; Venkatesan et al., 1982; Hruby et al., 1983;

Weir and Moss, 1983). A homology search of the NBRF Protein Data Bank

revealed no significant homology between the two putative early genes

as well as with other proteins.

Currently, we are in the process of sequencing the same region of

the genome from the mutant arts7 as well as carrying out a series of

gene inactivation experiments in order to determine which of the two

genes or if both genes are involved in a-amanitin-resistance. In

addition, we have constructed fusion proteins in order to raise anti-

sera and follow the synthesis of the two proteins.
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