
AN ABSTRACT OF THE THESIS OF

Scott L. Weinrich for the degree of Doctor of Philosophy in

Microbiology presented on October 28, 1986

Title: Regulation of Late Gene Expression in Vaccinia Virus

/1
. '

Abstract approved: Redacted for Privacy
Dr. Dennis E. Hrull:___

The prototypal poxvirus vaccinia is a cytoplasmic-replicating DNA

virus which contains a large genome with the capacity to encode 200

polypeptides. Tight temporal regulation coordinates the expression of

this large number of genes throughout a relatively short replication

cycle. As a first step towards identifying and understanding the

regulatory mechanisms involved in gene expression of this virus, I

undertook a project designed to localize, sequence, and determine the

expression profile of genes representing the late temporal class.

Using greater than 50% of the viral genome represented by an

available plasmid library, I carried out hybrid-selected translation

to identify the genomic loci of major late gene products. After

determining the preliminary map positions of a number of late gene

products, I chose 65,000 and 32,000 dalton molecular weight late

proteins for further analysis due to their abundance in infected

cells, suggesting their importance.



I then carried out a series of S1 nuclease mapping experiments

that led to identification of the 5' ends of transcripts originating

from the genomic region of interest. After closing in on these late

genes by translational and transcriptional mapping techniques, I

determined the nucleotide sequence of 5.1 kilobases of DNA from that

region of the genome. The late genes of interest were found to reside

within a tandemly-oriented cluster of at least six closely-spaced late

genes.

The sequence information enabled me to construct probes necessary

for the precise mapping of the 5' ends for the corresponding mRNAs. I

extended these 5' S1 nuclease mapping analyses to include RNA I had

isolated from various times after infection. The results indicated

that the late gene cluster is non-coordinately regulated. Not only

did I find that these genes were turned on at different times, but

also that the qualitative profiles of steady state mRNAs were dif-

ferent.

The available nucleotide sequences, RNA start sites, and temporal

regulatory schemes of this late gene cluster should now facilitate a

directed approach to determining control signals responsible for

regulating late gene transcription in vaccinia virus.
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Regulation of Late Gene Expression in Vaccinia Virus

CHAPTER I

Introduction

Human involvement with the poxviruses dates back to the very

beginnings of recorded history. The dreaded disease smallpox, caused

by the poxvirus variola, was recognized as a major health problem for

at least 3000 years. During this time, epidemics of smallpox had a

major impact on the cultural and political affairs of man (Hopkins,

1983). While certainly the most notorious, variola is only one among

the many viruses which are collectively known as the Family Poxviridae

(Matthews, 1982). Divided into ten genera are nearly fifty viruses

which replicate in mammals, birds, or insects. Among the largest of

the animal viruses, the members of this family are generally

characterized by their complex morphology; large, double-stranded DNA

genome; and cytoplasmic site of replication (Dales and Pogo, 1981).

In addition to variola, eight other poxviruses can cause disease in

humans, and several of the poxviruses cause important veterinary

infections.

Most of the poxviruses that infect mammals are grouped into the

genus Orthopoxviruses. The best-studied member of this group is

vaccinia virus (VV). The first reported research involving VV dates

back to the late 1700's when Edward Jenner pioneered the practice of

vaccination (Baxby, 1981). When material taken from cowpox lesions
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was introduced into humans, a localized, mild disease resulted, after

which the individual was left immune to smallpox. Many years later it

was determined that the material contained VV, and that the basis of

protection was the serological relatedness of the two orthopoxviruses,

VV and variola. The safety and efficacy of VV as a live vaccine

prompted the World Health Organization to pursue a vigorous program of

confinement and immunization which resulted in the erradication of

smallpox, an unprecedented achievement in public health and disease

control (World Health Organization, 1980). After nearly 200 years of

highly effective use in immunoprophylaxis, VV is no longer

administered as a vaccine, since it would appear that variola no

longer exists in nature. However, VV, the prototype of the ortho-

poxviruses, continues to be intensively studied for a variety of

purposes.

First, VV research has and continues to contribute to our under-

standing of strategies used by viruses to replicate and express their

genomes. Having been the first animal virus to be seen microscop-

ically, accurately titered, physically purified, chemically analyzed,

and found to package enzymes, VV has paved the way for conceptual as

well as technical aspects of animal virology. In addition, the study

of VV offers a relatively safe means for obtaining information on its

pathogenic relatives. Second, VV infection serves as a model system

for studying host-viral interactions. Viral attachment and penetra-

tion, shut-off of host macromolecular synthesis, induction of inter-

feron, and the immune response to viral infection are among the

actively researched topics in this area. Such studies contribute to
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our understanding of viral pathogenesis and may lead to the develop-

ment of anti-viral therapy. Third, since poxviral replication occurs

apart from the host cell nucleus, VV offers a unique system for

examining basic biochemical mechanisms such as protein-DNA inter-

actions, regulation of gene expression, and RNA and DNA metabolism in

the absence of complications from the corresponding nuclear processes.

The results of recent studies which indicate strong homology for both

VV RNA polymerase (Broyles and Moss, 1986) and VV DNA polymerase (Earl

et al., 1986) with their eukaryotic counterparts add to the already

suggestive evidence that biochemical mechanisms utilized by VV are

similar if not identical to those used by the eukaryotic cell.

Fourth, VV can be engineered to express foreign genes. One distinct

advantage of this over other eukaryotic expression vectors is that the

foreign gene, its expression, and its product(s) can be studied apart

from the host cell nucleus. Besides use as a research tool, there has

been a great deal of interest in the applied sector for using VV to

express foreign antigens, hence to serve as a live recombinant vac-

cine. The potential of this approach for immunoprophylaxis against

human and veterinary pathogens has been shown in numerous cases

(Panicali and Paoletti, 1982; Mackett et al., 1982; Perkus et al.,

1985; Franke et al., 1985).

The research reported in this thesis represents the initiation of

a long term effort to identify and gain an understanding of the mecha-

nisms used by VV to regulate gene expression. This general topic

relates to each of the four purposes for studying VV listed above.

What is learned regarding VV gene regulation may directly reflect on
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those mechanisms used by other viruses as well as by eukaryotic cells.

The basis of host-viral interactions lies in the expression of gene

products that are involved in these interactions. The development of

VV as a eukaryotic expression vector has and will continue to rely on

information regarding native VV gene expression. To enable a clear

presentation of the specific research objectives of this thesis, a

synopsis of the general aspects of VV replication follows, after which

specific research relevant to this project is reviewed, followed by a

statement of the research objectives.

A schematic representation of VV replication is shown in Fig.

I.1. The vaccinia virion is brick-shaped with rounded corners and has

dimensions of approximately 270 x 218 nm. Unlike most DNA viruses,

poxviruses lack icosahedral symmetry and have a complex architecture.

The virion is bounded by a lipoprotein bilayer referred to as the

envelope or outer membrane. Electron microscopic examination of thin-

sectioned virions reveals the biconcave core (which contains the DNA

genome in the form of a twisted and folded nucleoprotein fiber) and

two lateral bodies that fill the concavities (function unknown). The

185-kilobase-pair DNA genome is double-stranded, cross-linked at the

ends, and has the capacity to encode 200 average-sized polypeptides.

Two dimensional polyacrylamide gel analysis of purified virions

identifies over 100 proteins that are associated with the virion

(Essani and Dales, 1979). Some of these proteins may be cellular in

origin and inadvertantly acquired during the packaging process. In

addition to the viral-specific DNA binding proteins, structural pro-

teins, and surface antigens, a variety of virus-encoded enzymes are
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Fig. 1.1. Vaccinia virus replication cycle. The complex vaccinia
virus (VV) virion particle enters susceptible host cells
by either direct penetration or membrane fusion. The
viral membrane is removed by host enzymes, the lateral
bodies disappear, and early viral mRNA species are trans-
cribed within the virus core and translated in the host
cell cytoplasm. Host cell macromolecular syntheses are
inhibited. One of the early viral proteins, an "uncoat-
ing" factor breaks down the viral core and liberates the
viral DNA. The viral DNA is then replicated in cellular
sub-structures called viroplasm. At the same time, viral
late genes are expressed. Lipid crescents form around a
portion of viroplasm. These immature particles migrate
away from the virus factory and undergo a series of mor-
phogentic condensation steps which results in the forma-
tion of infectious progeny virions some 10-12 hours after
the infection was initiated.
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packaged in the core. These enzymes, which play an essential role in

the cytoplasmic replication strategy of poxviruses, include a DNA-

dependent RNA polymerase, poly(A) polymerase, RNA guanylyltransferase,

RNA methyltransferase, and several other enzymes involved in RNA and

DNA metabolism.

VV attaches to susceptible host cell receptors and enters the

cytoplasm by either membrane fusion or direct penetration. After

entry, viral DNA is released by a two-stage uncoating process.

Uncoating I (Fig. I.1) takes place immediately after penetration, when

preexisting host cell enzymes remove the viral membrane leaving the

nucleoprotein core. The lateral bodies disappear, and early mRNAs are

transcribed, capped, and polyadenylated by viral enzymes within the

core. Early mRNAs are extruded from the core and translated in the

host cell cytoplasm. Among the 100 or so early gene products is an

uncoating protein which is required for Uncoating II. With the viral

DNA liberated, several early proteins including a viral-specific DNA

polymerase begin to replicate the genome in cytoplasmic foci known as

viroplasm or virus factories. Concomitant with or after the onset of

viral DNA replication, the late genes, including those encoding major

structural components of the virion, are selectively expressed while

most early gene products are no longer synthesized. If DNA replica-

tion is blocked, late genes are not expressed. Some viral proteins

require post-translational modification including cleavage, glycosyla-

tion, and phosphorylation. The complex series of morphogenesis begins

when lipid crescents form around a portion of viroplasm. These par-

ticles then migrate away from the virus factory and proceed through
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the course of morphogenesis resulting in the formation of infectious

progeny virions. A typical infection yields 200 progeny virions per

infected cell by ten to twelve hours after infection.

To efficiently execute this complex replication cycle in a rela-

tively short span of time, various regulatory mechanisms may be

required to manage the appearance, levels, and activities of the many

gene products involved. As a first level of regulation, expression of

the estimated 200 genes is under tight temporal control. As for other

DNA viruses, gene expression in VV is generally divisible with respect

to DNA replication into prereplicative or early and postreplicative or

late phases.

Early genes, of which there are about 100, are further divided

into immediate early and delayed early subsets. Minutes after enter-

ing the cytoplasm of a susceptible host cell, immediate early genes

are transcribed into mRNAs that are capped and polyadenylated by viral

enzymes present within the viral core (Barbosa and Moss, 1978; Baroudy

and Moss, 1980; Moss et al., 1975; Nevins and Joklik, 1977; Spencer et

al., 1980). Since these viral enzymes are brought into the cell

within the core, immediate early gene transcription is not blocked by

inhibitors of protein synthesis, and is in fact prolonged in the

presence of such inhibitors which prevent the core from uncoating

(Woodson, 1967). Virus cores can be induced to synthesize immediate

early mRNA in vitro, and when coupled with a cell-free translation

system, authentic immediate early proteins are produced (Pelham, 1977;

Cooper and Moss; 1978). The second subset of the early gene class is

the delayed early genes whose expression presumably requires one or
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more immediate early gene product(s) hence is sensitive to inhibitors

of protein synthesis.

A dramatic shift in gene expression accompanies the onset of VV

DNA replication. Most of the genome is being transcribed late in

infection (Boone and Moss, 1978; Paoletti and Grady, 1977), but only

late polypeptides are synthesized (Moss and Salzman, 1968; Pennington,

1974). Late mRNAs are found to include early sequences (Oda and

Joklik, 1967), and are capable of forming intermolecular duplexes with

themselves or with early RNAs (Boone et al., 1979; Colby et al.,

1971). These characteristics of late gene expression can be explained

by the finding that mRNAs encoding single late polypeptides vary

several-fold in length due to 3'-terminal heterogeneity (Weir and

Moss, 1984; Mahr and Roberts; 1984), unlike the early transcripts,

which have discrete sizes (Hruby et al., 1983; Mahr and Roberts, 1984;

Wittek et al., 1980). Apparently, late mRNAs simply run through early

genes as well as other late genes on the same or opposite strand. It

is unclear whether changes in cis or trans-acting elements are

responsible for the lack of discrete transcriptional termination at

late times. Like the early gene class, it appears that the late gene

class may contain subsets. By analysis of pulse-labeled polypeptides

synthesized in infected cells, it was inferred that at least two

subsets of the late gene class could be defined on a temporal basis

(Moss and Salzman, 1968; Pennington, 1974). A late-late subset has

been proposed which would contain those late proteins expressed after

virion maturation is already well underway (Ichihashi and Dales,

1973).
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Transcriptional mapping surveys by RNA:DNA hybridization techni-

ques indicated that early and late genes are distributed throughout

the length of the genome (Kaverin et al., 1975; Oda and Joklik, 1967;

Paoletti and Grady, 1977). This lack of overall temporal organization

of the VV genome was confirmed by translational mapping surveys (Belle

Isle et al., 1981; Chipchase et al., 1980). As a means for dis-

secting the mechanisms responsible for temporal regulation, numerous

labs have taken the approach of targeting individual genes for closer

analysis, with the hope that those examined would serve as representa-

tives of their temporal class. Much progress has been made in this

regard.

Many early and late genes have now been precisely localized, and

several have been sequenced (Venkatesan et al., 1981; Venkatesan et

al., 1982; Hruby et al., 1983; Weir and Moss, 1983; Weir and Moss,

1984; Bertholet et al., 1985; Plucienniczak et al., 1985; Rosel and

Moss, 1985; Broyles and Moss, 1986; Earl et al., 1986). For the

majority of VV genes identified, the function of the corresponding

gene product is unknown. While VV genes can be overlapping, tightly-

spaced, and tandemly-oriented, no evidence for splicing has been

found. Sequences upstream of both early (Mackett et al., 1984;

Vassef et al., 1985) and late genes (Weir and Moss, 1984; Bertholet et

al., 1985) have been shown to contain cis-acting regulatory

signals. These transcriptional promoters of VV genes show little or

no consensus amongst themselves or with other eukaryotic or prokary-

otic promoters, and are apparently unique.
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Various techniques that have been recently developed enable fur-

ther dissection of control sequences of VV transcription. Putative

promoter sequences linked to reporter genes can be assayed for tran-

scriptional activity by a transient expression system in which the

test DNA is introduced into the cytoplasm, followed by superinfection

with VV (Cochran et al., 1985a). This system preferentially measures

late promoter activity. Direct analysis of early promoter sequences

can be accomplished by run-off transcription assays using a virion-

derived, template-dependent, in vitro transcription system (Rohrmann

and Moss, 1985). Construction of recombinant VV is time-consuming but

perhaps the most informative assay system for control signals. Puta-

tive promoter sequences linked to reporter genes are recombined back

into a non-essential region of the VV genome. Recombinant virus is

purified, and then infected cells are assayed for the reporter gene

function. These techniques have only recently been employed for

studying regulatory signals in VV transcription, but have yielded

promising results. Tandem early and late regulatory signals were

found to reside just upstream of a gene encoding a 7.5 K polypeptide

(Cochran et al., 1985b). Weir and Moss (1984) obtained evidence that

cis-acting regulatory signals reside in 366 nucleotides preceeding

a late gene that encodes a 28 K polypeptide. Bertholet et al. (1985)

examined the 5' limit of a late promoter and found that 100 nucle-

otides of 5' flanking sequence from an 11 K polypeptide-encoding late

gene were sufficient for inducing temporal regulation. More recent

results regarding control signals from the 11 K late gene indicate

that 25 nucleotides upstream of the transcriptional start site are
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adequate for late expression (Hanggi et al., 1986; Bertholet et al.,

1986). With perhaps another 200 VV genes divided into four or more

temporal subsets, the dissection of control signals used by this virus

has only just begun. Coupling deletion and site-specific mutagenesis

to the assay systems described above has and will continue to yield

information regarding the specific control of VV gene expression.

At the outset of this research project, there was very little infor-

mation available on specific VV late genes and their expression. Due

to discrete transcript sizes, the early genes are easier to study,

hence several investigators have been and are continuing to examine

early gene regulation. While serving as a technical obstacle, the

peculiar features of VV late gene transcription suggest that novel

mechanisms of regulation may be employed. For this reason, and since

a complete understanding of VV gene regulation requires information on

all temporal classes of genes, I set out to obtain a detailed under-

standing of the expression of specific late genes. The following

chapters describe in detail my efforts in accomplishing the following

objectives: (i) identify representative VV late genes and determine

their precise genomic loci; (ii) determine the nucleotide sequence of

the localized genes; (iii) study in vivo expression of these late

genes. Not included in this thesis because of its preliminary nature

are recent results which identify and dissect cis-acting regula-

tory sequences found upstream of these late genes. This work is now

being continued by other members of our lab, and will undoubtedly

yield additional and more specific information regarding the regula-

tion of late gene expression in VV.
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CHAPTER II

Transcriptional and Translational Analysis of the

Vaccinia Virus Late Gene L65

Authors: Scott L. Weinrich, Edward G. Niles, and Dennis E. Hruby
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Summary

Among the products of vaccinia virus genes which are expressed

late in infection is a major polypeptide (Mr, 65,000) designated L65.

Pulse-chase analyses indicate L65 is not subject to post-translational

cleavage as is the core polypeptide p4b which migrates to a similar

position in sodium dodecyl sulfate polyacrylamide gels. A 65 K poly-

peptide produced in reticulocyte lysates programmed with viral mRNA

isolated late in infection was identified as L65 by peptide mapping.

L65 mRNA was purified by hybridization selection to restriction frag-

ments of the viral genome and translated in vitro. This allowed the

genomic location of the gene encoding L65 to be mapped to the right-

most 4.5 kilobases of the HindIII D fragment. Transcriptional mapping

of this region of the genome detected a late mRNA which was initiated

at 450 bases to the right of the HindIII D:A junction, was transcribed

in the leftward direction, and was terminated in the nondescript

manner typical of vaccinia virus late mRNAs.
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Introduction

The prototypic poxvirus vaccinia (VV) is a large, double-stranded

DNA virus that replicates in the cytoplasm of infected cells (Dales

and Pogo, 1981). The 185-kilobase-pair (kb) genome is expressed in a

temporally-regulated fashion (Wittek, 1982). Shortly after infection,

early genes are transcribed by a viral RNA polymerase contained in the

virion (Munyon et al., 1967). Concomitant with or after the onset of

DNA synthesis, late genes are expressed. Among the early polypeptides

are enzymes involved in the synthesis and maturation of RNA and DNA;

among the late polypeptides are the major structural components of the

virion. The mechanisms involved with the switch between the early and

late modes of gene expression are unknown.

As a first step towards deciphering the regulatory mechanisms

employed by VV, it is of interest to locate and compare sequences

which may be responsible for promoting and terminating early and late

VV transcription. Several early genes have been precisely mapped and

a few have been sequenced (Venkatesan et al., 1981; Venkatesan et al.,

1982; Hruby et al., 1983; Weir and Moss, 1983). 5' flanking sequences

of early genes, when fused to heterologous genes recombined back into

infectious virus, promote expression with the expected temporal regu-

lation (Mackett et al., 1984). Correct regulation of a foreign gene

has also been demonstrated using a late promoter (Weir and Moss,

1984). These upstream sequences of VV genes show little resemblance

to previously recognized eukaryotic or prokaryotic regulatory signals.
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It has been suggested that VV has evolved unique signal sequences

(Puckett and Moss, 1983).

An unusual feature of late transcripts is their extreme hetero-

geneity in size; RNA encoding a specific late polypeptide may vary

several fold in length, unlike the discrete sizes of early tran-

scripts. Hybrid selection and translation of RNA has proved an effec-

tive means to initially map late genes. A growing number of late

genes has been precisely mapped (Wittek et al., 1981; Cooper et al.,

1981b; Wittek et al., 1984a; Mahr and Roberts, 1984b; Wittek et al.,

1984b), and the sequence of one late gene has been reported (Weir and

Moss, 1984). In each case a specific 5' end was detected. Presumably,

termination signals or mechanisms late in infection are relaxed,

resulting in 3' terminal heterogeneity. To interpret this and other

characteristics of VV late gene expression, more extensive information

on genomic location and transcript structure of individual late genes

is required.

In this study, the map position of a 65 K polypeptide-encoding

late gene has been determined by hybrid selected translation and S1

nuclease mapping. The 65 K polypeptide is a major product late in

infection and does not appear to be associated with the virion.
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Methods and Materials

Cells and Virus. BSC-40 monkey kidney cells were maintained in

monolayer cultures in Eagle's minimal essential medium (MEM) plus 10%

heat-inactivated fetal calf serum (FCS). HeLa cells were maintained

in suspension cultures in MEM plus 10% FCS. VV, strain WR, was grown

in suspensions of HeLa cells maintained at a concentration of 5 x 105

cells per ml. Isotopically-labeled VV was grown in the presence of 2

uCi /ml [
14

C]-amino acids (55 mCi/mmol; New England Nuclear Corp.).

Cells were infected at a multiplicity of infection (MOI) of 1 and

after 48 h of infection, intracellular virus was released by lysing

the infected cells, and the virus was purified by sucrose gradient

centrifugation, as described previously (Hruby et al., 1979). The

titer of the purified virus was determined by plaque titration on

confluent monolayers of BSC-40 cells. All media and sera were

obtained from GIBCO Laboratories.

Plasmid construction and isolation. Recombinant plasmids contain-

ing VV HindIII restriction fragments D through 0 (comprising 50% of

the VV genome) in the HindIII site of pBR322 were constructed and

generously provided by B. Moss (National Institutes of Health). Plas-

mids were purified from amplified cultures of Escherichia coli HB101

grown in the presence of 20 ug of ampicillin per ml. Recombinant

plasmids containing VV HindlIl D subfragments EcoRI A through I and

BamHI A through D were constructed as follows: 100 ug of VV HindIII D

plasmid was cleaved with HindIII, the products separated by electro-

phoresis in a 0.6% agarose gel and the 16 kb VV D fragment was
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isolated by electroelution (Gailbert et al., 1974). The D fragment

was digested with either EcoRI or BamHI and the digestion products

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

plus HindIII, BamHI, or BamHI plus HindIII. E. coli JM83 was

transformed according to Kushner (1978) and plasmid DNA from ampicil-

lin-resistant, beta-galactosidase negative colonies was characterized.

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

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

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

priate endonuclease.

Recombinant plasmids containing VV HindIll A subfragments were

cloned in pUC13 as above using as starting material VV Sail J cloned

in pUC13.

Isolation and purification of VV RNA. Suspension cultures of

HeLa cells at a concentration of 5.5 x 105 cells per ml were collected

by centrifugation at 2,000 rpm for 5 min at 25 C in a Beckman J-21

centrifuge and then suspended at a concentration of 1 x 107 cells per

ml in adsorption medium (1 part Puck's saline, 1 part MEM plus 5%

FCS). Purified VV (10 PFU/cell) was added, and the cells were swirled

gently at 37 C for 30 min. The infected cells were then diluted to a

concentration of 5 x 10
5
cells per ml and shaken at 37 C for 6 h

before isolating late RNA. For isolating early RNA, 100 ug/ml cyclo-

heximide was added to the media and incubation was for 4 h. Infected

cells were pelleted by centrifugation at 2,000 rpm for 10 min at 4 C

and then washed three times with ice-cold phosphate-buffered saline

containing 1 mM magnesium chloride. The cells were swollen in
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hypotonic buffer (10 mM Hepes, pH 7.6, 10 mM NaC1, 1 mM magnesium

chloride) and then broken with 20 strokes in a tight-fitting Dounce

homogenizer. The homogenate was centrifuged at 2,000 rpm at 4 C for

10 min. The resulting supernatant was removed, and the pellet was re-

homogenized and centrifuged as above. The supernatants were pooled,

made 2% (w/v) in N-laurylsarcosine and 1 g/ml in cesium chloride,

and warmed to 25 C. This mixture was layered over a 2 ml cushion of

5.7 M cesium chloride-0.1 M EDTA (In hypotonic buffer containing 2%

N-laurylsarcosine). Then the mixture was overlaid with hypotonic

buffer (Glisin et al., 1974). Centrifugation was in a Beckman SW40

rotor at 25,000 rpm and 25 C for 12 to 18 h with a Beckman model

L8-70M ultracentrifuge. The resulting mRNA pellet was dissolved in

H2O and twice ethanol-precipitated in the presence of 0.15 M potassium

acetate (pH 5.3). mRNA was selected by affinity chromatography on

oligodeoxythymidilic acid cellulose (grade T-3; Collaborative

Research, Inc.). Polyadenylated RNA was eluted, twice ethanol-

precipitated, and stored at -70 C until used for hybrid selection or

translation.

Hybrid selection of VV mRNA. Binding of recombinant plasmid DNA

to nitrocellulose filters was carried out as described (Parnes et al.,

1981) using 20 ug of each recombinant plasmid. Plasmid DNAs were

digested to completion with the appropriate endonuclease and spotted

onto 5 x 3 mm squares of nitrocellulose. Hybridization solutions

contained 10 ug of polyadenylated RNA isolated from VV-infected HeLa

cells at 6 h after infection. Hybridization conditions and elution of

bound mRNA were as described (Maniatis et al., 1982).
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Reticulocyte lysate reactions. Rabbit reticulocytes were

obtained from Green Hectares, Oregon, Wis., and were used to prepare

translation lysates (Shih et al., 1979). In a final volume of 15 ul,

the cell-free translation reaction mixtures contained the following:

50% nuclease-treated reticulocyte lysate, 0 to 100 ug of VV mRNA per

ml, 10 mM Tris-hydrochloride (pH 8.2), 25 ug of creatine phosphokinase

(Sigma) per ml, 1.6 uM hemin, 125 mM potassium acetate, 0.6 mM magne-

sium acetate, 10 mM creatine phosphate (Calbiochem), 100 ug of calf

liver tRNA (Boehringer Mannheim Corp.) per ml, a mixture of 19 amino

acids (minus methionine) at a concentration of 100 uM each, 5 mM

dithiothreitol, and 0.1 mCi of [35S]methionine (1145 Ci/mmol; New

England Nuclear Corp.) per ml. To prevent double-stranded RNA-medi-

ated inhibition of protein synthesis, 4.5 mM cyclic AMP was included

(Cooper and Moss, 1979a). Reaction mixtures were incubated at 30 C

for 90 min. Protein synthesis was measured by spotting 2.0 ul samples

of the reaction mixtures on Whatman 3 MM filter disks and processing

them to determine hot trichloracetic acid-precipitable radioactivity,

as measured by liquid scintillation counting.

Polypeptide analysis. Gel electrophoresis in the presence of

sodium dodecyl sulfate was performed on 10 or 12% polyacrylamide slab

gels using the method of Studier (1973). A 4 ul portion of 355

labeled cell-free translation products, and equivalent amounts of 355 -

labeled VV-infected cell lysates or
14
C-labeled VV were diluted with

40 ul of sample buffer (1% (w/v) SDS, 50 mM Tris-hydrochloride pH 6.8,

10% (v/v) glycerol, 1% (v/v) 2-mercaptoethanol), boiled for 5 min, and

then electrophoresed at 150 V for 5 h. Gels were then processed for
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fluorography, dried, and stored at -70 C exposing Kodak XAR-5 X-ray

film. Exposures varied from 3 days to 3 weeks.

Peptide mapping by limited proteolysis. One dimensional peptide

mapping by partial digestion with Staphylococcus aureus strain

V8 protease (Sigma) was performed using the method of Cleveland et al.

(1977), specifically the digestion procedure for proteins in gel

slices. The proteins of interest were typically at too low a concen-

tration to identify by Coomassie brilliant blue (BioRad) staining,

hence molecular weight standards (Sigma) including the 66 K bovine

albumin were used to localize gel slices of interest.

S1 nuclease mapping. DNA end-labeled with polynucleotide kinase

(Bethesda Research Laboratories) and [gamma- 32P]ATP was mixed with 20

ug of late, early, or uninfected cell RNA in 30 ul of 80% formamide -

40 mM piperazine-N-N'-bis(2-ethanesulfonic acid) (pH 6.4)

0.4 M NaC1 1 mM EDTA. The mixtures were heated to 90 C for 5 min

and then incubated at 42 C for 3 to 4 h. After hybridization, the

mixtures were placed quickly in an ice bath, and 0.3 ml of cold 0.28 M

NaCl - 0.05 M sodium acetate (pH 4.6) - 4.5 mM ZnSO4 400 U/ml of

nuclease S1 (BRL) was added. After 5 min on ice, the mixtures were

incubated at 25 C for 1 h. After digestion, extraction with phenol-

chloroform, and addition of 10 ug of calf liver tRNA, nucleic acids

were precipitated with 2.5 volumes of ethanol. Protected fragments

were analyzed by alkaline agarose or sequencing gels (Maniatis, et

al., 1982).
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Fig. I1.1. Gel electrophoresis of the polypeptides synthesized in VV-
infected BSC-40 cells. Confluent monolayers were infected
(25 PFU/cell) and polypeptides were pulse-labeled by addi-
tion of [35S]methionine (25 uCi /ml) for 30 min periods
throughout the first 8 h of infection. At the end of each
labeling period, cells were collected by centrifugation,
and resuspended in sample buffer containing SDS. Lysates
were subjected to electrophoresis on a 12% polyacrylamide
gel and labeled polypeptides were visualized by fluoro-
graphy. The number of the lane indicates the time after
infection (hpi). Unlabeled lanes are times on the half
hour. The migration position and molecular weights (kilo-
daltons) of four brome mosaic virus proteins used as
markers are indicated on the left. Two representative
late genes are indicated on the right.
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Results

Protein synthesis in VV-infected cells. The time course of VV

protein synthesis can be demonstrated by infecting monolayers of BSC-

40 cells, pulse-labeling with [35S]methionine on the half-hour, and

electrophoresing the infected cell lysates on polyacrylamide gels

(Fig. II.1). VV DNA replication in these cells begins at 1.5 hours

post infection (hpi) and peaks at 3.5 hpi (Hruby et al., 1980). Hence

an approximate division can be drawn between the expression of VV

early and late genes. While close scrutiny of Fig. II.1 reveals many

different kinetic patterns of gene expression, obvious representatives

of major late gene products appear at 94 K and 65 K. If similar

lysates are electrophoresed on polyacrylamide gels for increased

periods of time, two closely migrating polypeptides at 65 K are

resolved (Fig. 11.2). Pulse-chase analysis shows that the larger of

the two polypeptides is apparently processed while the smaller of the

two remains intact throughout the chase period. It is likely that the

former corresponds to p4b, the precursor to the core structural pro-

tein 4b (Moss and Rosenblum, 1973). We designate the latter L65 to

indicate it is present in infected cells late in infection and of

approximate molecular weight 65 K. Not only is the fate of L65 dif-

ferent from that of p4b, but also L65 appears to be expressed with

different kinetics than p4b in that L65 is apparent at 2.5 hpi whereas

the synthesis of p4b is not switched on until 3.5 hpi (Fig. II.1).

The abundance of these polypeptides in infected cells at 5-8 hpi is

similar.
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Fig. 11.2. Pulse-chase analysis of polypeptides synthesized in VV-
infected BSC-40 cells. Infected cells were pulse-labeled
in media containing 0.1X the normal amount of methionine
at the indicated times post infection. At 8 hpi, pulse-
labeled infected cells were chased by replacing the
radioactive media with media containing 100X the normal
amount of methionine. Chase times indicated are hours
after the pulse at 8 hpi. Samples were analyzed by gel
electrophoresis as described in Fig. II.1.
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Fig. 11.3. Comparison of polypeptides synthesized in vitro with those
synthesized in vivo. Equivalent amounts of VV-infected
BSC-40 cell lysates, purified VV, or reticulocyte lysates
programmed with different RNAs were subjected to extended
electrophoresis on a 12% polyacrylamide gel. RLT heads
the reticulocyte lysate translation lanes in which labeled
polypeptides resulting from H2O (lane (-)), uninfected
BSC-40 RNA (lane U), or late RNA (lane L) programmed cell-
free translations were resolved. Infected cell lysates
were resolved in lane P, 8 hpi pulse; lane C, 8 hpi pulse
plus 8 h chase; and lane M, mock-infected pulse. Partial-
ly purified VV polypeptides are resolved in lane V.
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In vitro translation products of VV mRNA. mRNA isolated from VV-

isolated cells was translated in nuclease-treated rabbit reticulocyte

lysates, and labeled polypeptides were analyzed (Fig. 11.3). An

abundant amount of 65 K polypeptide is translated from late RNA (lane

L) and not from early RNA (data not shown). The in vitro synthesized

65 K polypeptide comigrated with L65 (lane C). Since apparent viral

polypeptides are translated in vitro, this suggests hybrid selected

translation as a means to map the L65 gene.

Hybrid selected translation of VV late RNA. A diagrammatic

representation of the DNA fragments used for hybrid selection is shown

(Fig. II.4A). Inserts were cut from purified plasmids, bound to

nitrocellulose filters, and used to select complementary species from

polyadenylated RNA isolated late in infection. Hybrid-selected RNA

was eluted from the filters and translated, and [
35

S]methionine

labeled polypeptides were analyzed.

Using 12 of the 15 HindlIl restriction fragments of the VV

genome, a number of late polypeptides are translationally mapped

(Belle Isle et al., 1981; data not shown). The HindlIl D fragment

selected RNA that encoded a 65 K polypeptide (Fig. II.4B, lane H3D).

None of the other 11 HindlIl restriction fragments used selected RNA

that encoded a 65 K polypeptide.

To further define the map position of the sequences selecting RNA

that encoded a 65 K polypeptide, BamHI and EcoRI restriction fragments

of the HindlIl D fragment were cloned (Fig. II.4A), and used in hybrid

selection. Sequences that hybridize to RNA encoding the 65 K poly-

peptide apparently span the BamHI site between the B and C fragments



30

Fig. 11.4. A) Diagrammatic representation of the HindIII restriction
map of the VV genome and restriction maps of the HindIII D
fragment as generated with BamHI and EcoRI endonucleases.
BamHI and EcoRI fragments were cloned in pUC13. Numbers
below each restriction fragment designate approximate size
in kilobases of DNA. B) Polypeptides synthesized in
reticulocyte lysates programmed with VV late RNA hybrid
selected by HindIII D:BamHI restriction fragments. In

vitro translation products of late RNA hybrid selected by
pBR322 (lane pBR), HindIII D (lane H3D), pUC13 (lane pUC),
BamHI A (lane A), BamHI B (lane B), BamHI C (lane C),
BamHI D (lane D); lane (-), no RNA added to the reticulo-
cyte lysate; lane BMV, brome mosaic virus RNA added to the
reticulocyte lysate; lane L, unselected late RNA added to
the reticulocyte lysate.
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(Fig. II.4B, lanes B and C), and may perhaps extend into BamHI A.

This map position was confirmed by hybrid selection experiments in

which the EcoRI fragments C, H and F selected RNA encoding the 65 K

polypeptide.

The identity of the hybrid selected 65 K translation product was

determined by partial proteolytic peptide mapping. In this experi-

ment, the in vitro peptide source was the 65 K polypeptide excised

from gel lanes in which EcoRI C hybrid selected translation products

were resolved. For the in vitro polypeptide, 65 K migrating material

was excised from gel lanes in which polypeptides from infected cells

pulsed at 8 hpi and chased for 8 h were resolved (Fig. 11.3, lane C),

allowing isolation of labeled L65. Staphylococcus aureus V8

protease digestion products of the gel isolated material indicated

identity between in vitro and in vivo 65 K polypeptides (Fig. 11.5).

Transcriptional mapping. BamHI fragments A, B, C, and D were gel

isolated and nick translated for use as probes in a Northern analysis

of VV early and late RNAs. Several distinct early transcripts were

detected; late RNA produced a heterodisperse mixture of transcripts

which ranged from 6 to 0.5 kb in size (data not shown).

Translational mapping data did not dismiss the possibility that

the L65 gene could span the HindIII site at the HindlIl D : A junc-

tion. Hence leftmost fragments of HindIII A were cloned from the Sall

J fragment which spans that junction (Fig. II.6A). These plasmids

along with those described above were digested with appropriate

restriction enzymes, fragments were gel isolated and then
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Fig. 11.5. Peptide mapping. Infected BSC-40 cell lysates pulsed at
8 hpi and chased for 8 h (in vivo) and reticulocyte
lysates programmed with EcoR1 C hybrid selected late mRNA
(in vitro) were electrophoresed in several lanes of a

first, 12% polyacrylamide gel. Gel slices at approxi-
mately 65 K migration were excised and loaded onto a

second 15% polyacrylamide gel. Protease digestion was
performed in the gel using 0.05, 0.25, 1.0, or 2.5 ug of
V8 protease per lane. Digestion products were visualized
by fluorography.



in vitro

V8

in vivo

Vag

1.11111...

Figure 11.5

I

34



35

radioactively labeled at the 5' ends for use in S1 mapping experiments

(Fig. II.6B).

An analysis of the late RNA-protected fragments of probes 9, 7,

6, 5, 3.2, 3.1, and 2 indicated that a major late transcript was

initiated in the leftmost sequences of HindIII A and transcribed in

the leftward direction which protected the entire 3.2 kb probe and

3600 by of the 6 kb probe. Late RNA protected 450 bases of probes

2.8, 1.6, and 1.2; early RNA protected 560 bases of these three probes

(Fig. II.6C). Probe 0.7 confirmed these results. Hence the likely 5'

end of the L65 transcript maps at 450 bases to the right of the

HindIII D : A junction. At 100 bases upstream of the late start site

maps a 5' end of an early transcript also read in the leftward direc-

tion. Additionally, probes 2.8, 1.6, 1.2, and 0.7 are completely

protected by late RNA and not by early nor uninfected cell RNA (Fig.

II.6C). The full length protection may be due to other late tran-

scripts which initiate upstream on the leftward reading strand.
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Fig. 11.6. Locating the 5' of a late transcript by nuclease S1
mapping. A) Restriction map of the genomic region of
interest, the 9 kb Sall J restriction fragment is ex-
panded. The map position and direction of transcription
mRNA for polypeptide L65 is. indicated. B) Various DNA
fragments isolated and end labeled (solid circle) with
(gamma-32NATP and polynucleotide kinase for use
as S1 probes. C) Probe 1.2 was hybridized to 20 ug of
uninfected BSC-40 cell RNA (lane U), 20 ug of early RNA
(lane E), or 20 ug of late RNA (lane L), single strands
were digested with nuclease Sl, and the resistant hybrids
were analyzed on sequencing gels. Lane P is undigested
probe. Sizes of protected fragments in bases are indi-
cated.
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Discussion

Triggered by VV DNA replication, the viral transcriptional

machinery expresses late genes with little apparent regard for dis-

tinct transcript termination. This may explain the anomalous charac-

teristics of late mRNA biogenesis: (i) late transcripts show extreme

size heterogeneity (Cooper and Moss, 1979a; Mahr and Roberts, 1984b);

(ii) late transcripts include early sequences (Oda and Joklik, 1967)

and are able to form intermolecular duplexes with themselves or with

early RNAs (Boone et al., 1979; Colby et al., 1971); (iii) early

transcript sequences are detected late in infection but most early

proteins are not synthesized at this time (Boone and Moss, 1978;

Paoletti and Grady, 1977). These characteristics have hindered tran-

scriptional and translational methods of mapping, hence locating late

genes has lagged behind early genes. However, since precise mapping

of the VV genome is required for the elucidation of regulatory mechan-

isms, we undertook mapping the L65 gene as a representative of the

late gene class.

Previous translational mapping studies provided substantial pre-

liminary data (Cooper and Moss, 1979b; Chipchase et al., 1980; Belle

Isle et al., 1981). The results indicated a concentration of late

genes towards the central portion of the 185 kb genome. Among these

was a 65 to 70 K polypeptide-encoding late gene that mapped to HindIII

D. By translational mapping we localized this gene to the rightmost

4.5 kb of the HindIII D fragment. We identified this hybrid selected
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translation product as the VV late polypeptide L65. Since only 2 kb

are required to encode a polypeptide of this size, the translational

data undoubtedly reflect the expected size heterogeneity of the L65

transcripts. It can be seen in Fig. 11.4 that the HindlIl A proximal-

HindIII D sequences most strongly selected L65 RNA. Assuming that

length heterogeneity was due to the 3' end of the transcript and that

RNA sequences were equally available for DNA hybridization, this

suggested that the L65 gene was transcribed in the leftward direction,

as are most of the late genes which have been precisely mapped (Wittek

et al., 1981; Cooper et al., 1981b; Wittek et al., 1984a; Mahr and

Roberts, 1984b; Wittek et al., 1984b).

A variety of 5' end labeled DNA fragments was used in Si mapping

experiments to locate the likely 5' end of the L65 transcript at 450

bases to the right of the HindIII D : A junction. The direction of

transcription was leftward. A Northern analysis of late RNA using as

a probe the rightmost 3.2 kb of HindIII D detected a complex mixture

of complimentary RNA species. These results combined suggest the 3'

end of the L65 transcript is the source of heterogeneity. In parallel

experiments, the 5' end of an early leftward reading transcript was

detected at 560 bases to the right of the HindIII D : A junction.

Northern analysis of early RNA using the rightmost HindIII D probe

detected several minor and a major transcript of approximately 2 kb.

We are examining the possibility of L65 being expressed early in

infection. Similarly, the p4b late-specific transcript is initiated

about 35 bases downstream of the initiation site of an early
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transcript (Wittek et al., 1984b). The biological relevance of these

early RNAs is unclear.

Tightly spaced and overlapping transcripts have been described in

previous mapping studies of VV early and late genes (Cooper et al.,

1981b; Mahr and Roberts, 1984a; Mahr and Roberts, 1984b), while no

evidence for splicing has yet been found. The genomic vicinity of the

L65 gene is similarly crowded. The p4b late-specific transcript is

initiated approximately 3 kb upstream of the L65 initiation site

(Wittek et al., 1984b). While 2 kb is adequate to encode the 65 K p4b

polypeptide, 3' extension of the p4b transcript (in typical late

fashion) appears to reach into the L65 gene, as evidenced by full

protection of the HindIII A-specific probes. Northern analysis maps

several early RNA species to the rightmost BamHI B fragment of HindIII

D. In addition, several different VV temperature sensitive mutants

are marker rescued by the BamHI B fragment (Niles, unpublished data).

It would appear that this is an active region of the genome.

The precise map position of VV late gene L65 has been determined.

Our current line of investigation pursues the dissection of the con-

trol sequences responsible for the regulation of this late gene, and

the determination of the function of the L65 polypeptide. The

increasing amount of data concerning VV early and late genes may soon

lead to an understanding of the regulatory mechanisms employed by this

virus.
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CHAPTER III

A Tandemly-Oriented Late Gene Cluster

within the Vaccinia Virus Genome
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Summary

The nucleotide sequence of a 5.1 kilobase-pair fragment from the

central portion of the vaccinia virus genome has been determined.

Within this region, five complete and two incomplete open reading

frames (orfs) are tightly-clustered, tandemly-oriented, and read in

the leftward direction. Late mRNA start sites for the five complete

orfs and one incomplete orf were determined by Si nuclease mapping.

The two leftmost complete orfs correlated with late polypeptides of

65,000 and 32,000 molecular weight previously mapped to this region.

When compared with each other and with sequences present in protein

data banks, the five complete orfs showed no significant homology

matches amongst themselves or any previously reported sequence. The

six putative promoters were aligned with three previously sequenced

late gene promoters. While all of the nine are A-T rich, the only

apparent consensus sequence is TAA immediately preceeding the initi-

ator ATG. Identification of this tandemly-oriented late gene cluster

suggests local organization of the viral genome.
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Introduction

Vaccinia virus (VV), the prototype of the orthopoxviruses, is

characterized by a complex morphology; a large, cross-linked, double-

stranded DNA genome; and a cytoplasmic site of replication (Moss,

1985). The technical advantages offered by cytoplasmic replication

have facilitated investigations of several aspects of the VV life

cycle, some of which may parallel related processes in higher cells.

One of these aspects that has received particular attention is the

regulation of VV gene expression. In addition to the basic biological

relevance of elucidating genetic regulatory mechanisms, the continued

development of VV as a eukaryotic expression vector and recombinant

vaccine relies on the availability of such information (Panicali and

Paoletti, 1982; Mackett et al., 1982; Perkus et al., 1985; Franke et

al., 1985).

With the capacity to encode approximately 200 average-sized poly-

peptides, the 185-kilobase-pair (kbp) genome of VV is expressed under

tight temporal control in infected cells (Wittek, 1982). Within

minutes after infection of a susceptible host cell, early genes are

transcribed by a viral RNA polymerase contained in the virion (Munyon

et al., 1967). About an hour later, with the onset of viral DNA

replication, late genes are expressed, and the expression of most

early viral genes is repressed. The molecular mechanisms underlying

modulation of the early and late modes of viral gene expression remain

unknown. An initial step towards identifying control elements is to

locate, compare, and dissect sequences which may be responsible for
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promoting and attenuating early and late VV gene transcription.

Preliminary transcriptional and translational maps of the VV genome

suggested an absence of global organization (Cabrera et al., 1978;

Belle Isle et al., 1981; Chipchase et al., 1980). As representatives

of the early or late classes, individual genes, particularly those

strongly expressed, have been targeted for closer analysis. An

increasing number of early and late genes have been mapped, and the

nucleotide sequences of several of these have been reported

(Venkatesan et al., 1981; Venkatesan et al., 1982; Hruby et al., 1983;

Weir and Moss, 1983; Weir and Moss, 1984; Bertholet et al., 1985;

Plucienniczak et al., 1985; Rosel and Moss, 1985). Sequences upstream

of both early (Mackett et al., 1984; Vassef et al., 1985) and late

genes (Weir and Moss, 1984; Bertholet et al., 1985) have been shown to

contain cis-acting regulatory signals. These promoters of VV

genes show little or no consensus to other eukaryotic or prokaryotic

promoters, and are apparently unique.

We previously reported the genomic location of a 65,000 molecu-

lar-weight polypeptide-encoding late gene (L65), as determined by

hybrid-selected translation and S1 nuclease mapping (Weinrich et al.,

1985). The L65 polypeptide was shown to be a major viral product late

in infection that does not appear to be associated with the mature

virion. Recently, rifampicin resistance was mapped to the L65 gene

(Tartaglia and Paoletti, 1985). In the presence of rifampicin, VV

replication is arrested late in morphogenesis, and precursors of

virion structural proteins are not processed to their mature forms

(Moss and Rosenblum, 1973). This suggests that the L65 polypeptide
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may be involved in virion assembly. We now report the nucleotide

sequence of 5.1 kbp of DNA which contains and flanks the L65 gene

locus. The open reading frames (orfs) found correlate closely with

transcriptional and translational mapping results. Identification of

a tight cluster of late genes all read in the same leftward direction

suggests local organization of the VV genome.
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Methods and Materials

A recombinant plasmid containing the HindIII D fragment of VV

DNA, strain WR, was originally obtained from B. Moss. Purified VV DNA

was digested with Sail and ligated to Sall- digested pUC13 to obtain a

clone of the Sall J fragment, which spans the HindIII D-A junction.

Subfragments of HindIII D or Sall J were cloned into pUC13. Details

of these plasmid constructions have been described (Weinrich et al.,

1985). Selected VV sequences were recloned from pUC13 derivatives

into M13 mpl8 and M13 mpl9 phage. DNA sequencing was by the dideoxy-

nucleotide chain termination method (Sanger et al., 1977), or by the

chemical sequencing method (Maxam and Gilbert, 1977). Enzymes used

for construction of recombinant plasmids or phage, and all materials

used in sequencing reactions were obtained from Bethesda Research

Laboratories, New England Nuclear Corp., and Aldrich Chemical Company,

Inc. Isolation of VV late RNA, and S1 nuclease reactions were per-

formed exactly as described in detail (Weinrich et al., 1985).

Sequences were analyzed (Queen and Korn, 1984) and compared for homol-

ogy 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

Nucleotide Sequence. HindIII and Sall restriction enzyme digests

of the VV genome result in manageable numbers of conveniently-sized

DNA fragments. The complete HindIII map and the location of a spe-

cific Sall fragment of the VV genome are shown in Fig. III.1. The 10

kbp Sall J fragment spans the HindIII site between the 16 kbp HindIII

D fragment and the 50 kbp HindIII A fragment. With respect to the

Hind!!! D-A junction, an Sstl site 1647 nucleotides (nt) to the right

and an EcoRI site 3468 nt to the left define the limits of the 5115 nt

segment that was sequenced.

After extensive restriction mapping analysis, selected fragments

were cloned into M13 mpl8 and/or M13 mpl9 for dideoxynucleotide chain

termination sequencing (Fig. 111.3). The sequence that was determined

is shown in Fig. 111.2. For most regions (85%), the sequence of both

strands was determined. Several areas were confirmed by chemical

sequencing (e.g., Fig. 111.4).

When translated in all three reading frames in the rightward

direction (from EcoRI to SstI), there were no significant orfs.

Translation in the leftward direction revealed five complete orfs and

two incomplete orfs (Fig. 111.3). For convenience, the five complete

orfs were designated orf 0 through orf 4 in order of appearance from

SstI to EcoRI. The leftmost, incomplete orf was designated orf 5.

Approximate molecular weights of the translated sequences appear above

each orf. The organization is tandem, with spacer sequences of 14,

-4, 20, 23, 30 and 34 nt between adjacent orfs.
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Fig. III.1. Restriction maps of vaccinia DNA. HindIII fragments
are designated A to 0 according to size. The Sall J
fragment is expanded, a partial restriction map is
shown, and the limits of the 5115 nucleotide frag-
ment that was sequenced are indicated.
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Transcript Mapping. In order to map the 5' ends of transcripts

originating from this region of the genome, restriction fragments

spanning the first ATG of each open reading frame and 5' end-labeled

at the downstream restriction site were gel isolated. The size,

termini, and 5' end labeled for these probes are indicated in Fig.

111.4. Each probe was denatured and annealed to 20 ug of total RNA

isolated from uninfected cells or from infected cells at late times

post infection, and then treated with Si nuclease (Weinrich et al.,

1985). No Si nuclease-protected fragments were detected when RNA from

uninfected cells was hybridized to the probes (data not shown). S1

nuclease-protected fragments resulting from hybridization with late

RNA are shown in lanes Si, for each of 6 open reading frames, along-

side Maxam-Gilbert sequencing reaction A + G (lanes AG) performed on

the same labeled DNA fragment.

After correcting for 1 to 1.5 bases to account for the elimi-

nation of the modified terminal nucleotide during chemical sequencing,

the 5' ends of major late transcripts were mapped upstream of putative

initiator ATGs as follows: orf 0, 1-3 nt; orf 1, 35-37 nt; orf 2, 2-4

nt; orf 3, 9-11 nt; orf 4, 2-4 nt; orf 5, 2-4 and 30-31 nt. These

positions are indicated in Fig. 111.2. We conclude that genes repre-

sented by orfs 0 to 5 are transcribed late in infection.

Open Reading Frames. As an indication of their protein-encoding

potential, codon utilization in the orfs was analyzed. Orf 3 was used

as a basis for comparison since the corresponding polypeptide has been

identified in infected cells (Weinrich et al., 1985). Orfs 1, 2, 4
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Fig. 111.2. Nucleotide sequence of the central 5.1 kbp of the Sall J
fragment. Contiguous sequence of the leftward-reading
strand is shown, beginning at the leftmost SstI site of
HindIII A, and extending to an EcoRI site within the
HindIll D fragment. Open reading frames (orfs) are
numbered 0 through 5. Late RNA start sites are marked
with arrowheads. Putative control signal TAAs are under-
lined.
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$stl 100

4AGCTCTCAAAAACCAGTACA6G6AATTATCAATCCATTCAGACGATGCTITITATCAATGCTTGAA7CGCCACGCTTC6CTKITTGCTCCCTCAMACA
Ala1AuLysAanClnTyrLysLysLeuSerMetAspSer6sp6spGlyfttryrCluTry1AuAsnClyAspGlySertialPhe6laAlaSerLysC1

200

GCAAATTITCATGAATCACCTIGCTA6C7TTGACGACCATCTICIAACTATCCAAGAACCCATTMCATGATTTCGAGACATTGITCIATCTTAAT7TAT
nClnMetLauMetAsnHisValAlaAsnPheAspAspAspLeuLauThrMetGluGluAlaMetSerMeclleSerArgHksCysCyslleLeuIleTyr

.100 300

CCACACCATTATGATCAATATATTACCGCTAGACATATT6CAG6ACTATTTTAGATTATGATATITA6ATGACT7GCTACGAAAA6T6T6ACATICTACT
AlaGlnAspTyrAspG1nTyrIleSerAlaArgHisIleihrGluLeuPheEnd Met5er7rpTyrCluLysTyrAsnlleVa114

400

GAAGTCCCCTAACCGCTGTICTITTGCATGICCGGATAATTTA6CTACTATATTCGCGCAAGACCGT6ACCATATTAGGGCGATACTTTATTCACACCCC
uLysSerProLysArsCysSorPheAlaCysAlaAspAsnLauThrThr1161.6uAlaGluAspGly6snHislleArgAlalleLatayr5erClnPro

1500
AAMAAMAAAAATATTACAGGATTITCTCGCAACCTCTAGAAATMAAIGTTMATAMAAATATIGGACGACCAGATACCIAGACNTTAACASCAA
LysLysLouLyslleLauGlnAspPbeLeuAlaThrSerArgAsnLysMetneLauTyrLysIleLeuAspAspCluIleArgAres1LeurhiEnd

Marfa
600

ICIACGATTATCTACCW/7GTAGACACAACCGTATAGTATCTGAACAAGGATATGAATATTCTATTITTTGCGAGTCGCTATTIC6AMATCTACAAAG
nLauArgLauCysSerGlyCysAreisAsnClyIleValSerGluGlnGlyryrCluTyrCysllefteCysCluSerValPheGlillysCysThrLys

700

CIACAAAAAAACTCAAACITCCATCTCTCTAATAAACTTATITAITITAGAAATCTAnCCGCAGATTATTCTCTCATCAATCTICTCCAGMATTATCT
StalanlysLysSerAsn2116H1sValSerAsnlysLoullensLeuArg6snValLauArgAresuLauSerHisClnCysSerGlyGluIleIle5

800

CGGAACTCITGGATATCPaGGAAAAAAATCA6ATATCCACGCATCATG76CATCCAAATTITGTATC7ACTITTCTTAAGGCTAACGAGAGAATAAATAA
orGlulaulauAspIleMetGluLysAsoGlnlloSerThrAspAspVa1AspAlaAsnfteValSerSerPheLeuLysAlaAsnCluArgIleAsnLy

900

AAACCATTATAACITAGICTTICAAATAATCAASCAACTAAAAGATGAGAAACICAATCTGAGTACAGAAAAGATTAATGAACTACTAGMATASTIAAG
sLysAspTyrLysLeuValPheCluIlaIloAsnGlnValLysAspCluLysLeuAsnLeuSerThrCluLysIleAsnGluVa1V6IClullePheLys

1000

CACT7CGTATTCTITTGCCAACAAAACACTCCTTCTAACACAAITAATTAITCATTLiixliGGATAMATATTCGATATCACITCTCT6ACTAAAAATC
HisLeuValPhophoCysGlnGluAsnThrProSerLysThrIlmAseryr5erftePheLeuAspLysllePheAspIleThrSerV61ThrLysAsnL

1100

TAMACCTCAAACTCITMMATTATACCAAAAATAATACTMCCMITACTATGGGMML 11111AGCACATATGAGATCTAAAMACCTCTMCTAT
euLysProGlrahrValLysAsniyrrhrLysAsnAsnSerAsnGlawaValTrpGluAsnPheLauAlsHisMetArgSerLysLys6realThrMe

GGTAGAGGATTATGGACACCACTAIWIwuLAGATGAGAGGTMCTACTIGCTCATTAGAAGTATAAAAAAATACTTCCGTAATT"AAA'2TGCCTAA12G0C0
tValCluAspTyrGlyHisGlutyrValPheValAspCluArgfteSeribrCys5erleuGluValEnd MotAlaLysA

1300

GAGTAACCCVCCAGATCTGCTIA1TTCACCACCTAAACCACTIT/TAACCCCGCTAAACAAGAACCACTCGCITCTATACTACCAAACTATTATAAATC
rgValSorLeuProAspV611/61116SerAlaProLysAlaValPhoLysProAlaLysCluCluAl6LeuAlaCysIlsLauProLysTyrTyrLysSe

1400

TATWCAGATGIGICTATTAAGACAAATAGTGTAATTGATAAGTGTTGarriGTAATCAAGArrTGOTTTTTAAACCIATTAGTATTGAGACATTCAAG
rftt.A16AspValSer116LysihrAginSerValI16AspLysCystrpPheCysAsnGlnAspLauValPheLysProIleSerIleGluihrPheLys

1500

GCTGCTGAACITCGCTASTSCTCTTCTAAAATATCIAGGGATICCITCGCCTCTAIGGTIAACITTCACCIAGCTCTTAGAGAAGAACCAAAAKITIM
GlyGlyGluValGlyTyrfteCysSerLysIleCysArgAsp5erLeuAlaSerMetValLysSerN1sValAllazuArgCluGlutroLysIle6art

ICTICCCTITAGTATTCTATCAAGATAACGA.A.AACCICATAAATACAATAAACTrACTAACAGATAAACACGGCCTTTACGGAACCTCTIACTITAL6C0A0
tuLeuProLauValPheiyrClu6spLysCluLysVallleAsnThrlle6snLeuteu6rgAspLysAspGlyVa1TyrGlySerCysTyrPheLvsG1

vt, 3
AAACTCACAAATTATAGATATTiCTCTACCGACTITATTCTAACCIlliiCCATMMATACAAAATC6ATA6T6CTATCATT6A77.7777GATCG70GG
uAsn5erClnlleIleAspIleSerLeuArgSerLouLeuEnd MetAsn6snIhrllelle6sr.SerLeulleGlvi:

CGGATGACTCTATTAAACCGTCT6ATGTCTTCGC6C7CCATAGTWATTCCAACTTTATATATGCCGCA6TATATTTCTCTATCCGGACTUTCAAA
lyAspAspSerIleLysArg5erAsnValPhe6laValAspSerGlnlleProThrLeuTyrMetProGlnIvrIleSerLeuSerG:vValMetThrAs

CGATGCTCCAGACAKICAGGCTATCGCTACCTTCGAAATTAGGCATCACTATATIACTCCGCTTAATCATTICCTICTGAGTTIGGA.67.7CCAGAA900CTI

nAspGlyProAspAsnGlnAlaIleAlaSerPheGlullaArgAspGlnly[IlerhrAlaLeuAsnMisLeuValLeuSerLeuCluieuProGluVal
2000

AAACCIATCCGAAGATTCGCTIACCTACC.ATATCTIVGATATAAATCTATUATCACCIATCTATCTMCGIG7AACGCSGTTATTICGGAAATTGAGG
LysiGlyMetGlvArgPheGlyTyrValProTyrValGlytyrLysCyslleAsnHislialSerIleSerSerCvsAsnGlylialIleTrpCluIleGluC

GCCAAGAATTATATA6TAATTGTATCAATAATACAAITCCTITGAAACACICTCCATATTCIAGIG6ACTIA6TGATATITCTATTGCCCTUCTC2C406.0.,
lyGluCluLeuTyr6snAsnCyslleAsn6snrhrlleAlaLeuLysHisSerGlytyr5erSerCluLeuAsn6splleSerIleClvLeuThrProAs

2200

TGACACTATTAAAGAACCATCTACAGTATACCITIATATrAAAACTCCCITIGATGIGGAACATACATTCACCAGTCTIAAACTATCC.CATTCAAAA622T1
nAspThrIleLysGluProSerThrValTyrValTyrIleLysThrProPheAspValCluAspThrfteSerSerLeulysLeuSer6sySerLyslle

ACCGTAACMTAACCTICAATCCACTATCCGATATCGTTATTCGTGACTC17CGITCCACTITGAAACGTTCAACAAAGAATTTOTT7ATCTICCTC361:;)
ThrValThrValThrPheAsnProValSerAsplleValIleArgAsp5erSerPheAspPheGluihrPheAsnLysGluPheValTyrV61ProGluL

2400

TGAGCTTIATTCGATATATCGTTAACAATGTACAAATTMACCATCATTIATAGAGAAACCIACCAGACT6ATAGCTCAAATAAACCAACCAACGCCGAC
ouSerPheIleGlyrytMetValLyz6snValGlnlleLysProSerPheIleGlubisProArgArg961IleGlyClnlleAsnGinProThrAla7h

TCTAACTCAAGTICATCCGGCAACATCGCTLICICITTATACTAAACCTIATTAIGGAAATACCGA7A6T6AATTTATTTCCTATCC6.1.74T6CTCA5C0AA
rtralThrClOaltils61.AlathrSerLeuSerValTyrThrLysProTvrivrGlyAsnThr6sp6snLvsPheIleSerTyrProZ1vTyr5erCln

GATGAMAAGATT6T6T6G6TCCATATGTGAGTAGATTGITCGATGATCTACTTATTCTIACCGATGGTCCACCGACTGCT7ATCCCL'ACTC7GCZ;62-0.A

6spG1uLys6spTyrIle6spAlaTyrValSer6rgLeuLeuAspAspLeuValIlelialSer6spCIvProProThrGlNivrProCluSerAlaCdu:

Figure 111.2



TCCTAGACCTICCAGAAGATGGTATCGTITCTATTCAACATGCICATUCTATCTAAAAATTGATAA7,77!=a7AATATGAC:=7TTATCTTCAT0A0C
leValGluValProGluAspGlylleValSerlleGlnAspAlaAspValTvrValLyslleAspAsn'.4:ProAspAsnMetSer',1TyrLe0311sTh

2800
TAAITTGCTAAICITTGGAACACCAAAAAATTLJIIIATATATAACATTTCTAAAAACT2TTCCGCCATTACTGGAACATATACTGArGCCACTAAGAGA
rAsnLeuL*uMetPheGlyThrArgLysAsn5erPheIleTyrAsnlleSerLysLysPheSerAlaIleThrGlyThrTyrSerkspAlaThrLysArg

ACAATCTTTCCICACATATCACATACTATCAACATCATCGATACATCTATTCCICTAACTCTTTGGACTAGTCAACCTAACCTCTA:AACCGAGATA9K0r0A
ThrIlePheAlaNislleSerHisSerlleAsnllelleAspThrSerlleProValSerLeuTrpThrSerGlnArgAsnV41TrAsnGlyAspAsnA

3000
GATCAGCCGAATCAAAGGCCAAGGATTICTTGATTAACGATCCCITCATCAAGGCAATAGATTTTAACAATAACACCCATATTA=CIAGACIAGAAGT
rgSerAlaGluSerLysAlaLysAspLeuPhelleAsnAspProPheIleLysClyIleAspPheLysAsn:_vsThrAspIleIleSerArgLeuGluVa

TAGATTIGGAAATGATCTICIATATTCAGAGAACCGACCCATCTCGAGAATTTATAATGAACTACTGACAAAAAUAATAATGGAA:AAGAACCCIAA04
lArgPheGlyAsnAspValLeuTyrSerCluAsnClyProlleSerArglleTyrAsnCluLeuLeuThrLysSerAsnAutClylltrArgThrLeuThr

TITAACITTACACCAAAGATATICITTAGGCCGACAACTATTACCGCTAATCTATCTAGGGGGAAAGATAAACTATCTCTICCAC7AZITTATICCArA
PheAsnPheThrProLysIlePhePheArgProThrThrIleThrAlaAsnValSerArgGlyLysAspLysteuSerValArgVa:ValTyrSerThrM

3300
ICGATCTCAACCASCCAATCTATTATCTACAAAAACAATICCIACTICTATCIAATGACCTGIATAAGCTAITTTACCATCAACGCCTAACTATTACCAA
etAsp0alAsnMisProIleTyrTyrValGlnLysClnLeuValValValCysAsnAspLeuTyrLysValSerTyrAspG1nCly7a15erIleThrLy

3400," 4
CATTATGGGAGATAATAACTAATAATAATGAAAACAAACTATAGACTIGTAAAIGGAIGAAATTGTAAAAAATATOCCGGAGGGAA:CCATGICCTTCTT
sI leMetGlyAspAsnAsnEndEndEndEnd MetAspCluIleValLysAsnlleArgCluGlyThrUisValLeuLau

CCATTITATGAAACATTGCCAGAACITAATCTGTCTCTACCTAAAAGCCCATTACCIACTCTGGAA7ACGGAGC7AATTACITTCTT:AGATTICTACA
ProPheiyrCluihrLeuProCluLeuAsnLeu5erLeuGlyLysSerProLeuProSerLeuCluTyrClyAlaAsnTyrPhe1A,C1nIleSerArgV

3600
TTAATGATCTAAATACAATCCCGACCGACATGTIAAAALlilliACACATCATATCATGITACCAGAAACCZATCTAGATAAACIC7ATGAAATTT7AAA
alAsnAspLeuAsnArgMetProThrAspMerLeuLysLeuPheThrH1sAspIleMetLauProGiuSerAspLcuAspLysVm11yrCluIleLeuLy

3700
GATTAATAGCGTAAATIATTATGGGAGGAGIACTAAACCGGACCCCGTACTIGCCGACCICACCGCASCCAATAAACTGITCAAACCTGAACGAGAIGCT
sIleAsnSerValLysTyrTyrClyArg5errhrLysAlaAspAlaValValAlaAspLauSerAlaArgAsnLysiauPheLysialCluArgAspAla

3800
ATTAAATCTAATAATCATCTCACTGAAAACAATCSATACATTAGCGATTATAATAIGTTAACCTICLACCTGITICCACCATTAMGATTTIVTAAACC
IleLysSerAsnAsn111sLeuThrCluAsnAsnlAuTyrIleSerAspTyrAsnMetLauThiPheAspValPheArgftoLeuPheAspPheValAsnG

AAAAATATTCTATTATTAAACTICCAACITTATTCGCTAGAGGTGTAATCGATACTATGAGAATATATTCIAGICTCITTAAAAATMAGACTCCI=
luLysTyrCysllelleLyslAuProllirLauPh*ClyArgGlyValIlePospThrMetArgIleTyrCysSerLeuPhoLysAsnVaLArgLauLauLy

4000
ATGCGTAAGOCATAGCTGCTIAAAAGATAGCGCCATTATGCTOCTACTGAT41111AAAAAAAAMGGAITIAITTATCTCTCAIVITAACTCCCTC
sCysValSerAspSerTrpLauLysAsp5erAlaIleMetValAla&erAspValCysLysLyilAsnlauAspLeunleMet5erHisValLysSerVal

4100
ACTAAGTCTICITCTIGGAAGGATCTGAAC.ACTCTICAAITTACTATITIAAACAATCCACTOCATACGCAAITCATIAATAACTTCTTAGACTMCGA
ThrLysSerSerSerSrpLysAspValAsnSerValGlnPhoSerllelauAsnAsnProValAspThrGluPhelleAsnLysfteLeuCluPheSerA

4200
ATAGACTATACGAAGCTCTCTATTACGT1CACTCGTIGCTrIATTCTACTATGACITCTGATTCAAAAACTATCGAAAACAAACATCAGACAAGAMACT

TAAACTACTGCIGTGATITTTAAAACATACTIATIACTIATCACTCATAAATGACTAAATCACACGCGCCCZATATCGATIATCCATICCGCAGAACSAC
lLysLeuLeuLeuEnd Met5orLysSerHisAlaAleyrIlchspTyrAlaLcuArgArgThrTh

4400
TAATATGCCIGTTGAAATGAIGGGCTCGCACCTACTACGCCTCAAGGATTATCAACATITIGTAGCAACM,IlliCTIAGGATTAGA:ACTATCCATICT
rAsnMetProValGluMetMetGlySerAspValValArgLeuLysAspiyrClnliisPheValAlaArgValPheLmuClyLeuAspSerMet111::(70

LIIIIATTGTTCCATGAMCGGCTGT000TMMCMTGACTACTCIATATATTCICAMCATCTTMCCATATTIATACGMTTG GCCTATTATCITAT
LeuLeuLeuPhenisCluThrGlyValGlyLysThrMetThrThrValTyrIle1AuLysHisLeuLysAsplleTyrThrAsnIrpAlalleIleLauL

4600
TCGTGAAAAAGGCTTTGATAGAAGATCMCGATCPACACTATACTCAGATACCCTCCACACATAACGAACGATTGrATTTTIA=AATTACCATGAICA
euValLysLysAlaLeuIleGluAspProTrpMetAsnThrlleLeuArgTyrAlaProClulleThrLysAspCvsllePheIleAsnTyrAspTg(1,

AAATTTTAGAAATAAATITTITACTAATATCAAAACTATTAATTCCAAGAGTAGAATATCCCICATTATTGATGAASCICATAAMCATTICTAAATCA
nAsnPheArgAsnLysPhePheThrAsnlleLysThrIleAsnSerLysSerArgIleCysVallle/leAspCluCysHisAsabelleSerLyr

4800
TTAATC.AAAGAAGATCGTAAGATCCGTCCIACTCGTTCACIATATAA11111iAltIAAGACCATCGCATTAAAAAACCATAAGAMATTIVTTTATCGG
Leul 1 eLy sCluAspel yLys 1 1 eAr gPr oThrArgSe rV a 1TyrAsnPhe LeuS e r Ly sThr 1 eAl aLvaLysAsna is LysMe t: 1 eCy sLeu4S9erA

4900
CTAC.ACCIATCGICAATACICTGCAAGAATICACCAIGTTGCTSAACTSACTACGACCAGGATCCTIACAACACCAATCGCTATTTCAGAATAAACGICI
laThrProIleValAsnSerValCloClunleThrMetLeuValAsnLeuLeuArgProGlySerLeuCiniiisGInSerLauPheGluAsnLysArg1A

5000
ACTIGATGAAAAAGAATTACTCICCAAACTAGGAGGCCTATGTTCGTACATACITAATAACGACTTTTCTAITITIZATGACCIAGAAGGGTCTCCATCA
uValAspCluLysGluLauValSerLysLeuGlyGlyLauCysSerTyrIleValAsnAsnGluPheSerIlepheAspAspValGi.ClySerAlaSer

5100
TTCGCSAAGAAAACACTATTAATCCGATACGTTAATATCTCGAAAAACCAAGAAGAAATITATCAAAAGGCTAAACICGCTGAAATAAAAACACCTATAT
PheAlaLysLysThrValLeuMetArgTyrValAsnMet5eiLysLysClnCluGlulleTyrGlaysAlaLysLeuAlaGluIleLysThrGlyIleS

CATCAITTAGAATTC
erSerPheArglle

EcoRI

Figure 111.2 continued
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and the incomplete orf 5 exhibited codon preference which closely

matched that of orf 3, while orf 0 did not.

The closely-spaced organization suggested the possibility of gene

duplication. Homology and alignment analyses between the five orfs

and the incomplete orf 5 showed no significant relationships. Addi-

tionally, the NBRF Protein Data Bank was searched and no strong homol-

ogies were found. The polypeptides represented by orf 0 through orf 5

appear to be unique.

Analysis of the putative polypeptides was extended in order to

identify similarities or differences between the five. When trans-

lated from the first ATG, orfs 0 to 5 represent polypeptides of

molecular weights 8,956; 26,291; 16,908; 61,697; 33,342; and 33,235

daltons. Orfs 0, 1, 2, and 4 encode polypeptides composed of more

basic than acidic residues, and the majority of the amino acids pre-

sent are predicted to be involved in alpha-helical secondary struc-

tures (Garnier et al., 1978). The polypeptide encoded by orf 3 is

dissimilar by containing more acidic than basic residues, and by

preferring beta-sheet structures. Asparagine residues were scanned to

determine the number of potential N-linked glycosylation sites accord-

ing to the consensus sequence (Asn-X-Ser/Thr). Polypeptides encoded by

orfs 1 and 3 are the most likely candidates for N-linked glycosyla-

tion.

Upstream Sequences. Assuming that transcriptional control

signals for VV lie just 5' to their RNA start sites and that these

sequences might share common features, 100 nucleotides immediately

upstream of the transcriptional start closest to the first ATG for
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Fig. 111.3. Diagrammatic representation of open reading frames.
A) Cleavage sites of rarely-cutting restriction
nucleases within the sequenced fragment. B) Organ-
ization of open reading frames designated 0 through
5 and corresponding molecular weights of the
translated sequences. C) Sequencing strategy.
Arrows represent the direction and length of
sequence determined from M13 clones.
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orfs 0 through 5 were analyzed for A-T richness, for the presence of

direct or inverted repeats, and for homology and alignment with the

other five.

The entire 5115 nt segment sequenced contains 66% A-T which is in

close agreement with 63-64% for total VV DNA (Moss, 1985). The 100 nt

strings contain 68 to 74% A-T. In every case, the putative promoters

increased 3 to 7% in A-T richness for the first 50 nt upstream of the

transcriptional start.

Imperfect direct repeats were found upstream of orfs 0, 4, and 5.

Imperfect inverted repeats were found upstream of orfs 0, 2, and 5.

When individual repeat elements were compared between the 5'

sequences, no obvious correlations with respect to sequence, place-

ment, or spacing were evident.

Homology and alignment analyses between the six putative pro-

moters were performed under high stringency; to be considered a match,

at least 10 nt with at least 75% homology with a maximum loopout

allowance of 3 nt was required. No homologies found were perfect.

In several comparisons, similar strings of nucleotides were found

in similar positions in two or three different promoters. Orf 0, 1,

and 2 promoters contain an approximate sequence of ATTTATGCACAG at

nucleotide position -80 to -60 when 0 is the transcriptional start

site. Part of this element is directly repeated with two mismatches

in the orf 0 promoter at -20 to -10. Orf 0 and 2 promoters contain an

additional string of homology at -30 to -20 with two mismatches from

AGGATTATGATCA. Promoters for orf 1 and 2 show homology in position
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Fig. 111.4. 5' Si nuclease mapping of late mRNA start sites. DNA
probes (solid line) with indicated size (nucleotides),
cleavage termini, and 5' end labeled (star), and late
transcripts (waving line) with indicated size of pro-
tected fragments appear below each panel. Lanes Si are
Si nuclease-resistant hybrids from the indicated probes
and late RNA. Lanes AG are Maxam-Gilbert A + G reactions
of the same probes. Late RNA starts are marked with
arrowheads within the sequence context of the
initiator ATG. Panels 0 to 5 represent orfs 0 to 5.



"V
41- L

I
<

U
 U

C
7 <

J

V
 V

41-0

V
 V

(-1

'V
"V

V
 V

 V

.11(C
)((j

IN
IM

IIIM
M

U
M

11
1110

i

V
 V

41- 0
4.IC

IN
=

30
..... 41C

 I- 00-0-1-

tra?"*"*Povirel- rPoligirm
-,,,,vgavvforrm

,f1

0.



58

-100 to -80 having 3 mismatches from GTAACCATATTAG. Orf 1, 3, and 4

promoters show homology at -60 to -40 diverging from ACAATATTATAG.

More frequently found were homologous strings with dissimilar

positions. For example, the homology described above between orf 1,

3, and 4 promoters is also found in different positions in orf 2 and 5

promoters. An approximation of AAAGTATCGAAAA is found at different

positions in promoters of orf 2, 3, 4, and 5.
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Discussion

Correlation of open reading frames with polypeptides and mRNAs.

Preliminary mapping data in this region of the VV genome by hybrid-

selected translation (Belle Isle et al., 1981; Chipchase et al., 1980;

Cooper and Moss, 1979b) and by 5' S1 nuclease protection (Rosel and

Moss, 1985; Wittek et al., 1984b) show correlations with the sequence

analysis. Results of recent work in our laboratory (Weinrich et al.,

1985), focused on specific mapping of polypeptides and transcripts

within the 5115 nt DNA segment, show strong correlations with the

identified orfs. The rightmost sequences of the HindIII D fragment

hybrid-selected late mRNAs encoding 65 K and 32 K polypeptides

(Weinrich et al., 1985), which are in close agreement with poly-

peptides represented by orfs 3 and 4, respectively (Fig. 111.3).

Using the leftmost HindIII A sequences to select late mRNAs, we were

unable to detect polypeptides corresponding to orfs 0, 1, and 2.

However, approximate locations of the 5' ends of late transcripts were

recently reported for orf 0 and orf 1 (Rosel and Moss, 1985), and orf

2 (Rosel and Moss, 1985; Weinrich et al., 1985; Wittek et al.,

1984b), in agreement with the exact locations reported here. Thus,

the current data clearly indicates that genes represented by orfs 0

through orf 5 are transcribed late in infection, although polypeptides

corresponding to these transcripts have only been identified for orf 3

and orf 4.

Late Gene Expression. Novel mechanisms of regulation are perhaps

responsible for the peculiar features which characterize the post-
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replicative mode of VV gene expression. While most of the genome is

being transcribed late in infection (Boone and Moss, 1978; Paoletti

and Grady, 1977), late polypeptides are preferentially synthesized

(Moss and Salzman, 1968; Pennington, 1974). Late mRNAs are found to

include early sequences (Oda and Joklik, 1967), and are capable of

forming intermolecular duplexes with themselves or with early RNAs

(Boone et al., 1979; Colby et al., 1971). These characteristics are

perhaps explained by the recognition that mRNAs encoding single late

polypeptides vary several-fold in length due to 3'-terminal hetero-

geneity (Weir and Moss, 1984; Mahr and Roberts, 1984b), unlike the

early transcripts, which have discrete sizes (Hruby et al., 1983; Mahr

and Roberts, 1984a; Wittek et al., 1980). Northern analysis of late

mRNAs within the 5.1 kbp region detected a complex mixture of comple-

mentary species lacking any length specificity (data not shown). It

is for these reasons that we made no attempt to map the 3' ends of

these transcripts. The complications of mapping heterogeneous tran-

scripts are in part responsible for the lack of precise information

on the majority of VV late genes.

In the present case of a tandemly-oriented late gene cluster, the

3' terminal heterogeneity exhibited by transcription of the upstream

late gene results in readthrough transcription through the next one or

several late genes. This was clearly indicated when Rosel and Moss

(1985), using a single end labeled probe, detected the 5' ends of late

transcripts for orf 2, orf 1, orf 0, p4b, and additional readthrough

transcription initiating upstream of the unlabeled end of the probe.

Thus any probe designed to detect the 5' end of a specific late
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transcript within this cluster will also be fully protected by read-

through transcription of the upstream late gene(s). This may be

responsible for our lack of success in confirming the 5' ends of these

transcripts by primer extension analyses; we cannot at this time

distinguish between the possibility of three closely-spaced start

sites and S1 nuclease nibbling.

Despite these difficulties, the number of precisely mapped late

genes has increased (Wittek et al., 1984b; Mahr and Roberts, 1984b;

Wittek et al., 1984a), some have been sequenced (Plucienniczak et al.,

1985; Rosel and Moss, 1985), and a few have been subjected to detailed

examination (Weir and Moss, 1984; Bertholet et al., 1985). Weir and

Moss (1984) obtained evidence that cis-acting regulatory signals

reside in 366 nucleotides preceeding a late gene that encodes a 28 K

polypeptide. Bertholet et al. (1985) examined the 5' limit of a late

promoter and found that 100 nucleotides of 5' flanking sequence from

an 11 K polypeptide-encoding late gene was sufficient for temporal

regulation. In both cases, the exact 5' end for the late transcripts

was found to be within 5 nucleotides upstream of the first ATG, as is

the case for orf 0, orf 2, orf 4, one of the start sites for orf 5,

and two of the start sites for p4b (Rosel and Moss, 1985). Some early

transcripts also have been found to contain short 5' untranslated

regions (Venkatesan et al., 1982; Hruby et al., 1983).

In an attempt to identify recurrent features, we expanded our

presumptive promoter analysis to include three late genes previously

sequenced: 28 K (Weir and Moss, 1984), 11 K (Bertholet et al., 1985),

and p4b (Rosel and Moss, 1985). As for orfs 0 to 5, the first 100 nt
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upstream of the RNA start closest to the first ATG were analyzed.

These three additional promoters vary from 68 to 73% A-T rich, and

except for the 28 K late gene there is an increase in A-T richness for

the first 50 nt upstream of the RNA start, as found for orfs 0 to 5.

A high stringency homology search revealed three cases of similar nt

strings with similar positions: orf 1 and 11 K promoters at -20 to 0;

orf 2 and 28 K promoters at -20 to 0; orf 4 and p4b promoters at -60

to -40. Again, the more frequent finding was homologous elements in

dissimilar positions.

The level of stringency used in our promoter analysis was chosen

to identify strong similarities. While relationships were identified,

no homologies were found in a similar position for all nine promoters.

However, a recurrent feature of this set of late gene promoters is the

stop codon TAA immediately preceding the first ATG (Fig. 111.2). This

is found for orf 0, orf 2, orf 4, orf 5, 11 K, 28 K, and for two

additional late genes F2 and F4 for which the sequences, but not the

RNA starts, have been reported (Plucienniczak et al., 1985). Besides

F2 and F4, this set is additionally related by having RNA starts

within 5 nucleotides upstream of the first ATG. Orf 1 and orf 3,

which do not contain TAA immediately preceeding the first ATG, also

diverge by utilizing RNA starts further upstream of the ATG. However,

the RNA start for both orf 1 and orf 3 maps to a TAA. In the case of

orf 1, the TAA is in phase, and for orf 3, out of phase with the first

ATG. Besides the RNA start just preceeding the first ATG, orf 5

utilizes a second RNA start upstream which maps to an in-phase TAA.

While the extreme A-T richness of these promoter regions supports a
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coincidental explanation, a more interesting possibility would be a

signal function for the TAA.

Concerning the types of homologies identified among this first

significant set of late gene promoters examined, we offer the follow-

ing possible interpretations. (i) There are perhaps 100 VV late

genes. The products of these late genes do not appear in a synchro-

nous fashion (Moss and Salzman, 1968; Pennington, 1974). Temporal

subsets of the late gene class may contain promoter elements that

distinguish them from other postreplicative subsets. The relatively

small number of late genes here examined might include representa-

tives from several subsets. Indeed, a kinetic analysis of tran-

scription of orfs 0 to 5 shows that, while each is transcribed late,

there are marked differences in the kinetic patterns of transcription

(manuscript in preparation). (ii) Distinct sequences or repeat

elements involved in late gene regulation may have flexibility in

terms of sequence, placement, or spacing, and this flexibility could

be utilized to fine tune a promoter for specific temporal or quantita-

tive modulation of expression. (iii) Interfacing with the flexibility

described above could be an inflexible situation where TAA is used to

earmark late genes or transcripts for transcriptional or post-tran-

scriptional regulation.

Genomic Organization. Earlier studies of VV transcription indi-

cated a lack of overall temporal organization of the genome (Cabrera

et al., 1978). Translational mapping surveys suggested a concentra-

tion of late genes toward the central portion of the genome (Bele Isle

et al., 1981; Chipchase et al., 1980). Mapping and sequencing
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analyses of large segments of VV DNA have indicated that VV genes can

be overlapping, tightly-spaced, and tandemly-oriented (Plucienniczak

et al., 1985; Wittek et al., 1984b; Mahr and Roberts, 1984a; Mahr and

Roberts, 1984b; Cooper et al., 1981b), while evidence for splicing has

not been found. The sequence determination of a tandemly-oriented and

tightly-spaced late gene cluster adds to the possible organizational

motifs of the VV genome. In addition to the late gene cluster we have

identified, late genes encoding the structural proteins p4b (Rosel and

Moss, 1985; overlaps the sequence determined here by 442 nt) and p4a

(Rosel and Moss, 1985; Wittek et al., 1984b), and perhaps a third late

gene (Wittek et al., 1984b) have been mapped to the leftmost

sequences of the HindIII A fragment, and these also read in the

leftward direction. This would indicate a cluster of 9 tandemly-

oriented late genes. The genomic region represented by the leftmost

HindIII A sequences and the rightmost HindIll D sequences appears to

contain preferentially late genes transcribed in the leftward direc-

tion, and may illustrate local temporal organization of the VV genome.

Mapping the L65 polypeptide to this genomic locus (Weinrich et

al., 1985) provided the impetus to determining the sequence of the

5115 nt segment. Other results suggesting the importance of this

region include conservation of this region in the genome of different

orthopoxviruses (Mackett and Archard, 1979), mapping two late genes

encoding major structural polypeptides just upstream of this region

(Rosel and Moss, 1985; Wittek et al., 1984b), the observation that

several different VV temperature-sensitive mutants are marker rescued

by restriction fragments of this region (E. G. Niles, personal
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communication), and recently, that rifampicin resistance has been

mapped to this region (Tartaglia and Paoletti, 1985). Our current

line of investigation pursues the dissection of the control sequences

responsible for the expression of these late genes and the determina-

tion of the function of their encoded polypeptides.
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CHAPTER IV

Non Coordinate Regulation of a Vaccinia Virus

Late Gene Cluster

Authors: Scott L. Weinrich and Dennis E. Hruby
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Summary

Identification of a tightly-spaced and tandemly-oriented late

gene cluster within the central conserved region of the vaccinia virus

genome suggested the possibility of coordinate regulation of the genes

within this domain [Weinrich, S. L. & Hruby, D. E. (1986), Nucleic

Acids Research 14, 3003-3016]. To test this hypothesis, the steady-

state levels of transcripts derived from the individual late genes

were examined. Cytoplasmic RNA was isolated from infected cells at

hourly intervals throughout infection and used in concert with 5' S1

nuclease mapping procedures to detect transcripts from specific late

genes of interest. Amongst the set of six closely-linked late genes,

marked differences were observed in both the level of transcription

and the kinetic patterns of expression, providing direct evidence for

the existence of differentially regulated gene subsets within the late

gene class. Furthermore, these experiments identified one of the

genes (encoding a 33,000 molecular weight polypeptide) as being

expressed at both early and late times post infection. Interestingly,

although transcripts from the constitutively expressed gene were

initiated at the same start sites throughout infection, a discrete

terminus for these transcripts was detected only at early times.

These data suggest that the lack of cis-acting termination signals

is not the reason for late gene transcript heterogeneity observed in

vaccinia virus-infected cells.
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Introduction

The best-studied member of the orthopoxviruses is vaccinia virus

(VV) which is characterized by its complex morphology, linear double-

stranded DNA genome, uninterupted coding sequences, and cytoplasmic

site of replication (Moss, 1985). Along the 185 kilobase pair genome

are distributed an estimated 200 genes which are expressed under tight

temporal regulation in vivo. Minutes after entering the cytoplasm of

a susceptible host cell, immediate early genes are transcribed into

mRNAs that are capped and polyadenylated by viral enzymes present

within the viral core (Barbosa and Moss, 1978; Baroudy and Moss, 1980;

Moss et al., 1975; Nevins and Joklik, 1977; Spencer et al., 1980). A

second subset of the early gene class is the delayed early genes,

whose expression presumably requires one or more immediate early gene

product(s), hence is sensitive to inhibitors of protein synthesis.

Dramatic changes in gene expression accompany the onset of viral DNA

replication. The VV late genes, including those encoding major struc-

tural components of the virion, are selectively expressed while most

early gene products are no longer synthesized. Unlike early tran-

scripts which usually terminate just distal to the coding sequences,

late transcripts exhibit extreme 3' terminal heterogeneity and may

pass through one or more downstream genes (Cooper et al., 1981b; Mahr

and Roberts, 1984b; Weir and Moss, 1984). It is unclear whether

changes in cis or trans-acting elements are responsible for this

unique feature of VV late gene transcription.
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By analysis of pulse-labeled polypeptides synthesized in infected

cells, it was inferred that at least two subsets of the late gene

class could be defined on a temporal basis (Moss and Salzman, 1968;

Pennington, 1974). Since these initial studies, a number of late

genes have been mapped and/or sequenced (Cooper and Moss, 1979b;

Cooper et al., 1981b; Golini and Kates, 1984; Mahr and Roberts, 1984b;

Plucienniczak et al., 1985; Rosel and Moss, 1985; Weinrich et al.,

1985; Wittek et al., 1981; Wittek et al., 1984a; Wittek et al., 1984b)

and their promoters have been identified (Bertholet et al., 1985; Weir

and Moss, 1984), but no evidence has been reported to support the

notion of late gene subsets. Additionally, the previous pulse-label-

ing experiments defined a constitutive class of VV genes whose gene

products were synthesized both prior to and after DNA replication.

While this temporal class would appear to include several major viral

genes, only in the case of the 7.5 K gene has data been obtained which

clearly indicates early and late transcription of this gene, with

separate RNA start sites and overlapping promoters (Cochran et al.,

1985b).

Transcriptional (Kaverin et al., 1975; Oda and Joklik, 1967;

Paoletti and Grady, 1977) and translational (Belle Isle et al., 1981;

Chipchase et a].,1980) mapping surveys indicated a lack of overall

temporal organization of the VV genome. However, precise mapping

and/or sequencing analyses of large segments of VV DNA have identified

clusters of temporally-related genes, suggesting local organization

(Cooper et al., 1981b; Mahr and Robers, 1984a; Mahr and Roberts,

1984b; Plucienniczak et al., 1985). The identification of tandemly-
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oriented and temporally-related gene clusters suggested the possibil-

ity of coordinate regulation of genes within these domains (Golini and

Kates, 1984; Morgan and Roberts, 1984).

In this study, we have addressed several questions of VV gene

expression by examining the temporal patterns of steady-state tran-

scripts from a tandemly-oriented late gene cluster recently identified

(Weinrich and Hruby, 1986). Our results indicate that (i) the genes

within this late gene cluster are not coordinately expressed, (ii)

late gene subsets can be identified at the transcriptional level,

(iii) a constitutive gene can be transcribed with the same 5' RNA

start, (iv) lack of discrete termination for late transcripts is not

due to cis-acting signals, and (v) "early" RNA obtained from

cycloheximide-treated infected cells may not accurately reflect

authentic early RNA start sites.
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Methods and Materials

Cells and Virus. Vaccinia virus (strain WR) was grown in suspen-

sions of HeLa cells, purified by sucrose gradient centrifugation, and

the infectious titer determined by plaque assay on monolayers of BSC-

40 monkey kidney cells as previously described (Hruby et al., 1979).

All media and sera were obtained from GIBCO Laboratories. Polypep-

tides synthesized in VV-infected BSC-40 cells were labeled with

[
35
S]methionine (New England Nuclear, 1,145 Ci/mmol), as previously

described (Weinrich et al., 1985).

HeLa cells, mouse L cells, and BSC-1 cells are commonly used as

permissive hosts for studies of VV replication. Differences in the

kinetics of viral replication are observed not only between these cell

lines, but also among the same cell line when similar experiments are

performed on cells of different passage number. In our hands, BSC-40

cells (selected from BSC-1 cells for their ability to grow well at 40

C) behave consistently with regard to the biochemical aspects of VV

replication within the first 20-25 passages. Hence all experiments

reported here utilized BSC-40 cells of no more than 15 passages. In

addition, uniformity was maintained by utilizing the same stock of

purified virus, and synchronous infection was favored by utilizing a

high multiplicity of infection. Under these conditions, VV DNA repli-

cation is first detected at 1.5 hpi and peaks at 3.5 hpi (Hruby et

al., 1980), hence an approximate division can be drawn between early

and late gene expression.
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RNA isolation and translation. Total cytoplasmic RNA was isolated

from monolayers of BSC-40 cells infected with 10 plaque forming units

of purified VV per cell. Infected cells were placed on ice at the

indicated time points to retard enzymatic changes in RNA levels while

cells were being harvested. Cycloheximide (100 ug/ml) or hydroxyurea

(5 mM) was added to the medium and infection was allowed to proceed 4

hr after which "C" RNA or "H" RNA was extracted, respectively. RNA

was purified using cesium chloride gradients containing sodium

sarkosyl exactly as described in detail (Weinrich et al., 1985).

Rabbit reticulocyte lysates were prepared (Pelham and Jackson, 1976)

and programmed with total cytoplasmic RNA at a final concentration of

250 ug /mi. Polypeptides synthesized de novo were labeled by addition

of 0.1 mCi /mi [
35

S]methionine.

S1 nuclease mapping. Plasmid or bacteriophage derivatives con-

taining cloned fragments of VV genomic DNA (Weinrich et al., 1985;

Weinrich and Hruby, 1986) were digested with appropriate restriction

endonucleases. Fragments of interest were isolated using a combina-

tion of agarose gel electrophoresis and freeze-phenol techniques

(Benson, 1984). 5' ends were labeled with polynucleotide kinase and

[gamma-
32

P]ATP. 3' ends were labeled using the large fragment of E.

coli DNA polymerase and [alpha-32P]dCTP. In most cases, the end-

labeled fragments were asymmetrically cut in subsequent restriction

digests in order to isolate strand specific probes. Probes were

annealed to 20 ug of total RNA and subjected to S1 nuclease digestion

under conditions exactly as previously described (Weinrich et al.,

1985). S1- resistant hybrids were analyzed by electrophoresis in 8 M
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Urea-6% polyacrylamide sequencing gels. Chemical sequencing reactions

were carried out according to Maxam and Gilbert (1977). All enzymes

and radionucleotides used were obtained from commercial suppliers

(Bethesda Research Laboratories, New England Biolabs, Boehringer

Mannheim Biochemicals, and New England Nuclear) and used according to

the manufacturer's directions.
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Results

RNAs isolated from infected cells at specific times throughout

infection were assayed for transcripts initiating within a late gene

cluster. The nucleotide sequence and exact location of the RNA starts

for these six genes was recently reported (Weinrich and Hruby, 1986),

enabling us to design specific probes to detect transcripts from each

individual gene (Fig. IV.1B). An enigmatic characteristic of late

transcription in VV is the lack of discrete termination and extreme 3'

heterogeneity of late mRNAs. For this reason, probe 01 (Fig. IV.1A,

panel 01) detected the 5' end of the open reading frame (orf) 0

transcript [808 nucleotide (nt) protected fragment], detected the 5'

end of the orf 1 transcript (615 nt fragment), and was fully-protected

(FL) by mRNA resulting from late transcriptional read-through initiat-

ing upstream of orf 0 (compare lane 2 and lane 3). Likewise, probes

2-5 detected specific RNA starts just upstream of their cognate orfs,

as well as non-specific read-through transcripts.

The kinetic patterns of steady-state transcripts for orf 1 (panel

01, 615 nt fragment) and orf 2 (panel 2, 458 nt fragment) were identi-

cal in being first detected at 2 hours post infection (hpi), peaking

in signal at 3 hpi, and tapering off but still detected at 12 hpi.

This pattern was apparently not a result of RNAs competing for limit-

ing amounts of probe, as seen by comparing the full-length protected

signal at peak times and at later times. The kinetic patterns of

steady-state transcripts for orf 0 (panel 01, 808 nt fragment) and orf

5 (panel 5, 88 nt fragment) were similar in being first detected at 3
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Fig. IV.1A. Steady-state transcript analyses by 5' S1 nuclease
mapping. Panel numbers 01, 2, 3, 4, and 5 refer to the
corresponding 5' S1 probe (see Fig. IV.1B). Lane numbers
0 through 12, C (cycloheximide), and H (hydroxyurea)
indicate the time point (hpi), or treatment under which
RNA was isolated from infected cells. On the right of
each panel, FL indicates full-length protection of the
probe, and the numbers represent the sizes (nucleotides)
of S1 nuclease-protected fragments. Lanes M indicate
markers for which sizes appear on the left of each panel.
Lane P in panel 2 indicates probe in the absence of RNA
or S1- nuclease. Each panel is an autoradiograph (3-24 hr
exposure) of an 8M urea, 6% polyacrylamide gel.
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Fig. IV.1B Bold arrows p4b, and orf 0 through orf 5 represent the
organization of the Hind III D/A late gene cluster
recently identified (Weinrich and Hruby, 1986). Approxi-
mate molecular weights (kilodaltons) of the predicted
translated products appear above each orf. Probes 01, 2,
3, 4, and 5 were designed to detect the RNA starts for
transcripts initiating upstream of orfs 0 and 1, 2, 3, 4,
and 5, respectively. The relative position, restriction
sites, size, and 5' end labeled (filled star) for each
probe is indicated. Wavy arrows represent transcripts
which, when hybridized to their overlying probe, pro-
tected fragments (indicated sizes) of that probe from Si
nuclease digestion. To the right of each transcript is
indicated the range of time points at which the tran-
script was detected, as summarized from the data above.
Numbers over an inverted v represent peak times of tran-
script signal. Probe 4-3' was designed to detect the 3'
terminus of the orf 4 transcript. The 3' end labeled is
designated (open star). The transcript and protected
fragment are indicated, and time points of detection are
summarized, for data presented in Fig. IV.2.
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hpi and continuing to be detected at a constant level throughout the

time course, although the orf 5 transcript showed a slight lag.

Detection of the orf 3 transcript (panel 3, 152 nt fragment) was

particularly difficult, apparently due to the extensive full-length

protection of probe 3. While the signal for the 152 nt fragment

showed some fluctuation over the time course, this may have been due

to the difficulty of detecting this specific transcript. Hence we

hesitate to assign a temporal pattern, and simply conclude that this

transcript was detectable at times past 3 hpi. Orf 3 and orf 5 were

similar in that they appeared to be transiently utilizing upstream RNA

start sites just prior to utilizing the downstream start sites (panel

3, 243 nt fragment; panel 5, 126 nt fragment). These transient RNA

starts differed in distance from the downstream starts and in the time

when they were first detected. The orf 4 transcript was first

detected at 0.5 hpi, estimated to peak at 1.5 hpi, and tapered down

but was still detectable at 12 hpi (panel 4, 149 nt fragment). High

resolution sequencing gel analysis confirmed that the RNA starts at

early and late hpi were identical (data not shown). Comparing the

onset of full-length protection of each probe with the onset of tran-

script detection for the upstream gene shows complete agreement,

indicating the expected 3' heterogeneity of late transcripts and that

the RNA starts detected correspond to transcripts which extend beyond

their cognate orfs.

RNA isolated from infected cells treated with cycloheximide or

hydroxyurea was subjected to S1 mapping analyses to distinguish be-

tween immediate early and delayed early transcripts. Both treatments
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result in a block of late transcription. By definition, cycloheximide

treatment should also result in a block of delayed early transcrip-

tion. The RNA start for orf 4 was detected in the presence of either

inhibitor (panel 4, lanes C, H), indicating that orf 4 is transcribed

as an immediate early gene. In no other case was an RNA start that

was detected late in infection also detected in the presence of either

inhibitor, confirming their designation as late transcripts. To our

surprise, when using C RNA, transcriptional starts were detected in

the vicinity of the late starts for orf 2 (panel 2, lane C) and orf 3

(panel 3, lane C). Since these RNA starts had no counterpart detected

in H RNA or in early RNA from untreated cells, they appear to be

dependent upon the presence of cycloheximide and may not represent

biologically relevant transcripts.

3' Si nuclease mapping is able to determine the location of

discrete termini for early mRNAs but not for the heterogeneously

terminating late mRNAs. Several different 3'-end-labeled probes

covering sequences from the coding region of orf 4 into the coding

region for orf 5 were used to map the 3' end of the orf 4 transcript.

Among others, probe 4-3' (Fig. NAB) detected an immediate early

transcript which terminated at 365 nt into the orf 5 coding region

(Fig. IV.2B). Evidence that this 3' end represents the orf 4 tran-

script was supported by full-length protection of probe 5 when early,

C, or H RNAs were used in 5' S1 mapping experiments (Fig. IV.1A, panel

5, lanes 1, C, H). 3' terminal heterogeneity of transcripts late in

infection may be due to a lack of strong termination signals at the

end of late genes or to a change in transcriptional termination
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Fig. IV.2. S1 nuclease mapping of the 3' end of the orf 4 tran-
script. (A) As described in the Fig. IV.1A legend, lane
designations correspond to RNAs used, full length and
protected fragment of the probe 4-3' are indicated on the
right, and marker sizes are indicated on the left of the
autoradiograph. Probe and transcript are diagrammed in
Fig. IV.1B. (B) S1 nuclease-resistant fragments result-
ing from hybridization of probe 4-3' and cycloheximide
RNA (lane S1) were run alongside Maxam-Gilbert A+G reac-
tion (lane AG) performed on the same probe. Lane S1' is
a shorter exposure of lane Si. Location of the 3' termi-
nus of the orf 4 transcript within the nucleotide se-
quence of this region is indicated with arrowheads.
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factors late in infection. To directly address these two possibili-

ties, transcriptional termination of the constitutively expressed orf

4 was examined by 3' S1 nuclease mapping using RNAs isolated at dif-

ferent times throughout infection. The kinetic pattern of detection

for the 3' end of the orf 4 transcript (Fig. IV.2A) was identical to

that seen for the 5' end (Fig. IV.1A, panel 4) at 0.5 to 4 hpi, and

when either of the inhibitor RNAs was used. However, the discrete 3'

end was no longer detected after 4 hpi, when the full-length protected

signal became evident. Since any cis-acting early termination

signal would still be present, these data indicate that a lack of

strong termination signals for late genes is not the explanation for

late transcript heterogeneity.

To assess the translational activity in vitro of the RNAs used in

the S1 nuclease mapping analyses, total RNA from each time point was

translated in reticulocyte lysates, and labeled polypeptides were

analyzed by gel electrophoresis (Fig. IV.3). The standard gel (top)

resolved a spectrum of polypeptides very similar to those seen in

[
35
S]methionine pulse-labeled infected cells (Fig. IV.3, lane LP;

Pennington, 1974; Weinrich et al., 1985). However, the complexity of

kinetic patterns of labeled polypeptides seen in vivo is only approxi-

mated by the in vitro results, indicating that transcriptional regula-

tion is not wholly responsible for temporal regulation of gene expres-

sion in VV. Of the six-gene cluster, only the polypeptide corre-

sponding to orf 3 (L65) has been identified in infected cells

(Weinrich et al., 1985). Extended electrophoresis (Fig. IV.3, bottom,

lane LP) was required to resolve the L65 polypeptide from the closely
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Fig. IV.3. In vitro translation products of time course RNAs.
Sodium dodecyl sulfate-polyacrylamide gel analysis of
[35S]methionine labeled products of reticulocyte lysate
translations. RNAs used were isolated from infected
cells at 0 to 12 hpi (lanes 0-12), or in the presence of
cycloheximide or hydroxyurea (lanes C, H). Lanes LP are
products from [35S]methionine pulse-labeled infected
cells at 6 hpi; lanes LC are the same except chased with
excess cold methionine for an additional 4 hr. Top
autoradiograph is of a 12% polyacrylamide gel run at 150
V for 4 hr, bottom is of a 10% polyacrylamide gel run at
150 V for 18 hr. Distinctive late proteins L65, p4b, and
4b are indicated on the right. Migration positions and
molecular weights
(kilodaltons) of marker proteins are indicated on the
left.
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migrating structural polypeptide p4b (Rosel and Moss, 1985). To

compare translatable L65 mRNA with the 5' RNA start detected upstream

of orf 3, in vitro translations programmed with each RNA were sub-

jected to extended electrophoresis (Fig. IV.3, bottom). The onset

and maintenance of translatable L65 mRNA (Lanes 3-12) closely corre-

lated with the detection pattern seen for the 5' RNA start immediately

upstream of the L65 orf (Fig. IV.1A, panel 3, 152 nt fragment). Since

no detectable L65 polypeptide was translated in vitro using 2 hpi RNA

(Fig. IV.3, lane 2), this indicates that the transient RNA start

upstream of orf 3 (Fig. IV.1A, panel 3, 243 nt fragment) detected at 2

hpi is truncated or otherwise unable to be translated into the L65

polypeptide.
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Discussion

Quantitation of specific mRNAs at late times in VV infected cells

is complicated by overlapping and/or complementary transcripts which

result from the lack of discrete termination. This phenomenon is

clearly apparent in Northern blot and 3' S1 nuclease mapping analyses

which readily detect complex mixtures of complementary late mRNA

species with no obvious size classes. Furthermore, the full-length

protection of 5' S1 probes in the data presented here and the lack of

success in confirming late RNA starts by primer extension analyses

(data not shown; Rosel and Moss, 1985; Weinrich and Hruby, 1986) can

probably also be ascribed to the terminal heterogeneity. We therefore

chose a temporal 5' S1 mapping approach as a simple and sensitive

method for determining the in vivo levels of steady-state transcripts

throughout infection for specific late genes.

The suggestive organization of this temporally-related gene clus-

ter, and the detection of high levels of transcriptional read-through

warrant consideration of two distinct transcriptional strategies for

attaining non-coordinate expression. First, transcription for the

entire cluster could begin at a single upstream promoter. RNA poly-

merase would transcribe a large primary transcript containing 5'

processing sites which may be recognized with varying kinetics to

yield temporally distinct mRNAs. Second, each gene contains sequences

responsible for promoting its own transcription at the specific time

when that gene product is required, and transcript termination mecha-

nisms are relaxed late in infection. To determine between these
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possibilities, direct CAP labeling by addition of [beta- 32P]GTP with

subsequent identification of labeled mRNAs (Venkatesan and Moss, 1981)

and target-size determination for UV-induced, premature termination of

specific (Cooper et al., 1981a) or non-specific transcripts (Bossart

et al., 1978; Pelham, 1977) are techniques which have been applied.

In all of these cases, the data support an interpretation of each mRNA

being synthesized from its own individual promoter site. These

methods suffer from technical limitations when applied in vivo on a

cytoplasmically-replicating virus, and have only been successful using

purified virions, which contain the VV RNA polymerase and can be

induced to transcribe early genes in vitro. Additionally, direct CAP

labeling could be misleading if transcript processing included

scavenging of CAP structures. Consequently, all information available

to date concerning RNA start sites for VV late genes, and much of the

information on early RNA start sites has been the result of 5' S1

nuclease analyses. An alternative means for testing the validity of

Si mapping results is to identify transcriptional promoter sequences.

This can be accomplished by linkage of putative promoter sequences of

late genes to reporter genes for transient expression analysis

(Cochran et al., 1985a) and by direct analysis of early promoter

sequences in run-off transcription assays using a virion-derived,

template-dependent in vitro transcription system (Rohrmann and Moss,

1985). We are currently using these techniques to identify promoters

within the tandem gene cluster. Preliminary results of in vitro

transcription experiments using as a template the DNA fragment repre-

sented by probe 4 in this report indicate accurate initiation of
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transcription from this fragment, suggesting that at least one of the

inner-cluster genes contains its own promoter. Additionally, further

analysis of the present data is consistent with monocistronic tran-

scription. If individual mRNAs are derived from a primary transcript,

then the primary transcript (or its processed remains) must be present

at the earliest time that any of the processed mRNAs is detected. The

transcript for orf 4 was first detected at 0.5 hpi, and strongly

detected at 1 hpi. If this transcript was processed from a primary

transcript that had initiated well-upstream of orf 4, then probes 01,

2 and 3 would be fully protected at 1 hpi. This is clearly not the

case, arguing against polycistronic transcript processing.

A limitation of measuring steady-state levels of transcripts is

that no distinction can be made between de novo transcription and

post-transcriptional stabilization or degradation. Previous studies

indicated that VV RNA has a 2 hr half-life at early times and a much

shorter half-life (13 min) at late times (Oda and Joklik, 1967;

Sebring and Salzman, 1967). Recent studies confirmed an increasing

level of mRNA degradation as infection proceeds (Rice and Roberts,

1983). The transient RNA starts detected for orf 3 (Fig. IV.1A, panel

3, lanes 2, 3) and for orf 5 (Fig. IV.1A, panel 5, lanes 3, 4), and

RNA starts detected for strict early genes at 0.5 and 1 hpi

(unpublished data) are not detected in RNA isolated a few hours later.

Taken together, it would appear that de novo transcription is pre-

dominantly responsible for the different patterns of steady-state

transcripts reported here. Despite the limitations of this analysis,

it is clear that the onset of transcription for the genes within this
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tandem cluster is not simultaneous, and that the qualitative patterns

of transcript levels are not identical. We conclude that, in contrast

to their suggestive organization, these genes are differentially

regulated at the transcriptional and/or post-transcriptional levels.

The points raised above supporting the role of de novo transcrip-

tion in the patterns of mRNAs detected also support the identification

of the orf 4 locus as a constitutive gene. While the 5' end signal

for the orf 4 transcript remains steady at late times (Fig. IV.1A,

panel 4), the 3' end signal is no longer detected after 4 hpi (Fig.

IV.2A), indicating a rapid turnover of the discretely terminated early

mRNA for orf 4. If the 5' end signal was a result of increased

transcript stability, then the 3' end signal should still be detected

after 4 hpi.

For every VV late transcript that has been mapped to date, it has

been directly demonstrated or inferred that, while the 5' ends are

uniform, the 3' ends are not, resulting in extreme size heterogeneity

for transcripts of a specific late gene. This characteristic has been

attributed to a lack of cis-acting termination signals for late

genes, or to a change in trans-acting factors involved in termi-

nation or processing of late transcripts. It was shown that mRNA

encoding a specific late polypeptide extended through early genes

residing downstream, inconsistent with the former model, since any

early termination signals were not recognized (Weir and Moss, 1984).

The results reported here are similar in showing that a constitutively

expressed gene is transcribed as a distinctly terminated mRNA at early

but not at late times.
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Cycloheximide is typically used to block the expression of late

genes, and has the additional technical benefit of boosting tran-

scription of immediate early genes (Fig. IV.1A, panel 4, lane C). For

this reason, cycloheximide RNA has been utilized as early RNA in many

studies of VV gene expression. However, the results reported here

indicate that cycloheximide may have additional effects which alter

the recognition specificity of the transcriptional machinery. These

findings suggest that authentic early RNA, or RNA that has been iso-

lated after using a different inhibitor of late transcription, should

be used to confirm results based on cycloheximide RNA.

In an attempt to identify further relationships between those

genes which exhibited similar patterns of steady-state transcripts,

the first 100 nt upstream of the RNA start site were compared for

homology and alignment at a stringency lower than that previously

utilized (Weinrich and Hruby, 1986). Included in this analysis were

upstream sequences for the transiently utilized RNA starts for orfs 3

and 5. No significant homologies with respect to location from the

RNA start were found. While it has been shown that cis-acting

control signals lie just upstream of the RNA starts for late genes

(Bertholet et al., 1985; Weir and Moss, 1984), no apparent consensus

with eukaryotic or prokaryotic signal sequences, or among the se-

quenced late genes has been identified (data not shown). The avail-

able nucleotide sequences, RNA start sites, and temporal regulatory

schemes of this late gene cluster should now facilitate a directed

approach to determining control signals responsible for regulating

late gene transcription in VV.
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