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ABSTRACT

Poxviruses -are the-ﬁost complex eukaryo;ic viral agents when'\ -
considered'in terms of- size, morphology, and replicitife strategy. (
Much of .the life cycle of the protptypic member of this family, . o
vaccinia virus, has been studied using metabolic 1nh1b1tors and, more
recently, cond;tional—lethal ‘temperature~sensitive (Eg) mutants. In

.this study, b'iochemical, electron microscopié, and genetic analygis

utilizins these tools has lead to a, greater hnderstanding of the
roles, first, of post-translational cleavage“ﬁPTC)'and envelope
assembly and, secondly, of host DNA-depéhdént RNA polymerase II

e

. (polymerase II) and ongoing host gene expression in vaccinia virus

biogenesis. ) ‘ ‘ /)

Previouly.pub;ished investigations with 1q€}bitors, such as.'
rifgmpicin, Qnd ts mutants revealed that PTC of virion core,
polypeptides is a necessary Step for development of infectious, mature
vaccinia virus. Present studies focused on the nature of the protease
factor(s) required for vaccu’ replication. To ascertain whether the
proteolytic factor(s) can move freely through the eytoplasm, PTC
oceurring during complementation between cleavage defective and DNA(-)
ts mutants wds compared with tpat evident following induced
syncytiogene&is, involv}ng cells singly 1nd&§1ated with wild-type (wt)
" and cleaypge defective ts1085 virus. Since PTC can occur during
coinfection but not after cell-cell fusion, the-protease ractbr 1§N

presumed to be nopdiffuaiblq, Data from temperature shift experiments .

: iii
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with ts1085 indicate that the faetor(s) for proteolysis is probably a

short-1ived aotivit'y; Affinity labeling suggests that the proteolytic

factor may be a virus-induced, nonvirion polypeptide, p12.5 in |

molecular weight, possessing the specificity of chymotrypsin for ~—
protease inhibitors TPCK and ZPCK. Evidence indicating that the .

factor‘h?s a brief half-life impliés that it must be synthesiied on a .

continuous bast:,;o-efrect viral maturation.

Five ts mutants of yaccinia virus which mimic the effects of

’

rifampicin,.being defective in assembly of the envelope and

maturation, were characterized. Although the mutants showed a similar

- -

morphogenetic phenotype when examined by electron imicroscopy, analysis

by isotopic pulse-chase experimente in which the rirel polypeptides
were eepareted by polyacrylahide slab gels, andiconplementetion ‘
titrations between the mutante, indioate\that eaoh mutant produced a
distinct defeok The data indicate that as many as four gene
functions. may be involved in the PTC process} A model of vacecinia
self—assembly, which takes into account previous observations and .
current data, ip proposed aooording to which induction of core.
enzymatic activities, internal differentiation, and aoquisition of o
infectiousness are temporarally coordinated, closel} eoupled phenomena

requiring PTC.

Concurrent with the study on.PTC'end assembly, the participati
of host polymerase II in the vaccinia life oyoie ues examined .by
comparing efffiorfency of multiplication after ‘tr'eatins the - Ama®
sensitive and Ama. 102 drug resistant lines witm-'amni’ In the -

latter, resistance is due to a mutat®n in polymerase II. The toxin

o
Y 3
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reduces. ayntheaia of virus-specified polypeptides and abolishes

*ﬂorpho*poeisu in Ans' but not in Ama 102 rat myoblasts without .

appreQiably.alteping vaceinia DNA replication in either cell type.

- This impliéates polyﬁerase II in the expression of late virus

s -

)

. fu?ctions. o . i\,ﬁ\d/’{

Since the requirement for polymerase II in vaccinia virus

o\

replication may 1nvo’lve either ‘r‘:al or host cell gene transcription,

¢
the latter hypothesis was examined using intense Y;irradiation.
Exposure of monkey BSC-1 or mr‘fib.roblastic L-2 cells to 40 or' 70
kilorad of y-irradiation abolishes DNA and RNA synthesis almost
enﬂirely but reduces the formation of protein much less. A
dos%%response analysis of irradiation spows that - synthesis of total
RNA and thé putative messenger component théreof ére equally
diminished. Induction of biological functions, nameiy the vaccinia ’
virus-specified hemagglutinin activity and the interferon-mediated
antiviral state were severely Anhibited by Y-:lrradiation treatment.

N

The combined data indicate that intense y-irradiation is able to
suppress 'host gene exp;ession uhetﬁer measured in terms of total and
putétlve mﬁNA syAthesis or biological function. ‘Houeve;, vagdinia
virus, as well as herpesisipplex virus and vesicular stomhtitiiivirus,
are able Eo ?eplioate fully in hﬁst cells made transoript{onalﬂy, '
dysfunétional by Y-irradiation prior to 1noou1§tioh. From this .
evidence, it is concluded that the requirement for polymerase. II or -
subunit(s) thereof §y & poxvirus 1is prob;biy-relatod to transcription

™y

from the viggl, not the host cell, genome. - | '_ )

‘e
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Chapter 1-

=
i
“

INTRODUCTION

Poxviruses are the most complex eukaryotic viral agents when
considered in terms of sizé, morphology and 'replicati-u{sﬁt%tegy
(Luria et al., 1978).- Elucidation of the schieme of replicative events

v

has been undertaken by mqéns of experiments efiploying metabolic

_ inhibitors and electron microscopy (Dales and Pogo, 1981). Sambrook h

et.al. (1966) were the first group of investigators to isolate
cqqditionai—lethal bemperature-senéitive (ts) poxvirus mutants which’
pem'itt,ed more ,ﬁetai,led study <;f"th‘e replicatfive cycle of rabbit
poxvirus. Other labor_'atories tfo],lowed their lééd (Padgett and
Tomkins, 1968; Basilico and Joklik, 1968; Drillien et al., 1977; ‘
.Chernos et _al.,‘1978) and in 1978 Dales et al. reported the isolation
of"dver 90 ts vaccinia virus mutants. Of the isolates, 78 were
grouped on inorpholog,ioal observation im:.o categoriés according to an
aécending order of oom_plexity reached in ‘develbp'ment. This broad

spectrum of ts mutants .has presented a means for incisive

.
. on
.

®
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investigations into the nature of vaccinia virus biogenesis. ’

Of particular interest.;eré a group-of mutants, group E, which

were observed to mimic the effect’of_the antibiotic rifampicin on

* wild-type vacéiﬁia morphogenesis,, in that aberrant virai envélopes - . %
éevoid of an external backing of spicules gnq having a‘suppi; ﬁﬁd ‘
pleom&rphic apﬁgarancg were férmed (Nagayéma gg.ggﬂ,\1970; drime;y et . . -—
al., 1970). This antibiopicialéo‘iﬂhibtted.thé‘induction of certain
core enzymes (Nagayama et al., 1970) and pé;t;transiétionaI cleavage

‘ / (PTC) of virus-specifiég precufsor_polypeﬁéides %; stqycﬁﬁhg} égpteins

found in the virion core (Kates and Moss, 1970a and 1970b).‘ Stern et.

al. (1977) studied one of the group E mutanﬁs, EiTOSS,*HHiéh under

nonpermiq;;ve conditions mimicked. the effe?ts of rifampicin not only
on‘envelqpe and viruéiférmahion Sut also'tﬁe induétion of core‘ehzyme;
and PTC.. While all of these defecfé were reversible upbﬁ "shift-d;un"
to the permissive temperature, only assembly 1mma£ﬁre'vi}us
gnvelopes could octur in the gbsence of conti::Ehg protein synthesis.
Combined evidence from several lines of investigation 1ndic;tes.that
PTC of core precursor polypeptide; as well as the induction of core
enzymes, virqs maturation, and infectiousness must be temporallly
co-ordinated and.somehow interconnected events. Data from this and v
Prévious ;tudies suggest that proteins related to core enzymes and !
precursor polypeptides must be packaged within immature paréicles
beéfore PTC and differentiation into the core and lateral bodies,

corinected with virion maturation, can occur (reviewed in Dales and

Pogo, 1981).

2y




Towards the elucida%}on of the complex series of events leading

’

to vaccinia ¥irus ‘assembly, effor were turned towards determining

what controls the maﬁqration process and\ the nature of the protease
1ﬁvolv§& iﬁ PTC. To thig end, the five mutants belonging to gréup E
were charéctérizednto ascertain the extent of PTC in the mutant
infegtions and the number of genes involved in the proteolytic
process. Studies were conducted to determine the nature of the
interactién of the proteolytic }actor(s) with its substrate in vivo
and the role of the envelope in this event. 1In ;ddition, the protease
® itself was characterized in terms of its substrate specificity, size
~and location. ‘Thi§ examination in cons}deraple'detéil of the nature

\v
and. role of the envelope and PTC in the assembly of this agent has

—

culminated in a revised model of vaccinia virus biogenesis. L

Concurrent with this investigation on virus assémbly, the role of

host activities in the expression of late %accinia virus-funptions was
of4gonsiderab1e inteéést.“ while early virus functions and DNA

replication are not dependent on host gene egpyession (Magee and .,

kA

' Miller, 19625 lKajiqka gg.gl., 1974) or even the presence of the
ynﬁcleus (Pre;cofé ét al., 1971), the findiqg by Pennington and Follet
(1974) that virus r;plicaiion is inhib;ped in enucieated cells implied
“that a host nuclear function may be ;eqpirog for vaccinia“assemblf and
matgration._ In addressing this possiblity, the initial experiﬁents
described in this discourse centered on’'the role of host
t}anacriﬁﬁ}onal factor(s) in the life cycle. of vaccinia virus,
employing the toxin g -amanitin, a specific inhibitor of DNA-dependent

RNA polyﬁarase 1I (polymerase II) of animal cells (Roeder, 1976). The -




competenc; bf cells exposed to intense-y—irradiapion prior to
infection.to support virus repilq;tion was also examined, in
anticipation that sgch treatment would render the cells
transcriptionally dysfunctional. This qssump%ion was c;iéically
testgd and assessed in‘termé of" the synthesis of iotal and putative
mRNArag-well as gene expression. Dafa froﬁ these studies énd those
conducted by other laboratories have been considered in-the formation
of a hypothesis concerning the role of,polye;ase II and ongoinéé

transcription from the nucleus of the host in vaceinia virus

biogenesis.
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Chapter 2

~a

HISTORICAL REVIEW

The pre-eminence of Poxviruses in the discipline of'virology is
ndoubtedly due to the complexity associated with these agents. The
elementary bodies (EB's), which are the extracellular infectious phase

¢

in “the virus life cycle, are the largést in size and possess the
. highest degree.of morphological intricacy “of any edkaryotic viru;)
(luria et al., 1978). Vaccinia virus is the prototypic member of the

genus Orthaopoxvirus (ortho: from Greek .orthos "correct™; pox: from

0l1d English Qég "pustule®) consisting of antigenically similar viruses
of mamnals (Dales and Pogo, 1981). The other genera of the family
‘Poxviridad\pre Avipoxvirus, Capripoxvirus, Leporipoxvirus, '

.

Parapoxvirus and Entomopoxvirus which constitute members. of the fowl

]

pox group, sheep pox group, myxoma group, orf group,‘hnd insecq pox
group respectively, and have been categorized by serological

cross-reactivity (Matthews, 1979). ‘ '
) L

o .
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The chronology of the genus Orthopoxvirus can be dated back to

the reign of Pharoah Ramses V (circa 1160 BC) who is believed to have
been a victim of smallpox,-caused by the species variola (Joklik,
1980). Indeed, ihe practice of variolation, a means of imparting
immunity to this Qisease by inhalation of dried pustular material
derived from infected individuals, was developed in apcient China.
However, it was not until the publication in 1798 by Edward Jenner
that a relatively safe and efficient means of prevention, the

induction of a localized mild cowpox infection through the practice of

vaccination, was described (Dales &nd Pogo, 1981). -
*

Because of the large size of vaccinia virus, the EB could be
observed by light ﬁicfoséopy and was first described by Buist in 1887
(Bland and Robinow,“1939). However, the modern era of poxvirus
research did not commenc; until the technological gdvancements of the
1930's ané 40's of the electron mieroscope‘for observation, virus
propagatioh in chick embryos for large scale growth of the agents,
ﬁltracentriruéation for purification and analysis, and numerous
. blochemical and cytochemical techniques for dissection and
determination of virus-associated phenomena (Dales and Pogo, 1981).
The first definitive'review on the biology and biochemistry of
poxviruses was published at that time (Smadel and Hoagland, 1942) and
has since been augmented by critical surveys by Joklik (1966, 1968),
Fenner (1968), Woodson (1968), McAuslan (1969), Moas (1974, 1979) and

mostgfecently Dales and Pogqg (1981).

N | .




2.1 The ViruqlParticle-Elementary Body
'/ ¥

The advenz'of mass propagation techniques and'E}tracent;ngation
made possible procedurés for large scale purificatioﬁ of t;e EB's.
Initially, virus inocula w;re administered to shaved areas of rabbit
skin (Craigie; 1932) or chick embryos (Joklik, 1962). . The
availability of mammalian tissue culture systems made possible more
controlied means of virus propagation from which progeny could be
obtained in large quantities. Because the majority of progeny were
trapped within the cell, cell disruption using repeated cycles of
freezing and thawing (Green et al., 1942), homogenization (Dales and
Mosbach, 1968) or ultrasonic oscillation (Stern and Dafes, 1974) was
an integral step in the purification protocols. After w speed
centrifugati;n to remove miclei and cellular debris, ?edimentation
into béhds by gltracentrifugation th:zugh density gradients of cesium
chloride (Planterose et al., 1962), sucroge (Smadel and Hoagland,
1942) %r potassium tartrate (McCrea et al., 1961; Stern and Dales,
1974) would ;ield purified elementary bodies. Herver,a eritical
evaluation of purity, using electron microscopic and electrophoretic
analysis, would favour the use of potassium tartrate gradients as the

best medium for purification of EB's (Stern and Dales, 1974; Essani

and Dales, 1979).




2.1.1 Morphology and Physical Composition

wWhile poxviruses can be ob;erved byllight microscopy, and using
this technique Ledingham (1931) was able to Aemonstrate agglutination
of EB's by antisera, the introduction of the electron microscope made
poessible a thorough elucidation of the morbhologicai structure of the
virion. The rectangular or brick-shaped structure of the vaccinia
EB's hag a‘limiting outer membrane, a centric core or nucleoid and
two lateral bodies (Green et al., 1942; Sharp et al., 1946; Dawson
and McFarland, 1948; s:toekenius and Peters, 1955; Peters, 1956;
Epstein, 1958; Dales and Siminovitch, 1961). The limiting outer
membrane, or envelope, has been characterized by negative staining ang
freeze-etching techniques to be covered by surface ridges or tubular
elements (Dales, 1962; Medzon and Bauer, 1970) wound around the
virion-in a left-handed sense (Nagington et al., 1964). The biconcave
core is itself enclosed by a proteinagious capsule (Noyes, 1962b)
within which the viral DNA genome (Peters, 1956) appears as tangled
finé threads or more concen£rated bundles of filaments (Dales, 1;63).
fhe physical dimensions of the EB's of vaccinia virus are
approximgtely 235-280 mu in length and 165-225 mu in diameter (Noyes,
1962a; Westwood et al., 1964) and have a mass of 5.5 X 10" °g per 'EB
(Joklik, 1966). Smadel et al. (1940) and Hoagland et al. (1940) are
crediteq with first determining that the nucleoprotein of the virion
contained D&A whieh has been established by electron microscopic
measur:;;;:;}o be 120-130 X 10°® daltons (Geshelin and Berns, 1974) and

to comprise 5.6% of the virion by weight (Pfau and McCrea, 1962).




2.1.2 Virion-Associated Proteins

The first analysis of vaccinia EB's by one-dimensional
polyacrylamide gel electrophoresis (PAGE) was conducted by Holowczak
and Joklik (1967) who repoﬁted 17 separable virion polypeptides. This
laboratory uaslabxe to improve the resolving capability of the | )
‘gechniqué using longer disc gels and autoradiography and discerned 30
polypeptide bands (Sarov and Joklik, 1972) of whiqh 5 were determined
by lactoperoxidase iodination to be at or near the virion surface and
17 were associafed with purified cores. Two of the core polypeptidés,
562 and p60 accounted for over 50% of the weiéht of the EB and two
proteins were glycosylated and determined to be absent from either the
core or the envelope (Holowczak, 1970). Six phosphoproteins were also
detected, one of which, p11, is a highly basic histone-like core
polypeptide (Pogo et al., 1975). Other investigators have~reported
only one glycopeptide (Garon and Moss, 1971) and the absence of any
phosphoproteins other than_p11 (Rosemond and Moss, 1973; Pogo et al.,
1975). Modifications to the PAGE system of Laemmli (1970) have
resulted in the resolution of 56 bands by Stern and Dales (1976a) who
also showed that the surface tubular element of vaccinia EB's consist
of a single p58 polypeptide. More recently, the use of
two-dimensional electrophoresis, consisting of isocelectric focusing in
the first dimension followed by PAGE separation in the second
(O'Farrell, 1975), has gréatly enhanced the resolving power of"
electrophoretic analysis of polypeptides. In their original work,
Essani and Dales (1979) were able to detect over 110 virion

polypeptides ranging in MW from 10,000 to 100,000. Only one
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glycoprotein, similar in MW to that reported by Garon and Moss (1971),
and only one phosphoprotein, identical to the basic histone-like
phosphoprotein reported by Rosemond and Moss (1973) were degected.

The power of this analytical technique is underscored by a Subsequeng
investigation in which it was determined thét the
temperature-sensitive (ts) jegjon ©f a conditional-lethal vaccinia

virus mutant manifested itself as a shift in isoelectric point of the

p37 virion protein (McFadden et al., 1980).

2.1.3 Virion-Associated Enzymatic Activities

The degree of autonomy in the replicative cycle of a viral agent
is determined, for the mo;t part, by its ability to initiate
expression of its own geﬁetic information wit&but host factors.
Indeed, even if the virus coded for a multitude of replicative
functions, it would still have to rely on host factors for their
initial manifestation, Vaccinia virus carries within its EB at least
12 enzymatic activities, many of which are involved in transcription
of the virus genome (Dales and Pogo%,J?81). One of these activities
is the virus-specified DNA-dependanf\Rin polymerase, found in the
virion core and later in the cytoplaggiq foci of virus replication,
which is synthesized as a late function, i.e., after replication of
the genome, in infected cells (Kates and McAuslan, 1967; Munyon et
al., 1967; Kates et al., 1968;\y McRea and Szilagyi, 1975). Nevins
and Joklik (1977a) have purified this activity from infected cell
cytoplasm and shown unequivocally that this o -amanitin resistant

mltimeric enzyme is vifus-specified and distinct from the RNA




polymerases of the host, including the gy -amanitin sensitive polymerase
IT involved in cellular mRNA synthesis (Roeder, 1976). Spencer et al.
(1980) and Baroudy and Moss (1980) have purified the enzyme from the
virion and have found it to be identical to the activity present in

infected cells.

In addition to the polymérizing enzyme, other activities involved
in the modification of the RNA transcripts are ;130 found in the EB's.
A terminal riboadenylate transferase, located in the coré, is
responsible for the addition of polyadenylic acid tracts to the 3' end
of viral RNA following synthesis of the transcripts (Moss et al.,
1973). The enzyme has been purified from infected cells and found to
be unique when compared to nuclear or cytoplasmic enzymes of the host
(Nevins and Joklik, 1977a). The addition of polyadenylic acid does
not enhance translation of the viral RNA (Nevins and Joklik, 1975).
Five enzymes, polynucleotide 5'-triphosphatase (Tutas and:Paoletti,
1977), mRNA guanylyl transferase (Martin and Moss, 1975), mRNA
. (guanine-T7)-methyl transferase (Martin and Moss, 1975),
nucleoside-2'-0-methyl transferase (Wei and Moss, 1974) and
5'-phosphateépolyribonucleotide kinase (Spencer et al., 1978) are
found in the core and are resqonsible of the formation of the 5'
terminal methylated oligonucleotide or "cap" struéture of the viral
RNA. The presence of the cap structure on eukaryotic mRNA enhances
initiation of translation (Shatkin, 1976) and vaccinia transcripts are
no exception (Weber et al., 1977). There also exists, within the EB;

an endoribonuclease activity which may be involved in processing high

molecular weight precursor polycistronic RNA into monocistronic

11




transcripts (Paoletti and Lipinskas, 1978).

. In addition to thé activities involved in the autonomous
synthesis of fully functional transcripts, thgre are, within the EB,
three enzymes related ﬁo DNA and its functions. Two
deoxyribonucleases, one with a low pH optimum and exonuclease activity
and the other an endonucleaéél were first reported by Pogo and Dales
(1969a) and may be involved in removal of the virus éendhic .

cr&a§<i%n£s_(Pogo, 1977) and/or inhibition of host DNA replication
(Pogo aﬁd,Dales, 1973). Bauer et al. (1977) dicovered andther corg
engyme, DNA nicking-closing enzyme, which may have a transcriptional
rolé in"its ability te*relax the viral superhelical DNA within the

core, ’

The bioc‘ilemical and electr'on miqroscopic cytochemical
investigation by Gold and Dales (1968) re;ealed a nuclgoside
triphosphohydrolase (ATPase) activity associated with virion cores and
a subsequent study by Paoletti and Moss (1974) disclosed the preéénce
of two independent ATPase enzymes. The hydrolysis of ATP may be
involved in a number of viral functions including exirusion of nascent
transcripts from the core (Kates and Beeson, 1970a). A protein
kinase, first discovered by Paoletti and Moss (1972), is also found in

" the core of the EB's and ﬁay be the phosphorylating activity in the
production of phosphoprotein&s) mentioned above. Arzoglou et al.
(1979) have reported a virion associat;d alkaline protease but the

function of,this activity is presently unknown.

a .
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2.2 Replication of Vaccini® Virus

In the Biology of Animal Viruses, Fenher‘gg al. (19n§) describe
the major'stagés in the replicative cycle of lytic viruses. The first
stage, penetration, involves the adsorétion of éhe infecting agent to
the cell, penetfatioﬁmof tbe virus into the cell, and unfoating or
release of the infectious nucleic wcid from the viral coat. During

the next stage, termed the eclipse period, early viral transeription

Ly

-and translation precedes.the reblication of the viral genome. This is

»

followed by late transcription and translation leading to the assembly

and eventual release énd dissemination of mature infectious progeny.

The attachment of an infecting vaccinia EB to a cell is initiated ~

by a reversaible eléctrostqtic bond (Allison and Valentine, 1960) wh}ch
is follow;d byaan irreversible b;pding betweén virus 1igands'énd host
receptors, which may involve the surface tubular elements of the
virion (Stern and Dales, 1976b). Entry of the particle into the cell
usually inVolvés viropexis, which is essentially the phagocytic
engulfment of the intact virion (Dales and Siminovitch, 1961). .

Occasionally, ‘fusion of the viral envelope and plasma membrane at the
ra . ¢ 1]

cell surface (Dales, 1973) or, under some circumstances, fusion of the'

plasma membrane with Golgi derived| membrane enshrouding the EB (Payne

" and Norrby,@?B) occurs. The release of the core“into the

e}toplasmic mii}eu precedes the uncoating proce;s which ié directed,
in part, by the virus itself (Caifns, 1960; Dales, 1963) during which
time, the viral genome passes through breaks in the core coat (Dales,
1965). The viral contribution to this process 1n;ol;es ) ;
immediate-early tranpcription of the genome within the’core:by tﬁe
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forementioned virion DNA-dépendent RNA polymerase (Kates and Beeson,
1970a and 1§70b). Following uncoating of the viral bﬁA, early
"transcription, aéain mediated by the core RNA polymer::e (Kates and
Beeson, 1970a and- 1970b), and early tragslation bri;gs about the
formation of viroplasmic foci, or "fac‘t?ories" (Cair;ls, 1960), in 'the
cytoplasmic compartment. Envelopes are the first virion structures
observed and are formed within the factories beforé the 9nset of DNA
replication (Gaylord and Melnick, 1954; Dales, 1963; Kajioka et al.,
1964). The rigid spherical }ufvature of the envélopes depends on an
external backing of spiculei‘(Dales and Mosbach, 1968) and in the
abs;nce of this "gxo—skeleton" from the bilayer as during
morphogenes}s,ih?fhg presegé; of the antibiotic rifampicin, the
aberrant enébibpes aﬁbear supple and pleomorphic (Nagayama gﬁ al.,
1970; Grimley et gl.; 1970). One of the many unique characteristics
of poxviruses is that téeir envelopes are assembled de novo in
',contrast to the envelopes of "budding™ viruses which are derived from

intact host cell qembranes, with minor modifications, during

development (Dales and Mosbach, 1968; Dales and Pogo, 1981).

Among the 30 early polypeptides synthesized (Pennington, 1974) is
the virus—specified_DN@~dependeﬁt DNA polymerase or replicase (Magee
and.Miller, 1967), the exonuclease (Eron and McAuslan, 1966) and
papping'enyzmes (Tutas and Paoletti, 1978; Bonne et al., 1977). The
genome is replicated in a bidirectional process (gogo and O'Shea,
1979) involving the formation of small DNA fragments linked by RNA
primer sequences (Holowczak and Diamond, 1976) culminating in

completeli replicated genémes through elongation and ligékion of the




DNA fragments (Pogo and O'Shea, 1978). Cross-links between the sister

strands of the genome (Geshelin and Berns, 19TU) are formed during the

final stages of genome replication (Holowczak and Diamond, 1976).
Arguments have been advanced that viral QNA'replication is not limited
to the cytoplasm but may ﬁequire or ogcur in the nucleus (LaCoila.and
Weissbach, 1975; Boldén et al., 1975). However, studies conducted by
Magee and Miller (1962) and Kajioka et al. (197U4) regarding normal
cytoplasmic DNA syntpe§is in cells pre-treated with the DNA
cross-linking anf}biotic mitomycin C and the competencé of enucleated
cells ﬁo §upport viral DNA.éynthesis (Prescott gﬁ al., 1971,
Pennington and Follet, 1974; Hruby et al., 1979a) underscore the

autonomous replication of the viral genome.

Following the period of\maximum DNA sythesis, late transcription
commences initiating the production of materials ihvolved in virion
assembly and maturation (Dales amd Pogo, 1981). The shift from'early
to late tradnscription is somewhat loosely controlled as both classes
may be found post-replication (Gda and Joklik, 1967; Dahl and Kates,
1970). 'Generally, howev;r, there is good correlation between the
appearance of earl_y and late transcripts and corresponding protein
classes (Estaben and Metz, 1973;' Baglioni et al., 19?8). Qver 50 .
late proteins have been detected in the cytoplasmic fa9tories
(Pennington, 1974). Vaccinia-sﬂecified virion enzymes synthesized
late include the two DNAases (Pogo and Dales, 1969b), the RNA
gglymerase (Kates et al., 19681 and the nucieopide phosphohydrolase .

(Pogo and Dales, 1969b). .

15
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While the evidence described above supporting the idea of
autonomous early transcription is formidable, there has been a major
controversy regarding the role of miclear functions in late

transcription (Pennington and Follet, 1974; Bolden et al., 1979;

. Hruby et al., 1979a and~1979b;? The point of contention centers on
the role of the host enzyme DNA-dependent RNA polymerase II, found by
kwo labor:tories to be obligatory'ggr expression of late functions,
(Silver et al., 1979; Hruby et al., 1979b). Whether this host
function- is involved in viral or host gene expregsion is one of the.

subjects of this dissertation.

The penultimate stage of vaceinia virus biogénesis, assembly and
maturation, underscores the complexity of this agent . Dales and Pogo
(1981) discuss five major events during the maturation process:
envelopement of the virus particles, maturation of the envelope,
post-translational cleayage (PTC) of virion structural polypeptide{,
induction of several core enzymes, and internal differentiation of the
immature particle first into a nuclear body and finally into the core

and lateral bodies of the mature EB.

Virus envelopes, which are backed by spicules and can be observed

"o prior to the onset of DNA replication, are assembled surrounding a

quantum of viral DNA plus early and late viral proteins required in
the mature virion (Daleévand Mosbach; 1968; Nagayama et al., 1970;
.Pogo and Dales,.1971; Stern and Dales, 1976a). The’spheri;al
immature particle;, engulfed in a rigid spicule ;overed envelope, lose
their spicules permitting the ﬁorphological change of the particle to

the brick-shaped EB (Sarov and Joklik, 1973). The spicules are

- |
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replaced by surface tubular elements (Essani et al., 1982), one of the
///&aee\ggmponents to be incorporated into mature virions (Stern and

Dales, 197%a).

In the igfbrval between formation of the immature particles aﬁd
displacement of the spicules by the surface tubular eleménts, a

L

complex series of events occurs internally culminating in the

formation of core and lateral bodies. Certain core proéeins are \
derived from higher molecular weight prgcursor p§lypeptides (Kates and
Moss, j970a and 1970b). Using tryptic peptide mapping ﬁechnidueg,
Moss and Rosenblum (1973) were ablé to show a precursor-produét
relationship between polypeﬁtides p94 and p62 and poiypeptides pb5 and
p60 reépectively. Stern et gl.-(i977) found, in additioh, that virion
polypeptides p23, p18;5 and pi8 are aiso formed by PTC.” Moreover,
their study, which emplbyed a temperature-sensitive vaecinia‘ virus
mutantAdefective in PTC, revealed that the precursor prbteins were

. incorporated into immature particles in ;n uncleaved state, suggesting
that processing may occur within the particle itself. The mutant used
in this sé mimicked the effect of'the antibiotic rifampicin on
wild-type vaceinia bibgene§is in that envelope assembly was aberrant
due to the lack of atﬁachment of spicules‘to the envelope bilayer, PTC
and maturation were blocked and inductfon of core-associated late '
enzymes was interrupted (Nagayama et al., 1970; Grimley et al., 1970;
Kates and Moss; 1970a and 1970b). In both cases, viral DNA synthesis
and formation of most early and late proteins, with the exception of

late cleavage products,: oocurred normalky. Perhaps most 1ntriguing

was the finding)that reversal of the restrictive conditions, either by
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removal of the drug.or incubation at the permissive temperature,
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p;rmittgd spicule attachment resulting in normal membrane asgembly-and
induction of core e;izymes and 13Tc. ?iowever', .the lgtter thsy processes
were contingent on additional transcription and/Z;;nslation.while
normal membrane assembly was not. The imélication was that normal
membrane assembly is a prereqdisite for PTC.but by itself was
insufficient to ensure cleavage. When taken together with the findihg
that inhibitors of translation alone will block PTC in wild-type
infections (Stern and DE%EE* 1976a), there appears to be a tightly
co-oﬁdinatgd temporal éontrol on the formation of the immature
envelope, incorporation of the precursor pdlypeptides an;’subsequent

cleavage into the virion core proteins culminating in the formation of

the mature particle (Dales and Pogo, 1981).

-

Orthopoxviruses, as exemplified by vaccinia virus, are

disseminated from the host cell by two major modes of release: .

extracellular dispersion or synctial egress. Extracellular release
often involves wrapping the mature EB's in Golgi membranes (Ichihashi
et al,, 1971; Morgaﬁ, 1976a). As .Golgi vesicles surroun& the
particle, fusion between the Golgi membranes occu;s resulting in an EB
wrapped in a.éouble sac. :After the wnappeq EB has migrated to the
cell surface, fusion between thé outer Golgi derived membraﬁe and the
plésma membrane of the cell occurs, releasing the EB to the
extracellular mileau. This mode of release is not particularly
efficient since the ma jority of -the progeny remain naked (i.e.,

unwrapped) and trapped within the cell but may be released by

disruption of the host cell (Easterbrook, 1961; Appleyard et al., -

-
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. Both vaccinia and variola viruses give rise to variaﬁts with the’ . . .,//
ability to in&ﬁE;/:311 éb cell fusion or syncytiogenesis (Cassel and - . "
Fater, 1858; Kaku and Kamohora, 1964; Ichihashi et al., 1971). This {
process requires migration §f mature viriens to the cell surface
(Ichihashi et al., 1971) and is believed to be mediated by a host

9
plasma membrane-associated virus-specified protein (Weintraub and

Dales, 1974; Weintraub et al., 1977; Payne, 1979). Dales and .Pogo
"(1981) postulate that variants capable of inducing cell-cell fusion

may utilize this ability in cell to cell dissemination.

It is evident that vaceinia virus biogenesis displays a high
degree of autonomy froq_h;st cell functions. From’th? very onset of
the \infectious process to the final dissemination of the mature
progény, the virus appears to direct, almost completely, its
self-replication. Undoubtedly, the huge coding capacity for a my;iad
of_enzymatic and structuralﬁpréte;ns'permits this highly autonomous
virus to relocate the functional center of the cell from the nucleus )

to the cytoplasm, its site of replication (Luria et g'_']_..., 1978).

»

2.3 Effects of Infection by Vaccinia Virus on ) Iy

Host Cell Metabolism

Host cell metabolism is profoundly affected after infection by
vaceinia virus. Cellular DNA, RNA, and protein synthesis may be,
sqppressed or altered by virion components or virus-specified factors

apd=ure temporally dependent on the multiplicity of infection (Dales

¢ PLE |
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"and Pogo, 1981).

N

\ .

Host DNA synthesis is rapidly inhibited upon virus infection and
may be due to degradation of nascent cellular ssDNA mediated by a
virion core enzyme, the neutral pH nuclease (Pogo and Dales, 1973 and
1974). :Pret‘ormed host dsDNA, however, is not hydrolyzed into reusable
acid sol@d.e products and remains essentially intact (Sheek and Magee,
1961; Kit and Dubbs, 1962b; Pogo and Dales, 1974). Parkhurst et al.
(1973) -have indic;ted that limited DNA breakdown does occur and ma'ay
involve the migration of the core endonuclease o the nuclei (Pogo and

.

Dales, 1973).

Kit and Dubbs (1962a) have shown that synthesis of cellular RNA
is inhibited commencing 3 hr post-infection culminating in totai
suppression by 7 hr post-infection. This fihding was supported/by
Becker and Joklik (1964) who alsg found that transport of cellular
mRNA from the nucleus to the cytopiasm is blocked by 3 hr -
post-infection. Kit’_e_g al. (1964) h.ave sugg:sted that suppression of -
host RNA synthesis may be related to the decrease in uriaine kinase

activity following vaccinia virus infection.

One of the advantages of studying virus-specified protein J ‘

synthesis in vaccinia virus infected cells is the rapid sdppression of

host prot.e;n synthesis. withiﬁ 20 minutes after 1n6cu1ation, host
protein .synthesis. is reduced and Imos complete'inhibit\ion'can be
'achieved within one hour post—'i.n _t.:ion using a sufficiently high
input multiplicity of infection (Moss, 1968; Moss and 3altzman,

1968). A controversy surrounds the mechanism of_ inhibition of host
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protein synthesis and evidence has been presented.indi;ating Ehatf\
yirus-specified transcriptioﬁ (Kit and Dubbs, 1962a; Bablanian et
al., 1978), translation (Drillien et al., 1978) or indeed, the
infecting virion itself (Moss, 1968; Ben-Hamida and Beaud, 1978) may

be responsible.

2.4 Genetics

The genetic endowment of poxviruses has been studied using
mutants or variants obtained spontaneocusly or after induction by
physical or chemical means. The phen%typic expression of the genetic

N

alterations include degree of virulence, théfmosensitivity, pock or

plaque tygf, serélogical relatedness, capac&ty/fer comp;ementation én&
recombination, héat restriction and defectiveness in virus-specific
activities and assembly (Dales and Pogo, 1981). As an example, a
mutant obtained by Dales et al. (1978);*%s9251, was chemically'induced é
and then selected on the basis of thermosemgitivity. After
determining that at the restrictive temperature the mutant displayed
an aberrant plaque type, electron micros'cc}pic analysis revealed a
defect in virion assembly. A shbsequent i;quyigation revealed that
the mutatioq involved a change in the 1§oelectric point of a single
protein and further that the mutation could be pinpointed to a single
bé:é alteration in the’genome of the mutant (Essani and Dales, 1979;
McFadden et al., 1980). Thus intensive and sénsitive analysis of
poxvirus mutants is presently possible permitting.a thorough

elucidation and dissection of the multi-faceted process of virus

biogenesis. . e




2.4.1 Reactivation

’ Reactivatién is the non-genetic process whereby the viable genome
~of the reactivable virus contained originally in an EB which has been
made dysfunctional by heat or high salt protein denaturation can be
expressed culminating in the production of its normal progeny only
when inoculated inﬁo a suitable host in conjunction with a rescuing
virus (Dales and Pogo, 1981). The original study on non-genetic
reactivation, or the Berry-Dedrick pheﬁomenon, involved the rescue of
heat-inactivated myxoma virus by co-infection with rabbit fibroma
virus in rabbits which whould then develope myxomatosis (Berry and
.Dedrick, 1936). Indeed, rescue of the reactivable virus could occur
even if the genome of the rescuing pirus had been inactivated by
physical or chemical mutgéens (Joklik et al., 1960a and 1960b; Fenner
and ﬂoodroofe, 1960). This underscores the non-genetic'nature of the
reactivétion phenomenon because no productive exchange of genetic
material or nascent expression can occur. It is postulated that the
rescuing virus contibutes factors required for uncoating and initial

expression of the reactivable virus genome (Dales and Pogo, 1981).

2.4.2 Spontaneous Mutants

Spontaneous mutations can phenotypically manifest themselves as
alter;ations in virulence (Baxby,.“"l975), host range (Sambrook et al.,
- 1965), thermosensitivity (Shelukhina et al., 1979) and the
virus-specified hemagglutinin activity (Hein:rqub and Dales, 197“):

Sharp and McGuire (1970) revealed that virus progeny derived from

plaque-purified 1solates’disp1ayed variability in structure and
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infectiousness., This may be explained by the discovery by Wittek et

al. (1977 and 1978) and McFadden and Dales (1979) that vaccinia virus
stocks derived from cloned isolates contain heterogeneous genomes of
varying lengths due to spontaneous non-lethal terminal sequence
deletions. As a case in point, a spontaneous mutation of monkeypox,
phenotypically expressed as non-hemorrhaéic "white™ pocks as compared
to normal hemorrhagic red pocks (Sambrook et al., 1969) results in a
ma jor deletion of the terminal .portion of the genome (Archérd and
Mackett, 1979). While the terminal region of the genome displays‘
significant plasticity, the intermal tract is highly conserved not

only within a given stock of vaceinia virus but, indee&? among members

of the Orthopoxviruses in general (Muller et al., 1977; Esposito et

1., 1978).

4.

2.4.3 Chemically-Induced Mutants

Chemical mutagens are cgpable of producing deletion, insertion,
frame-shift and poi{)tt?“both missense and nonsense, mutants (Goodenough
and Levine, 191#5. Perhaps the most useful are conditional-lethal,
temperature sénsitive (ts) mutants which possess a unique defect in

olate and only single as opposed to douﬁle or multiple
tioqs (Sambrook et ;1., 1966) because the mutation may be uniquely
defined and often phenotypically reversable. Sambrook et al. (1966),
employing the chemical mutagen bromodeoxyuridine (BR4U), were the
first group to produce poxvirus ts mutants and twenty-six‘isolates
derived from a parental rabbitpox strain were characterized. Other

- c ,
laboratories followed in producing chemically-induced ts mutants .
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defective in assembly and maturation (Drillien et al., 1977; Dales et
al., 1978; Chernos et al., 1978; Condit and Motyczka, 1981) while
other mutants which are drug resistant or dependent (Appleyard and
Way, 1966; Subak-Sharpe et al., 1969a and 1969b; Nagayama et al.,
“1970; Moss et al., 1971; Katz et al., 1973a and 1973b) have been

isolated.

A most ambitious project of generating and characterizing a broad

spectrum of ts'mutants was undertaken by the group of investigators
headéd by S. Dales. Mutagenesis of purified stock IHD-W vaccinia
virus was conducted using N,-N-dimethylnitosoguanidine and about 90 ts ;
mutants were isolated. The qptants were categorized into 17 classes
based on a scheme of ascending progression of development after

electron microscopic observation of thinly sectioned infected cells

grown at the restrictive temperature (Dales et al., 1978).
Recombnation analysis of a group of morphologically similar mutants,
group E, indicated tl;lat ‘eaeh mutation is‘.loca.ted in a separate and
distinct locus (Lake et al., 1979; K. <Essani, doctoral dissertation,
1982). Further evidence suggesting that each of the 90 mutants may
carry a single point mutation' comes from the studies of the mutant
designated §g9251, in which a specific base alteration occurs at one
unique site (McFadden et gl.,y1980; Schumperli et al., 1980).
Recomﬁination analysis of the aforementioned grodp E mutanté and a
subsequent study of a group of mutants defective in DNA synthesis
(McFadden and Dales, 1980) has also indicated that genes involved in
related functions such as assembly and DNA synthesis respectively, are

most probably not located in close proximity on the genetic map. No

a - __ y ,
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doubt further studies empllo}ing conditional-lethal
temperature-sensitive mutants will be prominent in the elucidation of
poxvirus genetics and" biogenesis. s
»




MATERIALS AND METHODS

4

3.1 Chemicals and Isotopes

‘L=|?5 S| methionine (sp.act. 100-1010 Ci/mmol; 1C1=37GBq), |U-'"c|
uridine (350 mCi/mmol), L-|?H| amino acid mixture (NET-250), |5-H|
uridine (25 mCi/mmol), |methyl-’H| thymidine (77Ci/mmol) were
purchased from New England Nuclear Corporation. le-*H| zpcx (330
mCi/mmol) WAB prepared by Amersham Corporation employing random
labeling of ZPCK by means of the catalytic exchange method in
tritiated aqueous med{um. Polyethylene glycol 6000 (PEG) was obtained
frop BDH Chemical Co., 0ligo(dT)-cellulose type 3 from.Collaborative
Research. Inc., diethilpyrocgrbonate (DEP) from Sigma Chemic#l Co. and
Nonidet P40 (NP-40) from Shell 0il Company. Acrylamide and
bisacrylamide, eleé@ropﬁoretic grade, were purchéaed from Eaat@an,‘
sodium dbdecylshlfate;(SDS) aﬁd‘N,N,N',N'-tetbamethylefhyleqed%?mine
(TEMED) from Bio-Rad.Laﬁoratgries. Human 1eukooyte‘in$erfefon (INF)

was kindly providéd and standardized by Dr. C. Tan, Univgrsity of
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Calgéry.' The Conavaiig ensiformis Iéctip (concanavalin A type IV)

‘(Con A)'and proteése inhibitors phenylmethylsulfonylfluoride (PMSF),
L-1-tosylamide-2—phenylethylch;oromethy1 ketone (TPCK),

N—q -p-tdsyl-L-lysine chloromethyl ketone (TLCK), and
N-carbobenzoxyl-L-phenylamine chloromethyl ketone (ZPCK), were
purchased from Sigma Chemical Co. Streptomyéin A was a gift from
ijohn, rifamﬁicin and gFtinomycin D were obtained from Sigma and the
Amanita phalloides toxin—a—aman{tin was purchased from Boehringer

]

Mannheim. All tissue culture media, antibiotics, and sera were

obtained from Flow Laboratories, GIBCO, and Microbiological
Associates. Unless otherwise indicated, all remaining chemicals and
materials were reagent grade and were purchased from Fisher Scientifie

Limited.

3.2 Cells and Culture Methods

The majonity of experiment; employéq monolayer cultures of the
L-2 substrain 6f mouse L-929 fibroblasts (Rothfels et al., 1959). A
clofie of a rat myoblast line, L6H9, designated Ama and an
o —amanitin-resistant mutant, Ama 102 derived theref;'om, both kindly
provided by H.E; Pearson (University of Toronto) and the monkey BSC-1
cell line, obtained from Connaught, Laboratories, Toronto, were also
used. All cultures were maintaiped in rnutrient medium (NM) consisting
.of Eagle's (1959) minimum essential medium (MEM) supplemented with 10%
(v/v) fetal bovine serum (FCS), 100 units/ml penicillin and 100 ug/ml
streptomycin. Hono;ayer oultdres, oﬁ plastic culture dishes (Falcon

-

Plastics) were incubated at 379 in Hotpack incubators gassed with a
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humidified mixture of air and 5-10% carbon dioxide. Suspension
cultures of L-2 cells, between 2 X 10° to 1 X 10° cells/ml, were
maintained as described above with gentle agitation in NM supplemented

with 0.1% (w/v) methylcellulose (c.p.s. 15; Dow Chemical).

3.3 Viruses: Prototype and Mutant Virus Isolates

The IﬁDdH subtype, isolated initially from the IHD-J parental
strain by Hanafusa et al. (1959) was the prototypic vaccinia strain
used in this study. This subtype is distinguished fram its
hemagglutinin-inducing parental strain by its inability to. express at
the cell surface an active hemagglutinin and by its ability to elicit
polykaryocytosis in mammalian and avian cells (Ichihashi and Dales,
1971; Weintraub and Dales, 1974). Dales et al. (1978) have derived-

—— ——

numerous diverse temperature-sensttiv; (ts) mutants from the IHD-W

subtype using £he mutagen N,N'—dimethylnitrosogqanidine, which lend
thqgselves to a more ;horough elucidation of vaccinia biogenesis.
Ninety mutants have been grouped into 17 categories acco;ding to the
complexity in morphological development reached at the restrictive
temperature of 39-uo°. The mutants used during this study éonsist of
the five members of the E category, ts1085, ts7743, £g9203, £s9251 and
g§9383.as well as the single member of the C category, £s6389. A
brief phenotypic description of these mutants has been preséﬁted in
Tablé I. Virus dgyelopment of members of the E group is blocked at
about the same stage; _numerous viroplasmic foecl are formed, each

-~

surrounded by rlgfible envelope segments but which are devoid of

spicules, and DNA paracrystals accumulate. The C category mutant,
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Selected temperature-sensitive mutam:sa and their phenotypic

’ characterizationb.
RelativeC
Category Description No. PgU/m%
337/40
C Rudimentary virus membranes with 6389d 2,100:1
spicules in foci of viroplasm and
defective in DNA synthesis. ,
E Foci of viroplasm, aberrant membranes 1085: 100:1
without spicules and accumulation 7743d 100,000:1
of DNA paracrystals. 9203d 1,000:1 )
: ‘ 9251, 81,000:1
9383 100,000:1 R
a, derived from IHD-W strain of vaccinia virus.
b, adopted from Dales et al., 1978.
¢, based on two or more independent titratioms.
d, mutants selected after mutagenesis with nitrosoguanidine and
replicated in the presence of bromodeoxyuridine.
e, mutants selected after mutagenesis with nitrosoguanidine.
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ts6389, exhibited foci of viroplasm containing curved segments of
envelope backed externally by a layer of spicules and was found to be
defective in viral DNA synthesis (Dales et.al., 1978). In this study,
the syncytogenic IHD-W subtype of véccinia virus is designated as

wild-type (wt). "

The Indiana strain of vesicular stomatitis ;irus (VsSV)
o;iginally obtained from P.W. Choppin (Rockefeller University, New
York) and tpe herpes simplex virus, type 1 (HSV-1), originally a
clinical isolate from herpes keratitis obtainéd through L. Hatch

(Victoria Hospital, London, Ontario) were also used in this study.

3.4 Propagation of Viruses

Monolayers of L-2 cells were used for IHD-J, IHD-W, ts mutants or
VSV propagation. In the case of vaccinia virus and its mutants, the
 ce1ls were infected with one plaque-forming unit (pfu) per cell;
1:&., the multiplicity of infection (m.o.i.) was 1. Following ln
adsorption pe;iod of 1 hr at 4° (Pogo agd Dales, 1971), thé unadsorbed
inoculum was removed with repéated washings with MEM, fresh NM was

added and the cultures incubated at the appropriate temperature for

w—
-~

2436 hr. ‘33? infected cell monolayer was scraped with a rubber

policeman and the cells were concentrated by centrifugation at 160g

h 4

for 10 min. The cells were resuapeq@ed in a small volume of MEM
diluted {:u using sterile-deionized water and were.kgpt on ice for 20
min. to allow for cell swelling. The sﬁo’llen cells were homoéenized
in a é}ghily-ritting Dounce homogenizer ugsing approximately 25

strokes. The homogenate was subjected to 500g fdf 5 min. to pellet
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nuclei and large cellular debris, from which the supernatant fraction
was pooled with the NM recovered from the infected cells.‘ This pooled
virus suspension was centrifuged -at 2000g for 20 min. in a Sorval
high-speed centrifuge using a SS-34 rotor.. The virus in the supernate
was concentrated by high-speed centrifugatior;Xt 50,000g for 60 min.

N .
and resuspended in r small volume of NM. This cr\de virus

preparation, for usé@:\virus stock for further ﬂfeetions, was
divided into aliquots and sfbred frozen at -700. Priyor to titration
of this virus stock, an ot was thawed at 37° and then sonicated.
on ice for two-30 second pulses in a sonicator (type Sonicup SE101,
Sorensen, Zur:ich) to disperse virus particles which had aggregated

into clumps during storage at -70°.

L-2 cells, used~for propdgation of VSV, were inoculated at an
m.0.i. of 0.1 pfu/cell. After the inoculum had been allowed to adsord
for 1 hr at 37° , the unadsorbed virus was removed, fresh NM was added
and the infected_ cells incubated at 37° for 18-24 hr. The medium was
removed and spun at 2000g for 20 min. in a Sorvél high-speed
centrifuge using a GSA rotor to remove intact cells and cellular
debris. The supernatant fraction was dispenséd into 3 ml aliquots and
stored at -70° . Prior to titration and experiqentatior;, clumps ;af

virus particles were dispur;sed using a single 30 second sonic pulse.

BSC~1 cells were used for propagation of HSV-1 , using an inooulum
containing 0.1 pfu/cell. After a 1 hr adsorption period at 37° y the

unadsorbed virus was washed away from the monolayer, fresh NM was

f

added and the virus was ‘allowed to replicate at 37o for 18-24 hr. The

.medium was then centrifuged at 2000g for 20 min. in a GSA rotor. The

L3
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supernatant fraction was divided into 3 ml aliquots and stored at
-700. These aliquots were thawed at 37° and sonicated on ice for a 30
second beriod prior to titration. L

¢

3.5 Titration of Viruses

Titration of vaccinia virus and VSV were conducted using L-2
cells while HSV-1 was,a§sayed using BSC-1 cells. Monolayer cultures
were grown in 6-well dishes (Falcon Placties or Costar) to confluence,
approximately 1 X 10° cells per well, and were inoculated in duplicate
with 0.2 ml of the appropriate ten-fold serial dilution of thawed and
sonicated stock virus,‘using MEM as the diluent. After a 1 hr
adsorption period at Ro, during which the dishes were gently rocked to
evenly disperse- the inoculum and to prevent cell drying, 3 ml of
overlay medium, consisting of NM supplemented with 0.5%
methylcellulose (4000 c.p.s.), was added. Cells infected with
vaccinia virus were incubated at either'33, 37, or 39-40° as indicated
for 48 hr while HSV-1 or VSV inoculaped monolayers were incubated at
37° for 36 hr. The overlay medium was then carefully removed, the -
mono%ayers fixed with 2 ml of neutral buffered formalin for 10 min.
and then stained with 1 ml of 0.1% crystal violet. After removing the
staining solution, the monolagsrs were gently washed in tap water and
dried. Using an illuminated magnifying glass for enumeration, the
plaques appeared as clear areas of cell lysis on a purple stained

monolayer.




3.6 Isotopic Labeling and Vaccinia Virus Purification - 9

To prepare isotopically labeled vaccinia virus, monolayer
cultures of L-2 cells, grown in 160-mm plastic 41shes (Falcon), were
inoculated with an m.o.i. of 10-20 pfu/cell. Aféer gllowiqg for virus
adsorption at 4° for 1 hr with gentle rocking, the inoculum was
removed and the monolayers washed twice with MEM. 'I:he cultures were

then incubated’for 24 hr at 37° in the presence of 5 uCi/ml

|°°S| methionine in MEM containing 5% FCS and one-third the normal

concentration of methionine. The_celié were harvested by scraping,
'mixed with 2 X 107 unlabeled infected cells,‘which acted as carrier
material, and crude virus vas‘Q;;;ared as described earlier. . The ‘
virions were then purified a; described by Stern and Dales (1974) with /’/

. e
some minor modifications. Briefly, the crude virus preparation was ////
i :

. layered onto 2 ml of 1.46 M sucrose in 10 mM Tris-HC1 (pH 8.1) and ///
centrifuged at 50,000g for 90 min. in a Beckm;n ultracentrifuge
a SW-56 rotor. The resulting pellet was resuspended by soni tioh_in
a small :olume of 0.42 M potassium tartrate in Tris-HCl {pH 8.1) and
subjected to gradient centrifugation at 50,0008 for 60 min. through a
0.85-2.13 M poiassium tartrate solution prepared in 10 mM Tris-HC1 (pH
8.1). The virus band was removed; dildtgd in the Tris-HCl soiution
and sedimented by centrifugation for 30 min. at 50,000g. The prdg;nce

of cellular debris in the final purified virus preparation was checked

* <
%

by electron microscopy.




r enkance cell-cell contact with the 3 X 108 ceils(dish added from
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CYTOLOGICAL METHODS F

3.7 Cell-Cell Fusion

-

Fusion between infected cells was initiated by a modified method
of Mercer and Schlegel X1979). Briefly, semiconfluent (1.; X 10°
cells/plate) 60-mm monoléyér cultures of L-2 cells were inoculated
with ts1085 at a m.o.i. of 10; Following 10 hr?incubation at the
nonpermissive temperature 39-uo°, the monolayers were washed with MEM

and placed for 1 hr at 39° in NM containing 10 ug/ml of Con A to

suspension. Thelatter had, prior to plating, been infected with
either wt or ts1085 at a m.o.i. of 10 and incubated at 39° for 9 hr.
The mixed adherent and added cells were incubated for 1 hr at 39% to

estabiish more stable contact. The Con A-containing medium was then

. reép%ed and replaced for 1 min. by carefully adding f/ﬁl of MEM
conééining k4% polyethylene glycol (PEG) and 10% dimethyl sulfoxide
(DMS0), prepafed as described by Davidson and Geraid (1976). Upon.
removal of the PEG-containing medium, by washing three times with
prewarmed HEM + 10$ DMSO’ eaeh plate received 5 ml of NM and
incubation continued at 33 or 39° for 8 hr prior to harvgsting cells
for electron microscopy, analysia using polyagryamide gel

electrophoresis (PAGE), or enumeration or_polykaryoeytes.

"Efficiency of fusion was ascertained after fixation in &itu with
2$<glutaraidehyde and staining with Giemsa. For enumerating nuclei

following fusion; cells were released from monolayers by

- trypsinization, disrupted in lysis buffer (1%°'NP-40, 10 mM Tris-HC},
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pH 7.2, and 1 mM'mgnesium chlorid') and the free 'nuclei centrifuged
into pellets at 800g for 5 min. The pellets were washed twice with
phosphaté buffered saline (PBS) (Dulbecco and Vogt, 1954), resuspended
in 10 ml PBS and the nuclel enumerated using a hemocytometer.

Cultures prepared as described above with the omission of PEG were

-

© used as corf¥ols.

3.8 Assays for Vaccinia Hemagglutinin Titer

Hemagglutinin (HA) was assayed as described.by Ichihashi and
Dales (1971) with minor modifications. Monolayer cultures of L6H9 rat
. .
.1.

\
myoblasts, either‘m or Ama 102, (10 cells/plate) were infected

with IHD-J at a m.0.i. of 5 pfu/cell as desciibed egrloi'er. TPe .
‘infected c'ultur'es were incubated in the presence “or abéence ot" .
metabolic inhibitors to 20 hr p.i. The cells’te washed with PBS
lacking calcium a;md magnesium salts (PBS.-A)) scraped and spun into
pellets at 1000g for 1Q min. The cell pellet;,'was resuspended in 0.25

v

ml of PBS-A supplemented with 1% Fé?:. | Cell mpture,'.using a 60 second
. e
sonic pulse, was monitored by phase-cﬁnfrast micrbs;opy and 50 ul of
two-fold serial diiutions of the cell lysate was dispensé& into a 96
conical-well microtitration plate (Linbro). To each well was added 50
ul of White Leghorn dptéken red blood cells (RBC's) which uere.
prepared as follows: the RBC's were washed three times and
resuspended in 260 times their packed volume using PBS-A plus 1% FCS.
After gentle agitation the plates were incubated at 37° for 1 hr

before the HA end point aggltitination titer was determined.

.4'\




3.9 Eleetron Microscopy

©

Methods for collecting and preparing celi samples, thin
sectioning and examination by transmission electron microscopy were
the same as those described by Dales and Mosbach (1968). For negative

staining purposes, 2% phosphotungstic acid prepared in PBS (pH 7.2) ~

was used. Infected cells were fixed in situ with'2$ glutaraldehyde in
PBS (pH 7.2) or were removed from the plastic using cold (0-4°) 0.12%
trypsin solution in PBS. The trypsin was inactivated by adding NM and -
gentle aspiration using a P;steur pipet released the cells. The cells
were spun into pellets at 500g for 5 min. and fixed with 2%
gluta{aldehyde in 0.05 M phosphate buffer, pH 7.4. Samples fixed in
situ &r afé!r release and centrifugation were post-fixed with 1%

osmium tetraoxide prepared in 0.05 M phosphate buffer (pH 7.4).

Dehydration through an ethanol series (50-95%) was preceded by-a

single PBS wash and followed by final dehydration in two‘aashes of

ol absolute ethanol in the case of cells fixed in situ or two washes of
p:!;ylene oxide when the cells were pelleted. The samples were then
embedded ih epoxy resin (Epon) prior to séctioning (60-100 nm) with
diamond knives using a Porter«Blum MT2-B ultramicrotome. The thin
sections were post~stained with alcoholic uranyl acetate followed by
Reynold's (1963) lead citrate solution and examined using a Phillips

EM 300 operated at 80 kV.

(4
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3.10 Inhibitors of Virus Replication

Synthesis of RNA was suppressed by adding NM containing M.ug of
actinomycin D per ml to infected cells at the times.indicated
(Shatkin, 1965). Similarily, protein synthesis was inhibited with
streptoviticin A (Str A) (Ennis and Lubin, 1964) at a concentration of
10 ug/ml of NM unless otherwise sﬁated (Dales and Mosbach, 1968).
Rifampicin, an antibiotic which simultaneously blocks vaccinia virus
morphopoiesis and PTC in a reversable manner (Nagayama et al., 1970)
was used at a final concentration of 100 ug/ml. The toxin q-amanitin
was used at concentrations which speeifically‘inhibit DNA-dependent
RNA polymerase II (polymerase II) (Roeder, 1976). Cells were exposed
to 2-10 ug/ml of y-amanitin from 10hto 24 hr prior to and during virus
infection, as indicated, according to Somers et 21.(1975a). Human
leukocyte interferon (INF), kindly provided and standardized by Dr. C.
faﬁ, University of Calgary, was used to induce an antiviral state in
BSC-1 ce;ls. Monolayer cultures, each containing 1.2 X 10f cells,
were treated with 100 units/ml of INF for the indicated duration.
After removal of the'INF by repeated washipgs with MEM, the monolayers
were inoculated with VSV at a m.o.i; of 0.1 pfu/cell. Following
incubation for 10 hr p.&(:‘the infecgious virus formed‘dés assayed as
plaque—forming units on monolayers of L-2 cells. Cell m&nolayers )
untreated with INF but otherwise incubated unéer identical conditions
were used as- the controls for replication of VSV. The protease
‘nhibitors PMSF, TLCK, TPCK, ZPCK, and | *H|ZPCK were dissolved in DMSO
and used in MEM containing 1% DM3SO. Cell monolayers were washed twice

'
with MEM containing 1% DMSO prior to treatment with the protease

:
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inhibitors.

3.11 Y-;rradiation of Cells

Confluent or nearly confluent monolayers grown for 3 days after

60 .
Co source

subculture were placed on ice and irradiated using a
(Gamma cell 220, Atomic Energy Canada, Ltd., calibrated to deliver 110
rad/second; 1 rad = 1 X 1072J/kg). The NM was then replaced and

cultures were returned at incubators and kept ;t 37° for at least ; hr

prior to experimentation.

3.12 Determination of Cellulanfggcromolecular Synthesis using

Isotopic Labeling

Rates of host cell DNA, RNA, and protein synthesis were measured
as follows: The NM was removed, the monola&ers were washed with PBS
and incubated at 37° for 1 hr in MEM containing | methyl-® H| thymidine
(1 uCi/ml), | 5- H uridine (1 uCi/ml}, or |33 5| methionine (1 uCi/ml).
The monolayers were placed on ice and isotopes we?e"rimoved by washing
twice with cold PBS. Cells were harvested by scrapp1ngnto 2 ml of PBS
and rqllouing addition of SDS at a final concentration of 1%, the cell
suspension was agitated on a vortex mi;er to effect ceil rupture,
Macromolecules were precipitated by additioh of TCA at a final
conqpntratldn of 10%. Before precipitating cell material labeled for
DNA and RNA with fCA at 00, da}f thymus DNA was added as, carrier
(final concentratién 40 ug/ml). The precipitates were trapped on
glass fiber filters (Reeve-Angel 934AH), washed sequentially with 10%

TCA and 95% ethanbln and placed in vials containing toluene-based
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scintillation fluid. For determining counts per minute (cpm) a
Beckman LS-350 scintillation counter, with an efficiency for * H of
46%, was employed. In some instances, cell material was kept frozen
at -207, then thawed prior to precipitation with TCA.

N

3.13 RNA Extraction and 0ligo(dT)-Cellulose Chromatography

To facilitate mRNA selection on oligo(dT)-céllulose columns, the
nascent RNA was labeled with |5-°H uridine or | U-'" C|uridine (2.5
uCi/ml) at 37* for 2 hr as described above. Cell cultures were washed
once with ice-cold PBS before RNA extraction. To facilitate
comparisons between different samples, aliquots ;f
|U-1?C|uridine-labeled material, derived from uﬂirradiated L-2 celid,

were mixed with samples of the |5-3H|uriaine-labeled BSC-1 cells prior

to RNA extraction.

RNA was extracted using the guanidine-HCl technique gf Strohman
et al. (1977). Four 100-mm cell monolayers were scraped on ice
directly into 2 ml/plﬁte of ice-cola'solution A, consisting of a 19:1
mixture of 8 M guanidine-HCl:2 M potassium acetate (pH 5.0). ‘The"
plates were.rinsed with 1 ml of soiution A carried through the four
plates; The suspended cells wefe homogenized ‘'on ice in a
loose~fitting D;uncg homogenizer us;ng 10 strokes, precipitated with
ethanol (final concentration 60%) and placed at -20° overnight. The
mixéure was then‘eentriruged at 2500g for 10 min. in a Sorval
high-speed centrifuge u;ing a SS-34 rotor. ‘The prei}pitat s
carefully drained and resubpended_in 5 mi of solution B, consisting of

a 19:1 mixture of 8 M guanidine-HC1:0.5 M EDTA (pH'7.0). After
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resuspending the pellet using.a vortex m;x;r,.2ﬂﬂ petassium acetate
(pH 5.0) was added to a final concentration of 0.{ M and eﬁianol,
one~half the volume of the mixture, was added fop precipitation at
=200 overnight. The precipitate was pelleted Sy centrifugation at
10,000g for 10 min. using a HB-U4 rotor, resuspended in'1 ml of 20 mM
EDTA (pH 7.0) and extracted with 3 ml of chloroform:butanol (l4:1).
After gentle mixing'and brief céntifugation to separate the phasés,
the aéheous phase was removeqd and the organic phase re-extracted twice
with 1 ml EDTA. The pooled aqueous phases were precipitated with
sodium acetété'(pﬂ é.O) (final coﬁcentration, 3.0 M) and placed at
-=20% overnight. The suspension was spun at‘12,0003 for 1 hr in a HB-4
rotor to pellei the precipitate, which was then washed with 95%
ethanol. After air drying, the‘pbeeipitate was dissolved in 1 ml of\
distilled water and made 0.2 M in'potassium acetate. Ethancl was
added to a'finai concentration of 67% and the suspension ;tored at'

-20° overnight.

The purified RNA was washed twice in 95% ethanol and applied to
oligo(dT)-cellulose_coluﬁns for chromatography by a modified method of
Avim and Leder (1972). Approximately 0.3 mg of RNA, dissolved in
binding buffer containing 10 mM Tris-HCl (py 7.5) and 0.5 M KC1, was
applied to 0.1 g ofA oligoid'l‘)-cellﬁlose i:acked into columns,
previously washed with binding buffer. Elution of the unabsorbed
material by continuous washing witﬂ binding buffer was followed by
elution of bound material using 10 mM TrisTHCI‘(pH 7.5). Calf thymus
DNA was added as carrier to eluted fractions and the samples were

precipitated with TCA as previously decribed. All reagents used in

/7
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the RNA extraction ahd oligo(dT)-cellulose chromatography were

previously treated with' DEP to minimize activity of RNase,

3.14 Determination of Cytoplasmic DNA Synthesis in

‘Vaccinia Virus-Infected Cells

~

Cytoplasmic DNA synthesis in IHD-W-infected cells was measured by
continuous labeling at 37° for 4 hr after inoculation with
| methyl=? H thymidine (1 uCi/ml) as described by Pogo and Dales (1971).
Monolayer cultures of 3 X 10° cells/blate were'inoéulatéd‘at a m.o,i.
of 10 as described previously. Afﬁer exposure to the isotope, the
.cells‘we}e washed three times with icefcold MEM, scraped and -
resuspended in a solution conEaining 0.25 M sﬁcrose and 10mM KCl. The

labeled cells were allowed to swell,'then were disrupted in‘a Doupce

i

h6mogenizer. The ceM homogenate was separated into a suqfrnatant

cytopféémic fraction and a crude nuclear fraction by centrifugation at

800g for 5 min. TCA-precipitation of the cytoplasmic fraction was

conducted as deséribed'above and its radicactivity measured in a

scintillation counter.

’ .

3.15 Determination of Ndclear and Cytoplasmic RNA Synthesis in

. -

Vaccinia Virus-Infected Cells ) : -

To ascertain rates of | 5-%H|uridine (10 uC;/mi) incorporation -
into RNA of pre-ifra&iated (70 kiloéad),-vaceinia virus-infected \
cells, 60-mm monolayers of L-2 celléi;;re pulse-labeled for 15 min. at
370 comnenfing 8 hr p.i. The labeled oultureQ were immediately

chilled to (°, washed twice with ice-cold PBS, and lysed in lysis

a
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buffer containing 1% NP-40, 10 mM Tris-HC1 (pH 7.4) and 1 mM magnesium
chloride by agitationh on a vortex ‘mixer'. Nuclei freed by the
procedure were centifuged into pelldts at 800g for 5 min. The pellets
were‘washéd with PBS dnd resuspended in lysis huffer. SDS was added
at a final codcentration of 1% to both the nuclear and supernatant
cytoplasmic fractions. The TCA-precipitable material was prepared as
described previously and uridine incorporation into macromolecular
material measured in a scintillation counter.

et

3.16 Determination of Protein Synthesis in Vaccinia

Virus-Infected Cells - {
.’ ”

The effect of protedse inhibitors on rates of protein synthesis
in vaccinia-infected cells was -determined as follows: Suspensions of
2 X 107 L-2 cells in 1 ml NM were inoculated for 1 hr at 4° with !g'
vaccinia virus at a m.0.i. of 10, then were washed twice with MEM to
remove unadsorbed virug, resuspendedwip 50 ml of NM containing 0.1%
methyleelluloss, and incubated at 37% for 9.5 hr with agitation. The
cells were collected intﬁ lelets by centrifuéation at 800g for 10

min., uashed once uith MEM, and resuspended “in 50 ml1 MEM containing

containing final concentrations of 1% DMSO and 0 1$ methylcellulose.

Str A or one of the protease inhibitors Wiy added to duplicate 1 ml-

aliquots and " the samplés ineubated with agitation at 37° for 1 hr'in a

Hater babh |358lmethionine s added at a final.concentration or

0.25 uCi/ml incubation continued at 37° f’r‘1 hr, whereupon the

—e ..

samples were cooled and kept on ice during addition L Hith simultaneous ’

-

mixing on a vortex mixer, of SDS at a final concentration;of 1% anq
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bovine serum albumin at a final cncentration of 0.1 mg/ml. Protein
was precipitated with 10% final concentration of TCA as described -
above and the incorporﬁfion of isotopically labeled methionine into . .

macromolecular material was measured in a scintillation counter.

3.17 Preparation of Isotopically Labeled Cytoplasmic Extracts for

Polypeptide Analysis .

Labeled cytoplasmic extracts were prepared by infecting monolayer
cultures with vaccinia virus, 10 pfu/cell, as previously described and
incubating the cultures prioﬁ to, duﬂing, and following labeling at
33, 37 or 39-40° as indicated. Virus polypeptides were labeled with

|25S| methionine (10-25 uCi/ml) or |’H|amino acids (10 uCi/ml) from 9

to 10 hr p.i. unless otherwise stated. In the case of methionine
labeling, infected cells were incubated for 30 min. in methionine-free
-~ MEM medium (MFM) prior to exposure of the cells to the label which was
also dissolved in MFM. The pulse was terminated by washing the
monolayers with preuérmed NM and the chase medium used after °
methioq;ne labeling contained five times the normal concentration of
meth;;nine. In experiments involving fell-cell fusion, the adherenf
ts1085-infected cultures were labe%sd prior to initiation or_the

fusion process.

The }abeled cells were gently scgped away from the plastiﬁ,
washed in PBS and disrupted by agitation in 100 ul of lysis.buffer as
o ~ ~ described above. The cell lysqée was either treated with 50 ug of
. panéréatié deoxyribonuelease I per ml\(worihington)~ror 1% min. at 4

. . to hydrolyze the DNA-or was fractionated_into crude muclear and

-
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supernatant cytoplasmic fractions by centrifugation at 800g for 5 min.
No protein degradétion was observed during either of these procedures.
TCA—precipitable material contained in the samples were assayed for

radioactivity by previously described methods.

3.18 In Vitro Post-Translational Cleavage Assay

Monolayers of L-2 cells, 1 X 10/ cells/plate, were infected with
Wt or ts1085 vaécinia virus and labeled with |33 methionine as
described in the previoué section., Following exposure to the
radloisot®tpe, the monolayers were washed twice with cold PBS and
‘gently scraped away from the plastic, on ice, into cold PBS. The
cells were spun into pellets and resuspended in 0.5 ml of lysis buffer
lacking NP-40. The labeled cells were allowed to swell, then were
disrupted in a Doﬁnce hqmogenizer. The supérnatant cytoplasmic
fraction was obtained by centrifugation at 800g for 5 min. which was
then divided intd four 0,1 ml aliquots. An equal volume of
identicélly prepared unlabeled cytoplasmic extract derived from
wt-infected cells was added to each samp%e containing léseled
material. Dissoclation buffer (see section 3.20) was added to stop
any polypeptide hydrolysis immediately or following incubation of the
samples for 4 hr at 33, 37 or 39°. NP-40 (fiﬁal concentrétion 0-5%),
deoxycholate (final concentration Qf5$), calcium chloride (final
concentration 0-50mM), 2-mereaptoetﬁanol (final concenﬁration 0-25mM)
and/or Tris-HCl (pH 6 or pH‘9) (final concentration 25mM) were/was

added to the mixture of labeled and unlabeled material at the start of

the in vitro incubation period. "After the addition of the

e
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d¥s3ociation buffer, the samples were boiled for 2 min. and stored at

i -20° to await SDS-PAGE analysis.

>

3.19 Labeling of Polypeptides with 13H1ZPCK

Four 100-mm monolayer cultﬁres weré infected with wt or ts1085
vaccinia virus at a m.o.i. of éS. At 10 hr p.i., the NM was removed,
the monolayers washed once with MEM containing 1% DMSO and 13H]ZPCK at
a final concentration of 10—4M was added to the cells. Aftér 3 hr
‘incubation at 33, 37, or 390, cells were harvested by scraping, washed
twice with MEM + 1% DMSO, and disrupted in lysis buffer as de§6}ibed
above. The cytoplas;ic supernatant fraction was 1ayeréd on a“1%
deoxycholate, 10 mM Tris-HC1l (pH 7.4) cushion and centrifuged at

10,000g for 20 min. to concentrate into pellets the virus "factories”

(Pogo and Dales, 1969) which were then used for SDS-PAGE analysis.

. ~
The ability of the radiolabeled ZPCK compound to inhibit PTC had

been confirmed prior to its use in labeling experiments.

I4

3,20 SDS-Polyacrylamide Gel Electrophoresis

Cell extracts and purifiea virus were prepared for polyacrylamide
gel electrophoresis (PAGE) by mixing 1 volume with an equal volume of
dissociating buffer (70 mM Tris-HC1 (pH 6.8), 4% SDS, 20% glycerol,
10% 2-mercaptoéthanol, and 0.001} bromophénol blue). The saﬁples were
boiled for 2 min. The dissociated proteins were separated by
electrophoresis on 15-cm 11% polyacry}amide slab gels of 0.375 M

Tris-HC1 (pH 8.8) and 0.1% SDS., The ratio of acrylamide to

RN — - —
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bisacrylamide was 30/0.8. The polymerization of the gels was
‘initiated:by adding 100 ul of 10% ammonium persulfate (APS) and 20 ul
of N,N,N',N'-tetramethylgthylenediamine (TEMED) per gel. The stacking
gel consisted of 4% acrylamide in 0.125 M Tris-HCl (bH 6.8) and 0.1%
SDS, and the electrophoresis buffer was 0.025 M Tris, 0.192 M glycine,
and 0.1% SDS. Samples wére adjusted to give comparable amounts of

radioactive label and loaded into 8 mm-wide wells. The gels were run

at a copstant current of 25 mi until the tracking dye reached the
Qgigngl'Jhe gel (Studier, 1973). In the case of 134 1zPCK labeling

experiments, 10-20% continuous gradient gels were employed and'
initiation of polymerization was achieved using 50 ul of 10% APS and

10 ul of TEMED per gel. ‘

Following elect(;phoresis, the gels were fixed and stained for 2

hr in a 50% methanol,|7% acetic acid, and 0.025% coomassie brilliant

blue R solution.and deétained in a 50% methanol and 7% acetic acid

y
solution.

3.21 Fluorography and Autoradiography

4
Following the destaining g;ocess, SDS-PAGE gels were prepared for
autoradiography or fluorography. Autoradiograms were produced by

re-hydrating the gels in water for @ drying on Whatman 3MM filter

paper employing a slab.gel dryer (Model 224, Bio-Rad Laboratories),
»

‘then exposing the gel to Kodak NS-T2 film. The fluorographic

technique of Bonner and Laskey (1974), used to amplify latent images

in,autoradiograms, involved the dehydration of the destained gels in

E DMSO. The gels were then inpregnated in a' 20% (w/w)

- e

e ~

- -
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o

2,5-diphenyloxazole (PPO) DMSO solution for 3 hr, re-hydrated in water

for 1 hr, dried and exposed to Kodak X-Omat (PR/R) film at -70°,

r
GENETIC ANALYSIS - -
2

¥

3.22 Checkerboard Series of Complementation Among Group E and

DNA(-) Mutants

Complementation assays were done in monolayer' cultures of L-2
cells grown in flat-bottomed glass tubes (3 X 195 cells). The five
assemply-defective ts mutants (ts 1085, ts7743, ts9203, ts9251, and s
£s9383) and the ts mutant defective in viral DNA synthesis (£s6389)
were diluted to delivesr 40 pfu)bell. The‘mutants were mixed in every

‘pairwise combination before inoculation. The mixed in?ection;
received 20 pfu/cell of each mutaﬁt {(total of 4o pfu/cell)z and the
single infections 20 pfu/cell. Following an adsorption period of 1 hr {
Lat 40, the unadsorbed inoculum was removed with repeated washings with
prewarmed MEM (40 ) and the cultures incubated at“39- 40O for 24 hr.

L'The virus yield from each infection was titrated at 33O and the

complemeptation index (CI) for each cross calculated at follows:

{ w {

=(AXB) /A +-B ,
7 o
where (A X B) is the yield of the mjxed infection titrated at 33, and *
A and B’are the yields of the single infections titrated at 33°. A
complementation index greater that 3 was considered a positive

+

indication of complementing gene Functions.
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3.23 Detailed Complementation Analysis Betweem ts1085 and ts6389 -
. ~. . Y T /

*  Complementation betweents1085 ajd 436389 was tested using 35 mm
' hor'xolayer cultures (1 X 10€ cells/pl‘tg) singly or doubly infected
» with each mutant at a m.0.i. of 5 pfu/cell to measure rescue in terms

of infectivity and at a m.o.l. of 10 for SDS-PAGE analysis of virus

. polypept\ides. After adsorption at ¥ for 1 hr, the unadsorbed
‘.

inoctflum was removed by repeated washings of the monolayer with MEM.

hu‘ter a1lhr 1neubat19n period at 39-40° , uneclipsed virus was

heut._ralized with NM containing antivaccinia serum during a further 1

» Ry

hr incub‘ation at 39 . The antiserum uaé removed by rebeated washings

r -~ 2

with prewarmed MEM (39°.) and cultures either harvested im?edimately or

. 7 c
after a further incubation for 22 hr at 33 or 39 .for determination of \j

progeny yield by plaque assay on L-2 cells 'at‘_33° . Cultures 'used for

. virus pblypeptide analysis were maintained throughout at 39240° and
were pulse-labeled with |35S| methionine (10 uCi/ml) from 9 ‘to 10 hr
£ [ ._L‘O.

p.i. as described previously. Samples were either harvested
immediately or 8 hr later after incubation in chase medium. Particle

countim" by quantititive electron microscopy (Dales, 1963) was,made on

¢ . '
_singly or doubly infected 60 mm monolayer duitures (3 X 10°

L J
Data was Jdbtained by examining 100 thiply sectioned cell profiles per

]

cellsg/plate) inoculated with i_ndi;ridual mutants at a m.0.i..of 2,

sample.
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3.24 Isolation and ldentification of Progeny Derived after

Complementation

The phenotype of progeny dé%&ved after complementation from the
mixed in;;ctions with £s1085 and ts6389 a¥‘39-h0° uasbhhecked by
isola£ion of individual progeny and SDS-PAGE analysis. At 24 hr p.i.,
cultures inoculated with botlr mutants and ipcubated at 39° were
hggvestgd and the mixed infecéion lysate was prepared using the
protpeol for erugg virus preparation. The 1ysaté was ‘then diluted and

plated on 100 m monolayers of L-2 cells. After a 1 hr adsorption

period at u°, unadsorbed virus was removed by repeatqd uashinsa‘ﬁi;h ,

‘\_/'

MEM and the infected monolayers were incubated at 33° undeerverlay
mediu? until séme areas of limited cell fusion was observed.
Individual, well separated plaques were removed by ;uction into a

) ?asteur pipet and the material removed was placed in a tube containing
1 ml of NM. The plaques were'gréwn into virus stocks and subjected to

SDS—PAG@ analysis_as described previously.




Chapter 4

RESULTS

-~

4.1 Requirement f‘o; Post-Translational Cleavage During

Vaceinia Virus Maturation

‘ Previously published investigations with inhibitors (Nagayama et
al., 1970) and a temperature-sensitive (ts) mutant (Stern et al.,
1977) revealed that post-translational cleavage (PTC) of virion core
polypeptides 1$ a necessary step for development of infectious, mature
vacciriia virus. A chance selection of a group of conditionally lethal

«
ts mutants of vaccinia, group E, (Dales et al:, 1978) which
Porphologlcally mimic the effects of the antibiotic rifampiecin on
wilq;type (wt) virus morphogenesis has ;tllowed an examination in.
considerable.detail of the nature and the role of the envelope and P'@
L4

'in ¢irus-assembly culminating in a.miem of vaccinia

biogqnesia . \ : .




4.1.1_ Pdhnopypic Characterization of E Group Mutants

The five isolates employed in this study belong to the E category

in the spectrum.of assembly mutants selected previouslyby Dales et

al. (1978). The mutant designated ts1085 was produced a%ﬁer
mutagenesis with N,N'-dimethyl;ltrosoguanidine (N-G) whilel the other
mitants, ts7743, 39203, £s9251 and 39383 were selected after N-G
treatment of a virus inoculum followed by replication of this inoculum

in the presence of bromodeoxyuridine (BUdR).

«

When replicating at U40° this group is characterized by the
aberrant formation of virus envelopes (Figures 1-4), Usually these
envelopes consist of a bilayer, unit membrane backed externally by a

layer of spicules which endow the envelope with rigidity and a

c:iz;turé so as to form spheres enclosing imﬁature particleé (Dalds

a osbach, 1568). When' the ts defeet‘was expressed in the extreme,
onlx flexible sheets of unit membrgne, like those identified by arrows
in Figures 2 (inset) and 3 were Evident while the rigid, curved
segments.were almost entirely-missing. More usually, however, tpe
envelopes of normgl structure, containing spicules, were contiguous
with sheets of flexible membranes as in 551065 déserf%ed p;eviouslx
(Stern et al., 1977) and shown in Pigure 4 and in 359203,.111ustrated
in Figure 1. The accumulation of DNA paracrystals like those shown ip
’ Figutre 3 was another common‘find;ng.witq group E mutants., The ‘
aberrations with t41085 and 'ts9203 are very similar to those that
develop in the presence of the drug rifampicin (Nagayama et al.,

1970; Moss, 1974).




Figure 1.

Electron micrograph of a selected cytoplasmic area
of a cell from a culture inoculated with ts9203. The
extensive viroplasmic matrix, occupying the centre“of

the field, enclosed discrete foci of denser material

-

each surrounded by aberrant viral envelopes (arrows),

VM, viroplasmic matrix; va, vacuole;

I3

mitochondrion. X 57,000.







Figure 2. Other efamples sﬁgwing selected areas of cytoplasm
from cells infected with ts9251. In the inset, the
viroplasmic matrix is enclosed by aberrant envelopes

indicated by arrows. The extensive viroblasmic matrix

occupying the centre area contains aberrant as well as
) normal (I?‘immature forms of vaccinia virus. The
mature particles, identified by arrows, illuS;rate
that dgossionally there was a breakthrough whereby
morphqgenesis progréséea all the way to maturation.
VM, viroplasmic matrix; m, mitochondrion. X 31,500.

Inset X 54,000, s -

o

-

3 ’Figure 3. ‘Similar example of Figure 2. 111ustratiné the

appearanée of virus structures following infection
‘ith 3;_577113. Development generally stopped prior to
! the assembly of complete: rigid, spherical eﬂ;elopes,
-as evident from the presence of flexible membranes
(drrows) and DNA paracrystals. tHowever, a few
immature barticles‘or normal appearance.(I) were
visible. VM, viroplasdic matrix; VA, vacuole. X

" ' g’ 52,000, ° - .

k>
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Figure y, Example of a selected cytoplasmic area of a cell
from a culture inoculated with 131085, The
) " ]

viroplasmic matrix or factories (F) contain aberrant

virus envelopes (arrows) which appear as flexible

'"qp;&; membranes devoid of'spiculés. Occasionally,

)

norﬁal immature envelope structures (arrowheads) can

be observed. X 72,000.
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With one of the mutants under study here, ts7743, envelope
‘fomation cbnfoi'med more to the normal process, ‘as evident;by ;r,he
presence of numerous partially complete envelopes and even some .
spherical particles (Fig‘. 3). Mutants ts9251 and ts9383 behaved in an
anomalous manner at 40° , because both abnorinal envelope malformations

and. development of mature virions were observed( Fig. 2). Therefore,

from the point of view of morphogenesis these mutants must be termed
leaky. However in terms of infectivity, as measured by PFU, ts9251

and £39383 are tight mutants (Table I) (Dales et al., 1978).

Previous studies with ts1085 (Stern et al., 1977) indicated that

the defects, as with rifampicin (Moss and Rosenblum, 1973) were

related to a block in PTC. Since the five ts mutants studied appeared
to be arrested at about the same stage of development (Dales et al.,
1978), it was necessary to determine whether the late proteins were

proceséed normally at the restrictive temperature.

The poly.peptide patterns for the five ts mutants along with an
identically treated DNA defective mutant, gs_:6389, and the wt-infected
cells. are shown in Fikures 5 and 6. .Inciden-tally, polypeptides
mentioned hereafter will be identifie\d by their molecular weight, so
that p100 ¥8' a polypeptide migrating. in ﬁhe described system with an
approxipate ﬁolegqlar'weight' of 100,000 daltons. The polypeptide
patterns produced by ali the ts nui;ants at 33 were essentially
similar to the profile obtaine:él:witl: ut virus at U0 . More specific
differences were identiri‘ed 1% é!._.,‘nytoplasnie extracts prepared from
ts mutant inféctions at 4ob . The processing of the major core

polypeptides, p62 and p60, from their higher molecular weight
3 .




Figure 5.

Autoradiogram of a slab gel prepared from infected .

c_ytoplasmic extracts of L-2 cells and purified virus.

Cultures were inoculated with wt, ts1085, ts7743, or

£89251 vaccinia virus and incubated at the designated

temperatures, Each culture was pulse-labeled 10 hr e

p.i. with 25 uCi/ml |35 S| methionine and further

incubated for 8 hr in chase medium, The influence of

\ 4
temperature shifts on the processing of individual

polypeptides is evident. In each case, the

~

temperature during labeling is the upper number of ‘t.he

ratio and the temperature during the chase is the ) .

lower number. The vertical scale showing molecul;r

weight X 10°® was calculated from polypeptides used as

MW -standards and is also drawn on thé basis of known

] . . .
molécular weights of several major virion polypeptides .

‘(Stern et al., 1977). The arrows denote the positions

of the seven polypeptides consjidered in this

analysis: p94, p65, p62, p6o, p23, p18.5, and p18.

Channel marked V = purified vaccinia virus.,
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Figure 6. Autoradipérau of a slab Vgel similar to,hat shown in
Figurg 5. showing iabeied polypeptides occuring in' the
cytoplasmic extradts of cells infected with ts9383,
£39203 and ts6389;. Inrectecr cultures were labeled

for 1 hr vith |*® 5 methionine at 10 br p.i. followed

by an eight hr chasyr:period. mitoq)entureaduring
labeling is the upper mumber of the ratio and the
te-pemtm-e during/ the chase is the lower nu-ber. ‘l'he
arrows denote the positions of po4, p65, p62, P60, . '
923, p18.5,. and pi8, respectively. WI ¥: -

/.
purified vaccinig virus. )
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precursors, p94 and p65, respectively, has been ahown previously to be
defective for 31085 (Stern gt al., 1977) In the current
«experiments, the precursor p9i was present in all the mutant

K‘ infections at 36°. Pro'cessiné of this precureor to the core '
pglypept-ide p62 was af‘fected in infections witp 31085, ts7743, ‘and - |

_t89203, but not with _t59383. Accumulation of the precursor p65 was J

O

aleo evident‘ at 40° in all the cytoplasmic extracts from infections

+

withrthe 5 ts mutants, but processing to p60 was blocked or reduced in ) *
- c - P- .
’ . i :
_quantity in the case of t81085 and ts9203.. In the case of three other . .

e L n a a o

‘ polypeptides p23 wag reduced, or absent ﬁ'om 431085 and ts7743, while

. p18 5 and p18 were mising or present irr‘small quantities in all but.
| 1;39251. These regulﬁs indi that the defect in PTC was different
in th;e case of eac ;utant‘;”mmmti'calli presented in' Figure‘?.

The'polypeptide.pattern‘ for infections with ts9251 appeared to be an

14

anomaly to the proposed grouping 6f' the Q mutants on 'tt‘xe basis of

their morphological appéarance under the ﬁM, sj.nce some '

PR FrTY

[ -

morphologically ure progeny were found and both precursors were

apparently processed with equal effieiency at 33 and 40° . However,. it

is not known whether ohe or both products are fully functional, L 1
-» . . j

beoause little infectious progeny appeared at 4009 despite the presence :
of mture-like particles (Pig. 2). e variqbility in processiig |
.‘mdieatea that either precursor oan be cleaved in the absence of the "3
» other, 80 that the enzy-ology of the reaction,u not as tightly

.« codpled as the usenbly process.

" If the infected oells were lsbeled at MOV, bit incubated for a
P ' "mrunrﬂh'l_t33° eutheprmrmnnpwmlug

' [4 ’ -t L]

. s . 'l . . . ’

> 4 ' : o " ’ . . -
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" Figure 7. Schematic representation of the processing of virion

* | polypeptide precursors p9i-and p65 during infection
g ; . ' _
vith individual ts mutemts. —, Nefmaleor

N ® .
accumsulated amount of polypeptidd; =e=---,

‘polypeftide ‘absent ‘or present in feducec; amount. The

R rates of somplemertation between ts7743 and the four
¢ \ L other mutants ranged from 5.4 to no complementation «
° * . ) .
Cwe). - | o o~
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‘indicating that the cleavage defects were related to™a temperature

sensitivity.

~

The pattem of polypeptide bands produced by 186389 was typical
of that expressed in a mutant defective in DNA synthesis (Pennington,
1974). Only the early, prereplicative polypeptides were evident.

» .
4,1.2 Comblémsntation Between Group E and ts6389 Mut‘ants.\

-~

' To determine whether the ts mutations of group E were localized
in dif‘ferent or identioal genes, a checkerboard series of
conplementation experiments was undertakeh in collaboration with J.L.
Laite. Although large variability was recorded from e;periment to
experiment involving specific crosses, oom:Iementatior; was repeatedly
observed with most of the mutants.- A oomplementstion index greater ‘

than 3 was taken as positive evidence that genetic interactien tiad

occurred. The mutants ts1085, £39203, 89251, and 39383 roadiiy

complemente’d‘each other, and all gave bLgh valu‘és/ when crossed with
the DNA(-) £86389. Since £89251 was.apparentlyL not defeoti've in
proteolytic cleavage, the crosse/ with this mtant uere discounted as |
oonceming detemiﬁation of the/ mmber of genes involved in gr‘oup B

u
defects. Most dual infectiona yielded good eonplementation, ranaing

* from 8.8 to 143 (Table n) The striki‘ngly high value obtained in the

cross ts9251 X ts9383 may in some way%é relatad to the le iness of
tho phonotypo, dcsoribed abon. L . v

e v

In -1:5-:1 iatootim of the group E sutants involving ts7743,

‘ complemsntatioh was either very poor or nonexistent. . On. the other

kS J
i .
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TABLE II
‘v
Complementation Between the Mutants
Mutant  tsl085 ~ 87743  ts9203  ts9383  t39251 86389
81085 - N.c. »8.8% 62 3.2 33
t87743 - N.C. 3.7 5.4 52 = Wy
89203 S CT 8.4 50 -
89383 - 143 /3( -
£89251 - " 38
. t86389 . . -
, . . d
a, The complementation indg.ces (average of. two replicates)
were calculated by .dividing the mixed infecti:on ydeld
with the sum of the corresponding single infections. '
N.C.,‘ No coinplanentation detected. -
. ~' "
! ’
- ‘ .-
M L]
- \
\ﬂ ‘// ’ - -
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- hand, a cross between £s7743 and t£s6389 outside this group gave high

' complementation values. Since t.s'r7183 was able- to both complement
outside group E déf‘eetives‘and did not interfere with replication of
wt vaceinia virus, there ﬁas no evidence to indicate that it might be.

a "trans-acting dominant mutant® (Carstens and Weber, 1977). Our

. observations could be explained if one assumes that ts7743 mutation

was being expressed in a polar fashion with respect to the functions - >

necessary for post-translational cleavage.

The high degree of complementation between members of the group E

, mutants, with the possible singular exception of ts7743, indicated

,In agreement with the findings preserited earlier in.Table II, the data

thdt each mutat:lon occurred in'a distinct locus., In an attempt to
more fully elucidate the role of the envelope and PTQ in vaccinia
virus assembly,the complementation between one mémber of the group E

mutants, ts1085, ak the DNA(-) mutant, £36389, was studied in detail. . .

on the yield 6f progeny, expressed as formation of PFU, indicated that -
these two mutants can complement, t:,he complementation 1ndex,.aa shown
‘in Table III, being 1'9 .5 While this vaiue was lower than that éivm ~ ¥
in Table II, the experimental protocol used in t.hese separate | .
experiunts was somewhat different, specificall\ t.he input * | .,

multipicity of 1nt‘eet10n here was one-fourth af that used in : b
generating the data prounﬁed in Table II. Aty bpnibility that the

inorease m PFU arter ,dual infedtioﬂ Jresulted from appeqranoe of‘

rcverunt.a with gg phenot.ype 7a elintnated by amlysia of

plaquo-wrinod proghny, as described below. Co-plmntion data on

. 4] woro oorrobotfd by particle counting in the 3lectron dnrouoopp.

¢ s
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Various stages of virus development, evident in thinly sectioned

*

cells, were enumerated according to the procedure of Dales (1963). It
is clear from the data in Table III that dual .int‘ection with ts1085
and 1:._.-16389‘, under nonpermissive con‘di'tions, produced about five times
" more mature virions ti‘xari did the sum of inféctions with individual
mutants. By contraet therewas no increase even perhaps a reduction,
" in the number of incomplete and complete immature particles following
| dua]: infection (Table ;II). Defectiveness of 36389 in DNA synthesis
'wae ref'lected in the number of early fac’tories i.e., those which did
not conta'in any recognizable virion structuree. Rescue of one ts
.mutant by the other became also evident from enhanced PTC of all
precursor polypeptides, as demonstrated by means of' SDS-PAGE and ’
autoradiography. . Gele such as -that shown in Figure 8 revealed, first
of all, that in cel].e infected withw_t vacoinia virus and harvested
immediately after the pulse-labeling with {3‘;'S|.methioni;:, the
cleavage products p62, 60, %23, 1'8.5,"and 16 were. present in loy
‘amounts but increased in quantity after an 8 hr chase at 39-40° , _With
£31085, also evident in Figure 8, PTC was b;':eked effectively during
the chase at mtrictive tenperature. In the case of ts6389, the. DNA
mutent the pmursor polypeptides. being late mnotions (Stern et al.,
1977) did not eppear during the pulse-labeling and ‘therefore failed to
generats cleavage products during the chase at 39°.. " Pollowing dual )
infection with ts1085 and t56389, p9‘0 and p65 precursors were
syntheaized then underwent norml prooeaains as evident from the

' nreeenoe in Figum 8 of. tho five cleavage product bande following the

' 8 hr ohase.under nooper-iuivo oonditions.,

L) | . .
- &
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Figure 8, Rescue of the defeet 1§ post-translazzphal cleavage

¢ ! {

.

by complémentation during dual infecti .

P

Autoradiograph was prepared from cytoplasmid” extracts

" . following single or’dpuble ‘infections with £31085 and

’ £26389. CuItéreS mﬁinfained thboughgpi at 39 were o
p’ulse-'labeléd With |25 nethionine 9 to 10 .hr p.i. and
Qither’harveéted immedigtel; (g) or 8 hr later'(C),

>aftér incubation in eh;ée-mediun. Arréwﬂgads_indicate

‘ \ positioﬁa of pY4, pbsS, ;62£.p66, pé3, 918.5, and p1§, (

respectively. Channel V: puéified vaqciﬁié virus.

.

.l
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‘provide evidence for close linkage between developmant of mabure, -§

To establish éhat enhanced PTC and mature vifhs production were,

indeed, the consequence of compleﬁentation, not reversion of mutated

-

virus to the wt phenotype, progeny from dual ts1085 + ts6389 infection

. at 39" were inoculated after suitable dilution onto L-2 cell

monol&yers and allowed to form plaques under methylcellulose. Tueﬁty

individual plagues,were picked, most were grown into virus ?tocks, and

‘subjected to SDSePAGE an#lysia, reproduced in Figure 9. Amgng progeny . >
from randomly isolated plaques, six displayed a protein banding

profile identical wim that of ts6389 and t‘our-with that of £31085

confirming the evidence for bonafide complenggpation.
. ., ' h‘«& )

- -

Taken together, the data from the complementation experiments
\1

y |
infectious virions, and normal PTC. . -

4.1,3 Attempt to Transfer Capacity for PTC by Cell-Cell Fusion ‘

“The'above results showing that different ts mutants canfaot in a
complageqtary manner to facilitate PTC raised the questions concerning
the mobility and 1ntracellulabisite where factor(s) required for
processing may be active. Experiments dégigneh to answer these
questions 1n;plved 6oaleaoence of cytoplasmic compartments from cells

singly infected with cleavage defective ts1085 and wt vaccinia virus.

Cultures inooulated with $s1065 and maintained at the restrictive

temperature ware pdlu-labolod with |54 methionine for 1 hr

-

, oommenc ing at 9 hr p.d., uhilo companion oultuno., 1nrbotod

mmzy with g vaocinia vim were inoubated for 10 hr viﬂwut
protein lsbeling. Then ‘aslls. in the orocess of lnfhntian by the wt



ot

Figure 9. Proteig profile phenotypes of prbgehy de}ivgd from

" co-tafection wizé §é1085 and;§g§38§£' Autora&idgrpph
was prep;f;d from cytoplasmic eitractd”fglioqiﬁgn
infection with individual stooksﬁgf.plaque-ﬁuririqg
progeny tained originally from the dual 1nfection ’

o _incubated at the restrictive tenperature. Cultures

maintained throughout at 39° were pulse-labeled with

T l’sslnethioninq 9 £0.10 hr p.i. and further incubated .

N
.ror 8 hr in chase nediun. Arrouheads 1ndicate

L

positions of p9li, pbs5, p62, p60, p23g p18 5, and p18

4]

regpectively. : I : ‘
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and mutant viruses, were induced to fuse under the influence of PEG,

as described under Materials :,nd Methods, and incubation rgmsumed at 33

. e .
. , Lor 39-40" . .

An electron %croscopic im#ée of a typical "hybrid" polykaryocyte
' - from a culture.naintained at the nonpepmissive tenperatv:xre is shown in
Figure 10. The cyto‘glasm of such fusion-induced polykaryocytes
containeé viroplasmic foci characteristic of both wt and 31085
infections and numerous mature particles. Approximately one-third of
all cells present on the monolayer were bi- or multinucleated. Fusion
also produced a 48% increase in the total number of nuclei in the
2

L Y
monolayer culture as eompared to monolayers not subjected to oell_-cell

.

fusion but otherwise treated similarily. The morphological

observations indicated that exi:ensive fusion between cells,
o /
independently mfe.ed with ts1085 or wt vaceinia virus, must have

» occurred.

T’o,'as;:ertain whether it is possible to transfer a.factor(s) from
wt-infected cells which elicits -PTC“ot‘ £31085 proteins at 39° by means
of cell-cell fusion, extracts from labe¥ed cells were analyzeﬁ by
PAGE. It is necessary 'to point out that the bulk of virus
polypeptides resides within the’ isolable virus factories (Stern et
al., 1977). It was evident from the band pattern in Figure 11 that,
regardless of induced fusion, polypeptides synthesized after infection
with ts81085 underwent PTC at 33° but failed .t.o do so at 39°. This

=" result indicated that any factor(s) involved in proteolysi* .
'_ vaécinia oore polypeptides which were active dﬁ'ring infection with the

wt could not effect PTC of 5308’5 precursor proteins concentrated in

VARN
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¢
Figure 10. Electron micrograph of a selected area of a thinly
J

sectioned polykaryocyte. Ceil-cell'fusion mediated by
PEG involved cultures independently 1nfe.ete_d at 39°
with ts1085 or wt vaccinia virus. Following
coa;escence of cytoplasm from the two infeot“ions, both
aberrant factories (F), typical of 21085 development,
and normal immature (I) and mture' (M) virions,

associated with wt infection, were evident. N,

nucleus; m, mitochondrion. X 14,250,

) ’
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Figure 11. Failure to rescue the ts1085 defedt in PTC by

cell-cell fusion induced wf%h PEG. Autoradiograph was
prepared from extracts of cells inoculated with
131085, which were inoculated, pulse-labeled with
|25 S| methionine, and then fused (F) with either
wt-infected (W), unlabeled cells or with ts1085

infected (T), unlabeled cells at 39°, as described in

Materials and Methods. After formation of the
vpolykaryocytes,>1gpubation was continued at 33 or 39°,
The two channels at t(g extreme right represent
materjal from cells infected with ts1085 which had not
been subjected to fusion with PEG. Arrows are at

positions p62, p60, p23, p18.5, and p18, respectively,
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viroplasmic foci, following cytoplasmic mixing.

Another approach towards characterization of the factor(s)
functioning in PTC was to isdlate cytoplasmic components containiné-
‘the factories foriinveatigation as follows: The entire Qytoplasnic ‘
matepial'br concentrated factories from unlabeled cells infected for
10 hr with wt vaccinia virus were mixed with comparable material from
cells infected with ts1085 for 10 hr at 39° and labeled with )
| %S| methionine 9-10 hr p.i. Incubation of this mixture under a
variety of conditions,‘sueh as different temperature or pH, in the .
presence of cations (calcium or magnesium), detergents (NP-40 or
deoxycholate) or reducing agents (2-mercaptoethanol),-failed to bring
about cleavage of preformed 1sotopicall; labeled precursor .
polypeptides as exempl;fied in Figure 12 where formation of products
p62 and p60 was not enhanced. Thus in line ‘with data revealed By‘fAGE

analysis following cell-cell fusion experiments, the results indicated

that cytqplaamic components iéolated from 7w3:_ vaccinia~-infected cells

did not induce fusion of core protein precursors specified by' 1:31085‘.

=

From these combined in vivo and 1n. vitro experiments it may be
deduced that any late protein factor(s) required ror PTC of core
polypeptides was not a readily diffusible cytoplasmic component which
could be moved between cytoplasmic factories. Com(ersely,‘ such
factor(s) may be able to elicit proteolysis onlly when ‘p'r-esent. in 01639
proximi‘ty to the site of synthesis or }nteraction with the core

precursor polfpeptides .




[4

Figure'ﬁ/‘ Aut:oradiog‘ram showing failure to obtain PTC products

Pl

in vitro, Cytoplasmic extracts were prepared from
cells infected with wt (channels 1-4) or ts1085
(channels 5-8) pulse-labeled from 9 to 10 hr p.i. and
harvested im‘g_ediately. Following cell rupture in
lysis buffer lacking NP-40, the. cytoplasmic fraction
was obtained by differential centrif‘uga’tioﬁ. Samples
were divided into four aiiq;lots in;.o which
dis._s?ciat}m buffer was added 1mediate1yy(channe]-.s 1
and 5) or following 4 hr :I.nou;ation at 33° in the
presence of an equal volume of unlabe1~ed cytoplasmic
ex,?;ra;:t obtained sﬁilarily from wt-infected cel‘ls
(channels 2-4 énd 6-8). In some samples, NP-40 (’f'ingl
concentration '11)' (channels 3, 4, 7, and ‘8') and
2-neroaptoethan<;1 (final concentration 10mM) (§MM913
4 and 8) were‘ added &t the start of the in vitro
incubation’ period. Arfows dem'>te the positions of
p62, p60, p23, pi8.5, and p18, respectively. Channel

V: . purified vaccinia virus. ’







4.1.4 Instabiliy of Factor(s) Required for PTC

Since the defect in processing associated with the 1;31085‘
mutation was readily reversible Etter temperature.shift-down, the
question arose whether PTC, once itiiad been initiated for brief
periods under permissive conditions, continued after return to the
restrictive environment. The answer was sought by means of a series
of studies employing pulse-labeling with |3°S| methionine and
pulse-chases during infection with t31085 at 33° and 39-40°.

Following a 1 hr labeling interval af 3¢', commencing 9 hr p.i.,
individual culturés were placed in chase medium and either incubated
at 330 for 15-360 min. before harvesting or at 33° for 15-360 min.g
\then shifted to 39° a/nd incubated unti_f 16 hr p.i. had elapsed. The
results, illustrated in the autoradiogram (Fig. 13), suggested;-first
of all, tﬁat the quantity of material migrating as thé*p62 and p60 "
bands was directly proportion?I to the duration celi; were held at the
permissive temperatur; before sampliﬂé (coméare channels 6 with 16 and
1" or.Fig. 135, ‘éecond%y, they revealed that during prolonged
inéubation pnder reskr%ctive conditions, aftér shift-up from Qarying
periods at 33%, no further processing of p94.and p65 into the products*
p62 and p60 had occurred (channels 6-10 of Fig. 13). Therefore,'thé
extent of PIC was directly related to the duration of_incugation at
‘33°, implying that any induced protease factor(s) involved was either

thermolabile or active for only brief périods.

Begause in the case of ts31085, coinoident with activation of PTC,
the assembly-arrest phenotype can be reversed (Stern et al., 1973),

experiments were conducted to examine &ffects of temperature shifts,

[}

[y

84




Figure 13. Autoradiogram showing effect of incubating ts1085

’ infected cells for varying periods at the permissive
temperature. Cultures, maintained at 3¢ , were
pulse-labeled with |*°§ methionine 9-10 hr p.i.,

. placed in chasel medium, and shifted 'to 33° for the
duration indicated. Samples were then either
collect?d forthwith (5 left-hand channels) or
following shift-up to 39° and further incubation for a
total of 16 hr p.i. (6 rlght-hand channels). Arréws

indicate positions of pb62 and p60.

.
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like those described in Figure®13, on virus @mONMOpoiesis. The
§ - ' .
virus-related structures, evident by electron microscopic examination

of‘thinly sectioned cells, were grouped and enumgrateh as aberrant
factories, incompléte normal envelopes, complete immature ferqs, and
mature virions., A summary of these data is presented in Figﬁre-jh.
Examination g{ panel A of this figure reveals that the number of
aberrant envelopes decreased¢- in dinect)proportion to the duration of

L '
incubation at 33°. Coincidently, the number of incomplete (panel B)

or complepe immaturé'progeny virions with spherical enveiopes of
normal appeaf#nce (panel C) ihcéeased in relation to ggé quratiqn of
the shift«down ﬁeriod. Likewise, a§ shown in pane% D of Figure‘lu, .
thereawas g grgdual increase in the number of mature virions as phé -

p Ve ’duration pf incubation at 3§° was extended. In cultures kept for

Yiﬁﬂi} 0 _min. at 3P then returned to 39° for another 4-5 hr, the
~nuﬁber of 1pcqmplete particles decreased (Fig. 1#5), while the number
of Eomplete, immature particles increased by'abouf-SOS (Fig. 14C).
There was-an approglﬁately three-?oid elevation in the number‘of
mature virions during resumed incubatgon at 39°, compared with the
number observed in cells preserved at the end of 1n§ubation at 33°
(Fig. 14D). Regardless of the duration of the shift-down period or
[

extent of incubation at the nonpermissive iemperéture, the number of

immature end mature virions observed was far lower than that seen with

_ the t31085 infection tained throughout the 16-hour period at the

v

permissivé tempergtufe (asterisk in Fig. 14C and ‘D). The results
revealed that conversion from the aberrant to normal envelopes ig

connected directly to the morphological defect in ts1085. 1In

ég;Bément gfih’the data on PTC ﬁresented tn Figure 13; particle . (%)




3

Figure 14, Eﬁumeration by quantitative electron microscopy of
- —- .

v
Y

stages in ts1085 development following incubation for

various periéds at the permisssive temperature.
Temperature shifts, commencing at :O‘hr p.1. were
carried out according to tne'schedule'outlined‘Iﬁ/ggé
legend to Fig%if 13.‘ Each point in a cumulative count
‘ derived ‘from 100 thinly sectioned cell profiles.
.Samples weggpiaken either when'incub!%ion at 33" was
endga (X) or after ah additional incubation at 39° for (
a total of 16 hr from the time of inoculation (0).r - \
(A) Aberrant pnvelope;; (B) in;omplete normal
. envelopes; (C) complbte'spherical immature particles;
.(D) mature virions.. fg; number of progeny virions
preseﬁ?lin equivaleﬁ%,aanprea of .cultures incubated
throughout at the permissive te;beratur?'is indicated

by an asberisk.
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counting revealed that the extent of nornallassembly of incomplete,
immature particles Phd their envelopes during brief intervals at 339
. vas diredtly proportional to duration of the £s1085 infection under _

permissive conditions (Fig. 314B). 'On the ' other hand, conversion of
some incomplete, immature particles into the complete, spherical
immature form could ocgur at 39° , as evident by the decrease of the

. for'nier‘ (Fig. 14B) and incregse, of the latter (Fig. 14C), following
temperature sﬁif‘t-up and further incubation. These data indicate that
both the ext,ept of PTC and assembly of normal, immature virions
including envelopes may be subject to a factor(s) which functions

briefly and/or has a brief half-life at 33 .

4.1.5 Identification of Factor(s) Involved in PTC

v

The active site-specificity of the proteolytic factor(s) was
) te'sted with several protease inhibhitors possessing known specificity
for their native substrates. Compounds such as TLCK and TPCK have
affinities for and are r;eéogized as substrates by trgpsix‘;-‘-like and
chymotrypsin-like proﬁeases, respectively, to which they bind )
covalently and inhibit at t:.he active site (reviewed by Shaw, 1975).
However, since t;mse 1nhéb1t:ora also suppress protein synthesis at
higher concentration (Poné et al., 1975) it was necessary to determine
the molarity at which these compounds acted specifically as
proteolytic, rather than translational, G(bitors. Streptovitacin A
(Str A) was used to check the effects of & speoific 1nh1§1t§r of
\—\&{ax};;{ug: The results, summerized in Figure 15, revealed that TLCK
at 10**M inhibited protein synthesis by about 25% without affeot;ing

90



Figure

15. Relationship between concentration of
streptov;}ioin A }Str A) or protease inhibitors and
inhibition ¢f protein synthesis. At 9 hr p.i.:
wt-infected cultures were treated for 1 hr with
varying concentrations of ome of the following: Str A
(®@); PMSF (0)‘, TLCK (X)} TPCK @ or ZPCK (O), then
were pulse-labeled for 1 hr at 37° with
|358|methipnine.prior to sampling for determination of
1ncorboration of the radioisotope into protein. Each
point represents an average value obtained from
duplicate cultures. The Proken arrow indicates tga
concentration of the inhibitors which suppressed PTC
partially; - solid arrow, the concentration whioh‘blocks

{M PTC entirely, as judged from the data in Figures 16

and 17. - \k
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detectably PTC, as illustrated in the autoradiogram of Figure 16. At
10-3 M, TLCK, which inhibited protein synthesis b} over 80%, did not
interfere with conversion of p94 and 65 to pb62 and 60, but reduced the
amounts of pzj, 18.5, and 18,0 product polypeptides. These findings
ingp&y that the proteolytic factor qulved in cleaving core
'/'polypeptides does not have the specificity of trypsin. Application of
TPCK, at 10°* M, which reduced protein synthesis by about 65% (Fig.
15), completely biocked processing of core polypeptides (Figures 16
and 17) indicating .that a protease with the specificity of
chymotrypsin was involved. This result was substantiated using ZPCK,
another compound with affinity for chymotrypsiﬁ-like proteases, uhi;:h
at 10°*M reduced translation by only 50% (Fig. 15) but PTC completely
(Fig. 17). To prove that reduced protein synthesis in the presence of
TPCK and ZPCK was not per se responsible for suppression of
processing, Str A was added in varying concentrations to vaceinia
infected cultures during the chase period, following puisq-]:abeling
with |¥5S|methionine. It was evident that at 0.1 ug/ml of this drug,
which ‘reduced protein synthesis by about half (Fig." 15), PTC occurred
normally (Fig. 16) and at 1.0 ug/ml, which lowered the p;'otein
synthesis rate by 82%, appreciable cleavage was evidenf in the
autoradiogram (éig. 16). Another protease inhibitor, PMSF, was less
potent in affecting translation and even at 16° M had ﬁo thfluence on

) L 4
PTC. Taken together, these data revealed that proteolytic factor(s)

which may bring about processing of the viral core precursor proteins

possessed the specificity of a chypotrypsin-like protease,

-

-




of

Figure 16.

of wt vaccinia virus-infected cellis. Cultures were

. pulse-labeling with |®3S|methionine for 1 hr

Arrowheads indicate positions of p62, p60, p23, p18.5,

/

Effect of varying concentrations of protease
inhibitors and streptoviticin A (Str A) on PTC. The

autoradiogram was prepared from cytoplasmic extracts
treated as indicated above each channel, following

commencing 9 hr p.i. (P), and incubated in chase
medium in the presence of inhibitor for a further 8-hr
period (C). Molar concentrations of protease
inhibiters which were 10-¢, 10°5, 10™*, and 10°% are '
labeled respectively as -6, -5, -4, and -3. Str A

concentrations in ug/ml were 0.04, 0.1, and 1.0.

and p18, respectively. Channel V: purified vaccinia

virus.
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Figure 17. Effect of varying ooncentrations of p'rotease
inhibitors TPCK and.ZPCK on PTC. fThe autoradiogram
was prepared from cyt‘c‘bplasmic extracts of wt vaceinia

. virus-infected cells labeled with |®°S|methionine and
chased as de’schi!;ed in the ‘legend to Figure 16. Molar -
- concentrations;,pf protease inhibitors which uere»16 & ’
10°5, 5 X 10°5, anfl'wd";“are labeled as -6, -5,’-18.3,
and -4, respectively.. Arrowheads .indicate positiéns
_of g62, pb0, p23, pf8.5, éndﬁp18, respectively.

Channel V:. purified vaccinia virus.
' -~
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4.1.6 |3 H ZPCK Labeling of the Protease Involved in PTC

-

Evidence that the protease inhibltors have affinity for and form
covalent bonds with chymotrypsin-l??é protease(s) involved in

vaccinia virus de;elopment, suggestééjthat such protéaée(s)'qight be
identifiedl by means of ZPCK carrying ;jsuitable radiolabel. ?o‘thié
end, cultures infected with wt vaccinia or mock infected culturgs.were
incubated in the presence of |°H ZPCK fo} 3 hr commencing 10 hr p.i.
As a further £est of the origin of the protease(s), cells intensely
Y-irradiated with 70 kilorad from a %°Co sdurce prioi to infection
were analyzed for ZPCK binding prateins because such irradiation had
been shown to suppress profoundly or abglish transcription of’hoﬁt

cell genes (see sections 4.3.2 and 4.3.4). Therefore, any polypeptide

induced after infection binding ZPCK would most likely be a

-
*

virusTsPecified fungtion. When extracts o:[’ H|ZPCK-labeled éells
were subjécped t6 SDS-PAGE analysis, the autpradiograms pevealed the
presence, exclusively ih material from infeated cells, of a prominent
band migrating with an apparent %oleeular weight of‘12,500 (Fig. 18,4
channels 6 and 7). This band was entirely absent from uninfeeted,n

Y -irradiated or u&irradiéted cells (Fig. 18, channels 8 and 9).
Several identical ;inor polypepiides were also evident in PAGE of
extracts from both virus-infected and uninfected cells. None of these
corresponded to the prominent -polypeptide presumed to have been
labeled by|3 H|ZPCK. The major, virus-specified polypeptide, marked
by addition of |3H|ZPCK, did not match in molecular weight any of the
}358|mathion1he-1abeled proteins from burifiedhyirus, also displayed .

in channel V of Figure 18. These results sugdested that a
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Fiéur'e 18. 1Identification of a polyp;phid& with presumed

“affinity for ZPCK.. The autopadiogrém.prepargg from
cytoplasmie fractions‘isolaﬁed from gellsfinfeéfed’f
with wt or t£381085 vaccinia virys and,incubatgq in the
presence of 104 M |3HYiPCK for 34;;‘com@encing at 10

*' hr p.i. Channels (1-5): ts1085 incubated at 33° (1)
and at 390 (2);' shifted after 10 hr at 39 to 33° - :
during exbosure to Z;CK (3); ‘as ;p (3) but with Str
A, 10 ug/ml, added (4); as in (3) but with ‘
actin&mycin D, 4 ug/ml, added (5). Channeis (6.and-
7): infected with wt. virus; Channels (8 and 9):
mock-infected. Channels (7 and 9): cells exposed to
y-irradiation 1 hr prior to inoculatign. Channel V:

pﬁrified vaccinla virus,
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virus-specified p12.5 protein, which has affinity for ZPCK, was

induced during vaccinia virus infection, but was absent from mature
virions. A reasonable hypothesis is that this polypeptide is related

to the protease factor(s) involved in PTC.

To ascertain whether the samQ_polypeptide was present or gbsent
duringxggJOSS infection, uhicp_%s blocked in processing at the
restrictive temperature, infected cultures were labeled as above with
|3H|ZPCK. It was evident from the autoradiogram (Fig. 18, channels
1-5) that regardless of the conditions prevailing dﬁring the
infection, i.e., whether l;beling occurred at 33 or 39-40°, br whether
following temperature shift-down transeription was inhibited with
actinomycin D or translation with Str A at concentrations which block
PTC (Nagayama et al., 1970), the p12.5 polypeptide was induced.
Therefore, synthesis of the ZPCK-binding protein presumably occu;}ed
under circumstances which were nonpermissive fﬁr proeeséing and
maturation of vaccinia virus. This finding was supported by results
obtained during infection with wt vaccinia virus in the presence of
100 ug/mi of rifampicin, an antibiotic which simulﬁaneously blocks
morp?opoiesis and PTC in a manner closely mimicked by ts1085 and other
mutants of this phenotype. When assayed during rifampicin treatment
or during arrest of transcﬁiption and translation, following removal
of rifampicin, there was synthesis of tﬁe polypeptide marked by’

|®H| ZPCK (Fig. 19, channels 1-5).

Possible identity of the | H| ZPCK-binding p12.5 protein with any
labeled by |*H|amino acids or |*°S|methionine was investigated using

SDS-PAGE analysis of cytoplasmic extracts. It appeared from thg

)
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Figure 19, Gxaractérization of factor with bindipg affinity for

ZPCK. Labeling with |?H|ZPCK as désoribed in legend
° of Pigure 18, Q';anpels (1-5): 1infected with wt

vaccinia virus at 37° throughout; untreated (1);
exposed to 100 ug/ml rifampicin througﬁodtfz);treated
with- 100 ug/ml rifampicin for 40 hr p.i. then drug was
washed out and incubation continued with |*H{ZPCK in
the absence (3), or presence of 1Q ug/ml Str A (4), or
presence of 4 ug/ml actinomycj.n. D (5).

Channels (6-10): infected with ts1085 and
ﬁcubated at 330 (6); 399 (7); 39° for 10 hr after ’
inoculation then shifted tq 330 during exposure to
|3H|ZPCK in the abgence !(8), or presenée of 10 ug/ml
Str A (9), or the presence of 4§ ug/ml actinomycin D
(10). .

Channels (11-16): ."infected with !t_v\;'irus or ts1085
and pulse-labeled with |3H|amino acid mixture (10
uCi/ml) for 1 hr commencing 9 hr p.i. and where
indicated, incubated for a mr;ther 8 hr in chase
medium. Channels (11-14): ts1085-infected and
sampled after pulse at 33i’ (11); pulse gnd chase at
330 (12); pulse at 39° (13); pulse and chase at 39
(14). Channels (15 and 16): wt inoculated cells
m'Zntained throughout at 37°; pulse (iS); pulse and

‘chase (16).. .

.
Channels (17 and 18): .concentrated factories froffp ..
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Wt infected cells prepared as desecribed in Material
and Method;j\Zneubated in vitro at 37° for 3 hr with
10 4M |$H|ZPCK without (17), or with 1§ NP-40 (18).
Channels (19 and 20): wt infceted cells maintained
at 379 throughout, labeled for 1 ;r commencing 9 hr
p.i. with |3°S|methionine (10 uCi/ml), sampled after

pulse (19); or after pulse and chase (20).
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autoradiogram in Fiﬁure 1? that there were bands labeled with

| H| amino acids or |.3SS'| methionine (channels 11-16 and 19,20) of
molecular weight corresponding tor‘tia'at of the p12.5 polypeptide (Fig.
19, channels 1-10). Therefore, dt;ring vaccinia virus infections, when
host-related protein synthesis is inhib;ted {Moss 'and Salzman, 1968),
and induction of host-related functions blocked by y-irradiation, a
p12.5 polypeptide, with presumed_ affinity for chymotrypsin protease

inhibitors, may be induced under c¢ircumstances either permissive or

restrictive for PTC and envelope assembly and maturation.

4.1.7 Summary

Five temperature-sensitive (ts) mutants of vaccinia virus, which
mimic the effects of rifampicin, being defective in asiembly of the
envelope and maturation, were characterized. Although ¥he mutants
showed a similar morphological phenotype when examined by electron
microscopy (Figures 1-‘4),’ analysis by’ complementation titrations
between the @mnt; (Table II) indicated Jthat each mutation produced a
distifiet defect. This result was supported by SDS-PAGE analysis of
cytoplasmic .extracta of virus-infected cells (Figures 5 and 6) whereby
each mutant produced a distinct cleavage pattern 113 its protein
profile (Fig. 7). Detailed complementation analysis of 1;.31085 and a
DNA(-) mutant, ts6389, revealed that PTC of precursor proteins
occurred during co-infection (Fig. 8) and that p‘rogeny of both
parental phenotypes were produced (Fig. 9). However, PTC of

£81085-specified precursor proteins did not occur following

syncytiogenesis involving cells singly inoculated with wt vaccinia



virus and cleavage dgfective ;_3_1085 (Fig. 11). Extracts from infected
cells were also unable to bring about in vittro cleavage of precursor
polypeptides (Fig. 12). Data from temperature shift experiments with
$s1085-infected cells (Fig, 13) indicated that the extent of PTC was

‘ directly related to the duration of incubatfon at the permis‘sive
temperature. Similarily, the ext‘ent of assembly of noruﬁl envelopes'
was also proportional to the duration of ipcubation of the
ts1085-infected cells at 33 (Fig. 14). The use of affinity labeling\
protease inhibitors indicated that the factor(s) for proteolysis was a
virus-induced chymotrypsin-lil':e non-virion polypeptide of 12,500
molecular weight (Figures 15-19). This factpr was found in wt and
ts1085-infected cells under both permissive at;d nonpermissive

conditons for PTC and virus maturation (Figures 18 and 19),

4.2 Vaccinia Virus Replication Examined by Means of

Host Cell Mutants and g-Amanitin

1N

The finding that viral DNA synthesis occurred in either cells
pre-treated with the DNA crgss-linking antibiotic mitomycin C (H?gee
and 'Hiller, 1962; Kajioka et al., 1974) or in enucleated cells
(Prescott et al., 1971) proved- that events leading to the replication
of the v;ral genome are under viral as opposed to cellular control.
There has been, however, a debate regardi‘ng the autonomy of later |
events based primarily on the work of Pennington and Follet (1971; ) who
show?d tpat virus mg_t.uratioﬁ is inhibited in cytoplasta. In
addressing th{s question of the requirement of the nucleua‘, a.study of

the role 6f"hjost transcriptional function(s) in vacoinia virus
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: biogenesis was undertaken.

The highly active toxinq-amanitin, derived from the toadstool

Amanita phalloides, has been recognized as a specific inhibitor of

£
DNA-dependent RNA polymerase II (polymerase II) of animal cells
(Roeder, 1976). By virtue of its inhibitory specificity, G -amanitin

was used to demonstrate that certain DNA and RNA agents,‘ such as

|

papovaviruses, adenovinﬂses, and influenza viruses, having an

-

obligatory developmental stage in the host nucleus, most probably

require polymerase II activity for replication (Amanti et al.,

1975; Ledinko, 1971; Lamb and Choppin, 1977). By contrast, the
poxviruses, which develep in the cytoplasm, contain in the virion core
4n a-amanitin-insensitive DNA-dependent RNA polymerase (Costanzo et
al, 1970). The availability of the rat myoblast L6H9 cell line and a
mitant line derived therefrom having a polymerase II resistant to
a-amanitin (Somers et al., 1975a) prompted the examination of the

‘possaible role of host transcriptional function(s) in the life cycle of

vaccinia virus.

4§,2.1 Effect of g —Amanitin on Virus Replication in

BSC-~-t and Rat Myoblast Cells

To investigate the role of host trapscription into mRNA involving
polymerase II, ¢ ~amanitin, which specifically inhibits _polymer-ase II
of animal cells when used at appropriately low concentrations ( Roeder,
1976), was used. The host used was a myoblast cell line in which the

wild-type cell is Am’f and the mutant, containing q-amanitin-resistant

polymerase II, is designated Ama 102 (Somers et al., 1975a). . Because
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the permeability and time required to inhibit polymg?ase II activity
varies depending on the cell (Ingles et al., 1976), it was necessary
to ascqrtain the duration of treatment with a -amanitin to effect an
inhibition of vaccinia replication. The data in Table IV show that
treatmént of Ama' cells for 5 or 10 hr abolished the capacity of the
host to support production of infectious progeny, while shorter
treatment resulted in fractional yields of PFU. Because the inhibitor
was also kept in the culture medium throughout the growth cycle, it
may be concluded that suppression of replica@ion was elicited
gradually and progressively. This is consistent with the slow
inhibition of polymerase II activity by a-émanitin demonstrated
biochemically (Somers et al., 1975b) and implies that this host enzyme
or a subcomponent of it is necessary for formation of infectious
vaccinia virus. In sharp contrast to the above findings, treatment of
Ama 102 cells with theé drug hgd no inhibitdgy effect on the yield of

vaccinia PFU (Table IV), also indicating the involvement of polymerase

II in the vaccinia virus cycle.

As a control of the specificity of o -amanitin on vaccinia,
replication of vesticular stomatitis virus (VSV) was tested under
parallel circumst.ancesT The data shown in Table IV revéaled that the
drug did not suppress VSV production in either AmJ or Ama 102 cells.
It is interesting to note that yields'in Ama 102 cells were usually

alpost an order of magnitude greater than in AmJ. cells.
It seemed appropriate to examine, as a further control,
v

replication of another DNA agent, herbés simplex virus, type 1

(HSV-1), known to pass through a replication phase during which

119



TABLE IV

Virus replication in BSC-1 cells and in rat myoblasts
Ama+ and resistant Ama 102
treated with ®-amanitin"

Hours before inoculation when

Host Untreated . treatment commenced
Following Following
adsorption replication o -2 -5 -10 -24
IHD-W VACCINIA VIRUSQ
Anma 6 1,000 62 39 6 6 M
Ama 102 6 700 ~ 570 510 630 680 ND
VESTICULAR STOMATITIS VIRUSd
+
Ama 4 860 1,100 ND ND 1,200 ND
Ama 102 3 7,700 16,000 ND ND 18,000 ND
HERPES SIMPLEX VIRUS TYPE 1°
BSC-1 0.5 1,400 ND 200 ND ND 0
a, C(-amahitin, 10 ug/ml for BSC-1 cells and 2 ug/ml'for both rat
myoblast lines, was present prior to and throughout the infection
as indicated.
b, sampled 2 hr p.di.
c, sampled 24 hr p.i. for vaccinia virus and VSV; 16 hr p.i. for HSV-1.
d, virus replication in monolayers o lO6 cells/plate inoculated
with 10 pfu/cell, expressed as 10  pfu/plate.
e, virus replication in monolayers of,1.2 X 106 cells/plate inoculated
with 0.2 pfufcell, expressed as 10 pfu/plate. -
f, ND, not dorie.




179

transcription into egrly functions is blocked by g -amanitin (Ben-Zeev
and Becker, 1977). In agreement with previous findings of others
(Costanzo et al., 1977), exposure of BSC-1 cells to the drug‘
profoundly inhibited HSV-1 replication implying that polymerase II is;

intimately involved in the life cycle of this virus (Table IV).

4.,2.2 Effects of y-Amanitin on Synthesis of

Vacginia Virus-Specified Products

The effects of a-amanitin on synthesis of vaceinia
virus-speci‘fied products, including the synthesis of DNA and
pelypeptides in the |cytop1asm, were monitored by isotopic labeling,
SDﬁ—PAGE and er;umeration of progeny particles by quantitative electron

microscopy.

Analysi§ of cytoplasmic extracts f‘-rom untreated and drug treated
cells labeled with |3H| thymidine, conduc'tzgd by G. McPFadden, showed
that, in Ama*, in the absence of g-amanitin about 3300 cpm per 106
cells were incorporated and, in cel;l.s pretreated for 10 hr and
mintained~ in the p;'esence of the drug during infection, 2600 cpm per
105J_cells were converted into an acid-precipitable p.roduct. In Ama
102 cells, cytoplasmic extracts from both untreated and treated cells
contained about 23,000‘cpm of |3H|thymidine per 10° cells incorporated
into a macromolecular ppéduct. These data revealed that a-amanitin
either does not inhidbit or.:fnhibits only partially vaccinia-specified
DNA synthesis. As with VSV replicatio.n, the much greater rate of

vaccinia-related DNA synthesis in Ama 102 cells remains unexplained..

- .



Figure 20, . Autoradiogram of polypeptide profiles from untreated

‘- andq -amanitin-treated cultures in a SDS-PAGE slab gel
prepared from wt vaccinia virus-infected L-2, Am;- and
Ama 102 whole cell extracts. 'After pulse-labeling
with |*° S methionine and chasing, cells.uere disrupted
in lysis buffer. Treatment with 50 ug of‘pancreatic
deogffibonuclease I per ml for 15 min. at Ho was ugéd -
to hydrolyze the DNA." Aang:\ifji?ate the positioA;
of p 94, pb5, p62,.p60, p23, p18.5, and p18,
respectively. (P), pulse; - (C), pulse and chase.
Channels: (1-4), Ama'r extracts; (5-8), Ama 102
extracts; (9 and 10), L-2 extracts. Channels 3, U4,

7, and 8 show sambles from drug-treated cells. K
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The influence of y-amanitin on the spectrum of vaccinia-specified
polypeptides synthesized in AmaL and Ama 102 cells was ascertained by
pulse-chase experiments and SDS-PAGE analysis. \fhe éesults
illustrated in Figure 20 stwed that when Am§+ was the host, the
quantity of |®° S| methionine-labeled pol}peptides formed in the '
presence of the toxin was less than in its absence (channels 3 and U4).
However, the inhibitor did not abolish the synthesis of the p94 and
p65 precuésors nor. théir processing to the p62 and p60 protein
products. ﬂost or all of the other identifiable polypeptides,
including p23, 18.5 and 18.0 were also synthesized, as evident in
channels 3 and U4 of Figure 20. In infection of Ama 102, 0 -amanitin
dié not reduce the quantity of vaccinia polypeptides produced or
affect the normal PTC during the chase (Fig.20, channels 7 and 8).

The pattern of bands and processing of vactinia-induced pplypeptides
were identical whether the host was the wild-type Amﬁt, Ama 102
polymerase II mutant, or mouse L-2 cells. The comparative data on L-2
cells shown in channels 9 and 10 emphasize the uniformity of the
spectrum 6f vaccinia-inducéd polypeptides, regardless of the cell type

used for virus replication.

Results using electron mier;scopy to quantitate the formation of
vaccinia-related structures (Table V) corroborated the findings from
SDS-PAGE and PFU assays. Only in Amgr cultures treated,w;th
o -amanitin was the dppearance of "“factories" and assembly of immature
and mature progeny virus severely curtailed. The small number of

mature progeny evident in tifis salﬁie uﬁs obviously insﬁ?ficient to

- alter the titer, expressed in Table IV in terms of the relatively less
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TABLE V

Quantitative electron microscopy of Vaccinia Virus

replication in wild-type Ama+ and resistant

'Ama 102 rat myobl®sts treated with X-amanitin

Host Cell Vaccinia Virus Products ¥ Cell Profiles
‘ and immature mature with Mature

Treatment "factories" particules virions ©Progeny Virions
T .

Ama without 41 436 '325 35
drug
+

Ama with

A-amanitin 8 23 - 13 1-2

Ama 102 without
drug 56 . 600 332 30

4ma 102 with 78 946 844 56

& -amanitin

The data are normalized as counts>per 100 profiles of thinly
sectioned cells. In the Ama+ with KX-amanitin sample over 200 profiles

were examined .
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sensitive PFU. Electron microscopic examination of 210 cell profiles
in the drug-treated'Ama‘i' '-sample revealed the presence of 27 mature (
virions, all situated in'only 3 cell profiles, and 48 immature
particles, observed in only 6 profiles. This finding demqpstrated
that after treatment with the toxin, when rates of virus DNA synthesis
were only partially reduced, vaccinia development was arrested to a
varying degree, so that in some cells there was a complete absence of’
any virus structure while in a very small percentage of others; virus
assembly had been completed. Presumably the few mature progeny
;}Fions observed in this sample accounted for the processing of p9l
_and pb5 polypeptides to their p62 and pb60 products, evident in Figure
20 and shown previouslylto be_an obligatory step in the vaccinia
maturation process (Stern et al., 1977). The occurrence of mature
progeny in treated Ama:r cells also implyied that, in the occasional
host cell, inhibition of polymerase II may, have been only partial or

nonexistent.

4.2.3 Summary

An investigation employing the toadstool toxin, ¢ -amanitin, a
specific inhibitor of DNA-dependent RNA polymerase II, was undertaken
to éxamine the possible role of host transcriptional function(s) in
vaccinia biogeneéis. Treatment of sensitive rat myoblasts, MNJ
cells, abolished the ability of the host to-support production of
infectious progeny while the<$;§manitin resistant mutant, Ama 102
remained fully cempetent to produce infeclious vaccinia in the

presence of the toxin (Table IV). Synthesis of virus-specified DNA
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occurred at a high rate { 80% of control) in infected cells exposed.to

the drug but virus polypeptide synthesis was réﬂucep. The toxin did.
not abolish their s&nthesis_of precursor polypepff&es nor their )
processing to their products (Fig. 20). Eiectnon microscopic analysis
(Table V) revealed that a profound 1nhibit16h of vaccinia-related
structures in treated sensitive cells with the occasional production
of mature particles. Thus experimpnté usipg, as the host, the
a-amanit;n sensitive Ama and the drug resistant Ama 102 mutant rat
myoblasts clearly demonstrated the involvement of a host function

related to polymerase II in the life cycle of vaccinia vi;ls.

4,3 Involvement of Host Transcription in the Replication

~

of Vaccinia Virus

The finding that the host transcriptional factor DNA-dependent Y
RNA polymerase II is a requisite function for vaccinia replication
presented the possibility that tranécription of the host genoﬁe is
involved in vaccinia biogenesis. Alternatively, polymerase II may be
1nvolved‘, in some manner, in viral genome transcription. The
hypothesis regarding a requirement for ongoing host transcr.pt.ion was
tested in experiments using cells exposed to intense y-irradiation
prior ;o infection. It was hoped that such treatment would render the
cells transcriptionally dyafunctional as a consequence of tempiate
damage (Okada, 1970). Gene expression in irradiated cells was
measured by rates of macromolecular synthesis, including putative mRNA
formation, as well as gene function asséssed”in terms of viral &

hemagglutinin activity and the induction of the interferon-mediated

-
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antiviral state.

4.3.1 .Effect of y-Irradiation on Virus Replication

v

In testing the hypothesis that contihubus franscriptiod of the
host DNA is required for completion éf vaccinia virus replie?tion, the
use 'of intense y -irradiation ‘was invoked because it is known that,DNA
is damgged upon exposure to lonizing radiation (Okaga, 1970). - Cells
-of both primate and rodent origin were exposed to high doses of
Y -irradiation from a ®° Co source one hr prior to infection. The
results, given in Table VI, indicated that vaccinia virus replication
is undiminished in BSC-1 or L6H9 cells pre-irradiated with 40 krad (1
rad = 1.0 X 10°2J/kg) and only marginally reduced in L-2 cells treated (
similarly. Indeed, exposure’to as much as 70 l;rad had little
inhibitory effect on vaccinia progeny yield in the three cell lines
te;ted as indicated by yields ranging from 75 to 90% of unirradiated
control samples, In the 'case of an RNA virus without nuclear
requirement, exemplified by VSV (Follet et g_l;, 1970), virus
production also occurred at a high rate in BSC-1.cultures previously
irradiated with 40 krad. A further control, that of testing the
ability of irradiated cells to support HSV-1 repi.idati;m, was chosen
because heré, as in the case of vaccinia virus, host polymerase II was
required for herpes virus replication (Costanzo et al., 1977; éen-Zeev
and Becker, 1977; Tat;le'IV of t:.his thesis). The dafa (Table VI) *
revealed that pre-irradiated (40 krad) BSC-1 cells were able to
supper® HSV-1 replicatin as evident by the large yield of infectious

progeny. Therefore for the three viruses tested, intense
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TABLE VI

. Virus replication in J-irradiated and unirradiated Primate

and Rodent cell lines

117

Virus Yield (X 1074 pfu/plate) from Pre-Irradiated Cells®

¥ -Irradiation

radd 1-2>  L6H9(Amat)® Bsc-1°_
{kilorad) Vacciniad Vaccinia® Vacciniaf HSV—ig VSVh -
0 5,200 1,000 3,200 1,400 1,800
40 4,800 1,000 3,200 650 700
55 & 5,000 900 3,000 ol ND
70 4,800 . 900 2,400 . ND ND

cells were irradiated 1 hr prior to imoculation.

1X 106 cells/plate.

1.2 X 106 cellsg/plate. *

m.o0.i.= 10 pfu/cell; samples Earvested 24-hr p.i.; background
titer at 2 hr p.i. was 2 X 10" pfu.

-~

as in d exgept background titer at 2 hr p.i. was 6 X 10% pfu.

titer at 2 hr p.1i. was 3 X 10" pfu.

m.o.1i.= 0.1 pfu/cell; samples3harvested 10 hr p.1i.; background
titer at 2 hr p,i. was 3 X 10° pfu. ’
: v

ND, not done.

r

A

<

as ind éxcgpt background titer.at 2 hr p.i., was 3 X 104 pfu.
m.0.i.= 0.2 pfy/cell; samples. harvested 16 hr p.i.; background -

s

i



y -irradiation of the host cell prior to infection had little or no
inhibitory effect on the competence of the host to support vi_rus
replication. Moreover, the finding that vaccinia ‘virus replication
was not influenced appreciably or at all in any of the three cell

lines exposed to as much as 70 kilorad of Y -irradiation prior to

" infection suggested that transcription of the host genetic information

might not be essential in the life cycle of vaccinia virus.

4.,3.2 Effect of y-Irradiation on -Cellular Macromolecular Synthesis

-

'y
+ The ability of intensively pre-irradiated cells to function as

fully permissive hosts for the growth ot" vaccinia virus raised the
question as to whether intense y-irradiation affected host cell
macromolecular synthesis. This was ass‘essed(,gy'ieasuring the effects
of exposure to various doses of Y-irradiatiof \o&\synthesi& of DNA,
RNA, and protein. . For this purpose, cultures of BSC-1 and L-2 cells
were placed in MEH containing f;sot_opically labeled thymidine, uridine,
and methionine and inoorpo;-ation'of‘ precygsors into TCA-preSipitable
material was ascertained. Data, summarized én Table VII, showed that
10 krad of irradiation only moderately reduéed synthesis to 88.8% of‘
unirradiated BSC-1 cells for DNA, to 73.3% for RNA, and to 67.9% for
protein. Exposure of BSC-1 cells to 40 krad® reduced protein synthesis
to almost half the control rate but had a-uior-e‘ ;mfound éff;ot on
nucleic acid production which was lowered to‘only 1.5 and 3.0% in the
casésof DNA and RNA reap;étively.' After irradiation with 70 krad, the
remaining rates for DHA and RNA were, respectively, 0.7 and 1.2%, but

the level of protein synthesis remained at 36.2% that of the controls.

.
- Y
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L-2 cells exposed to y-irradiation under identical cdn.‘dit.:l.ons appeared
to be less sensitive that BSC~1 cells. Nevertheléss, with this cell
type also, DNA and RNA synthesis was affected much more that the

synthesis of protein (Table VII).

The severe reduction of overall RNA formation by Y-irradiation
made it imperative to determine whether transeription into messenger
RNA (mRNA) was affected differently or to the same extent., As a
measure of putative mRNA synthesis, the formation of the
poly-adenylated (poly(A)) RNA fraction was measured (Lanyon e_t;_ al.,

1]

1972). To this end, RNA from |’H|uridine-labeled cells, BSC-1, L-2,

“and L6H9, was separated by means of oligo(dT)-cellulose

©
A7

chromatography. The data, summarized in Table VIII, reve'a'ieq that the

v o=

degree of inhibition of RNA syhthesis jin BSC-1 cells was a function of
the dose of radiation applied. Furthermore, synthesis of
poly(A)-containing RNA was inhibited to about the same extent as that
of the bulk RNA. These relatior;ships were more easily recognized in
the graphic presentation of tﬁe results, as shown in Figure 21, Of (/
particular interest were data -pertaining to the effects proc}ueed by 40

" and 70 kilor.ad which inhibited labeling of both ‘the total and poly(A)

RNA components by 90-94%.

With L-2 cells, 70 krad inhibited romtior; of poly(A) RNA by 92%
- while the oYemll produotio?’ of RNA was reduced by 87%, as shown in
Tablg VIII. Similarly, total RNA and poly(A) RNA synthesis in the rat
myoblast line, L6H9, Qere inhibited by 88 and 901,. respectively, when
these cells were exposed to the equivalent dose of radiation (Table

VIII). Thus, in the three cell stains tested, there appeared to be no
¢ ‘
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Figure 21. Effect of y-irradiation on synthesis of RNA. BSC-1

cells were labeled with |*H|luridine for 2 hr
commencing 1 hr post-irradiation. The total RNA was
extracted and the poly(A)-containing fraction was
selected as described in Materials and Methods. The
cpm in total RNA (0) and poly(A) RNA (X) are expressed

as percent of unirradiated control cells,
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differential effect o} intense -y—irradiation on transcription of total
RNA ;rersus putative mﬁNA. Moreover, these data revealed that
host-re]:qt.ed RNA sypt.hesis and tra’nscriptfon into mRNA were profoundly
s{xppressed following vy -irradiation with doses whict; did not influence
appreciably if at all the replication of vaccinia virus.

*

4,3,3 Effect of y-Irradiation on Incorporation of |®H| Uridine into

RNA of Vaccinia-Infected Cells

.

The finding that high doses &f y-irradiation were able to
suppress cellular RNA synthesis made it possible to dissociate
host-related from virus-specified transcription following infection
with vaccinia virus, To this end, either pre-~irradiated or
unirradiated cultures of L-_2 cells were 1noculateﬁ and "pulse" labeled
for 15 min. with |*H uridine at 8 hr p.i., when virus transcription is
at a maximum rate (Oda and Joklik, 1967), but host-related
transcription has been reduced to its lowest rate (Becker and Joklik,
1964). Labelqd cells were then d;vided into nuclear and cyto‘plasmic
f‘ractions and the |®H|uridine incorporatic.m measured as described in
Materials and Methods. As evident from Table IX., there was an
inhibition of uridine incorporation into nuclei of infected but .
unirradiated cells, confirming the previously published findings. By
contrast, there was an approximately 15-fold increase in cytoplasmic
RNA synthesis in infected cells as oénpared with uninfected cells,
presumably due to vaccinia virus-sﬂeoitiéd transcription, A similar

increase was also evident- 1n the oytoplasm of companion irradiated and

infected cultures, mdicating g;t pretreatment with 70 kilorq(had

\

.
. ol
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TABLE IX

Incorporation of 3H uridine into nuclear or cytoplasmic
RNA of infected and uninfected L-2 cellsa

Whole Nuclear Cytoplasmic >
cellsb FractiOnb Fractionb
» Unirradiated 31,460 27,460 . 4,290
Mock Infected c
¥-Irradiated 2,875 2,710 70
) Unirradiated 22,020 ' 3,890 19,130
* Vaccinia Infected

¥ Irradiated® 18,540 1,035 17,250

a, 1X 106 cells were '"pulse” - labeled for 15 minutes with
3H uridine at 8 ‘hr p.1i.

b, disintegrations per minute; avergges were determined from ..

duplicate pultures.

c, cells were exposed to 70 kilorad of ¥-irradiation 1 hr prior

to inoculation.




* .

little or no influence on virus transcription., It should be noted
from Table IX that after 15 min. pulse-labeling, |3W uridine
incorporation into the cytoplasm of uninfected cells was, as
anticipated, very low.. In Y-irradiated cultures the quantity of RNA
label was reduced by more that 90% in both the cytoplasmic and nuclear
fractions (Table IX), substantiating the data presented in Table VIII,
The combined results of Tables VIII and IX revealed that

pre-irradiation did not affect appreciably either viral mRNA synthesis

or replication.

4.3.4 Effect of Y-Irradiation on Biclogical Function of RNA

To ascertain whether high doses of Y-irradiation can cause the
abolition of gene expression, infection by IHD-J vaccinia virus was
selected and studied, in colléboration with G. McFadden, as the first
model of transcription and translation. This model was selected
because (1.) cytoplasmic vifus DNA replication occurs synchronously
1-4 hr after infection and (2.) the IHD-J stain induces production of
hemagglutinin‘asﬁone of the late, late viral functions (Ichihashi et
al., 1971), for which the requisite transcription and translation
commences at approximately 4 hr after infection, when late
virion-related polypep;ide synthesis 15 already well underway (Dales
and Mosbach, 1968). The resultgm(Table X) revealed that cells
irradiated with 50 krad immediately after completion of viral DNA
synthesis were able to produce onl} small quantities of hemagglutinin.
Exﬁosure to 5 krad caused only a partial inhibition of virus-specified

synthesis. Application of inhibitors, used as the controls, revealed

126




TABLE X

Comparison between effiect of azirradiatiOn

and inhibitors of synthesis on

vaccinia virus hemagglutinin production

-y

Treatment . Hemagglutinin
end-point titer
None 1024
5 kilorad 512
50 kilorad 64
Actinomycin D 64
Strepoviticin A 16

L-2 cell monolayers were inoculated with IHD-J

vaccinia virus and incubated for 4 hr at 37°.
cultures were either irradiated or placed in medium containing

actinomycin D or strepoviticin A,

Individual

then incubated for an

additional 20 héurs. Hemagglutinin (HA) was assayed as

previously described (Ichihashi and Dales, 1971), with the

exception that calcium and magnesium were omitted from the

phosphate buffered saline. HA titers werb calculated

per 1 X 106 cells.
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that actinomycin D, if added after DNA synthesis at a concentration
sufficient to block transcription rapidly (Dales and Mosbach, 1968),
caused reduction of hemagglutinin formation to approximately the same
‘ loﬁ level as a dose of 50 krad. As anticipated, streptoviticin A, an
inhibitor of translation, also inhibited the expression of the
virus-specific activity. Thus, viral gene expression, as measured by
the production of hemagglutinin, was severelz inhibited by intense

Y-irradiation treatment late in the infectious cycle.

In order to assess the influence of y-irradiation on some defined
cellular activity, the manifestation of the interferon-mediated
antiviral state was selected as the second ﬁodel of gene expression.
This function was selected because, first of all, it is an inducible
one, secondly, because it is amenable to quantitative assay, and
finally, because it manifests or is related to the induction and
expression of a multicomponent cellular system involving a §umber of

enzymatic functions (Baglioni, 1979).

The antiviral state was induced in BSC-1 cells following various -

doses of Y-irradiation 1 hr prior to the addition to monolayer
cultures of 100 units/ml of human leukocyte interferon (INF), kindly
provided by Dr. C. Tan, University of Calgary. After an 8-hr period
of INF treatment, the monolayers were inoculated with vesticular
stomatitis virus (VSV) at a multiplicity of‘infection of 0.1 pfu/cell.
Following incubation for 10 hr p.i., the infectious virus formed was
assayed as plaque~forming units on monolayers of BSC-1 cells. Cell
monolayers untreated with INF, but otherwise irradiated and incubated

under identical circumstances, were used as the controls for

L
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Figure 22. Effect of y-irradiation on the INF-induced antiviral
state. BSC-1 cells were incubated in the absence (X)
or presence (0) of human leukocyte interferon (INF)
for 8 hr commencing 1 hr after y-irradiation.
Following removal of INF, the cultures‘uere inoculated
with VSV and incubated for 10 hr until harvest for PFU

assays.
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replication of VSV. The results, summerized in Figure 22, indicated
that 1nduct;lbn of the an;.iviz‘él a};ate by the INF treatment used, was
effective as &vident i>y the reductio; in the PFU of about 4 log units.
Irradiation of ‘nb’zlxolayers with 20 kilorad prior to INF treatment

appeared to hdve little or no effect on the' inductiop of the antiviral

state. ,@wevei', at doses of 40-50 krad, there was over 1 log inciease

in wsvV p;oduction 'in the irradiated and INF-treated cultures compared
to the unirradiated INF-tPeated culture. However, since irradiation
per se at 30-50 krad adversely affected VSV replication in BSC-*

eells, it nay be assumed that the actual difference 1n titer between

INF-treated and untreated cells exposed to 30 krad uas ouly 3 log

‘un:lts, at 40 krad about 2 log unit.a and at 50 krad about 1 log unit:

Thegq data are consistént with t.he view that the biochemical sequence‘
of events related to induction of the antiviral state by INF was being
effectively suppressed by high d;ses of y-irradiation. - Therefore,

h;st-sp fied funotions, expression of which is dependent on ongoing

tranaoription, were effectively suppressed by 40-50 kilorad, doses

‘»

- which have little or no effect on vaccinia virus replication.

-

- ° ' * '

Since intense irradiation, followed by prolonged incubation
decreased the capacity of BSC-1 oelis to support VS¥ re{:lioation, INF
treatnent over ahort.er durations was instituted. Thereby, it was

possible to enhance the replicating capacity of the irradiated host

while alloving aufr:lcient time for mduet.ion\sf the antivir‘al state.

~

Cells exposod to 40 kmd were inoudated ror 1 hr before oo-anoi.ng INF
treatment .for 4 to 6 hr as desoribed abave. As evident from the data

in l"gure 23, INF-untreated cells {rradiated 5 hr}‘w'\:\l.or to inoculation

© -

Y
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Figure 23. qfffect of y-irradiation and duration of INF
P .ot .
treatment on the induction of the antiviral state.

BSC~1 cells were y-irradiated (40 kilorad) 1 hr prior

to addition of INF, as desoribed in Figure 22. After
incubation for the periods iﬂdieat'ed, t!;e monolayers
were washed, inoculated with VSV, and harvested 10 hr
p.i. ror‘i'FU assays. y ~Irradiated (.X); INF gyeated

(0); y -irradiated, then INF treated (0).

.
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produced about half a log I‘Less virus (1.5 X 107 PFU) than the
unirradiated and untreated cells (5 X 1¢7 PFU), hereafter referred to
as controls. By contrast, the unirradiated cells treated with INF for
4 hr yielded 2.5 log units less (1 X 105 PFU) of VSV than the .
controls. Following y-irradiation and INF treatment for U4 hr, the
yield of VSV (4.7 X 10° PFU) was only 1 log less than obtained with
the controls. With more prolonged treatment cultures irradiated 7 hr
prior to infection replidated approxiﬁately a half a log unit less VSV
(1.1 X 10’ PFU) than the controls. A 6-hr period of INF treatment of
unirradiated cells caused an appfoximate 3.5 log unit reduction in
titer (Fig. 23), but pre-irradiation enabled cells treated with INF to
produce 1.3 X 105}PFU of VsV, i.e., a redu;tion in yield of only 1.5

log units compared with the controls. Therefore, y-irradiation

enhanced VSV replioat‘i,gn in INF-treated ‘cells by over 2 log units.

These combined data in Figures 22 and 23 indicated that
pre-irradiation with 40 or more kilorad can effectively inhibit
induction of the antiviral state and mat.', therefore, cause

suppression of gene expression manifested as a specific ﬁiologAieal

function.

4.3.5 Summary - : X
| Summary o~ \

|

Thq finding that high doses of -y-irradiationﬂ did not af‘f'eot
appreciably the ability of a variety of;cell’s‘ ty;gés to suppo;'t herpes
simplex virus and vaaticular)atomﬁtiia virus (TabYe VI) and vacoinia .
vi‘ nm;lA synthesig (Table IX) and replication (;lle VI) prompted an

investigation into the effects of intense radiation on éane
W



:D 135

!

expression. While protein syntpesis continueq at a relatively high
rate, nucleic acid synthesis in irradiated cells was much more
adversely affected (Table VIII). There appeared to be no differeﬁtial
effect of high doses ory-irmdiation on total versus putative
messenger RNA tbanscription in that both are extensively suﬁpressed in
a parallel fashion (Table VIII and Figure 21). Gene expression,
measured in terms of vaccinia hemagglutinin production (Table X) and
induction of the interferon-mediated cellular antiviral state (Figures
22 and 23) was severely inhibited by y-irradiation. Taken together,
these data indicated that intensely y-irradiated cells, which can

support vaccinia replication, are severely inhibited in expression of
19

their genetic Information as assessed both as putative mRNA synthesis

and cellular activity. .




DISCUSSION, CONCLUSIONS AND PERSPECTIVE

The efforts described in this dissertation have been directed
towards the elucidation of the roles, first, of post-translational o
cleavage (PTC) and envelope assembly and, secondly, of the host
DNA-dependent RNA polymerase II (polymerase II) and ongoing host gene

expression in vaccinia virus biogenesis.

Previously published investigations with inhibitors (Nagayama et
al., 1970; Katz and Moss, 1970a and 190b) and temperature-sensitive
(ts) mutants (Stern et al., 1977) revealed that 'post-translational
cleavage (PTC) of virion core polypeptides is a neccessary step for
the develbpment‘ of int‘ectiox_ls, mature vaccinia virus. Present studies
have focused on a group of g_'nmtants,vgroup E (Dales et al., 1978),
vwhich are defective 1n' egvelope assenbiy aﬁd maturation.

Characterization of this group of mutants and experimentation directed

tovards underatandiné the nature of the cleavage process has

. N .
culminated in a revised model of vaccinia morphogenesis.

) 136
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The investigation into the function of boly;irase II'in the life
cycle of vaccinia virus has centeréd' on'twé-n.gjor q,ue;.v,t_ions: .. Is this
host function required for virus replicétion and, 1if so, is continuous
transcription of the host genome also required? 'To 'tﬁis end, the use
of the toadstool toxin a-am'anitin, a specific inhibitor qt‘ polymerase
II in animal cells (Roeder, 1976), in sensitive and resistant cell

lines, and studies employing intense y-irradiation, known to damage

DNA (Okada, 1970), have resolved this recently controversial subject.
A discussion of the findings presented in this work and of others on
this topic has led to .the formulatiaon of a hypothesis concerning the

‘role of polymerase II in the life cycle of a poxvirus.

5.1 Characterization of Group E Mutants ' .

Members of the group E mutants, ts1085, ts7743, £39203, ts9251,

and ts9383, were initially categorized by their morphological

?ﬁhxpities bserved during their arrested development (Dales ﬂ‘_a_;.,

L H - |
1978).' A e detailed characterization of individual phenotypic

det‘eclzé

stage,

confirmed that these mutants are blocked at about the same

which mimics the effect of rifampicin on ‘virus

morphopoiesis (Nagayama et al., 1970), to a lesser or greater degree.
Generally, it was observed that numerous viroplasmic focl were formed,

each surrounded by flexible envelope segments but which are devoid of
spicules, and 'DNA paracrystals accumulate. This was most evident in
infeotions with mitants 31085 and £89203 but was less sp in the case :
of Lg‘(?%‘m‘ere'both normal partially complete and even spherical

particles were also detected. Mutants 89251 and £s9383 behaved in an




anomalous manner under nonpermissive conditions in ‘that the
development of mature virions was observed in addition to the
formation of aberrent membranes described above. This morphological
"leakiness" could not be explained by occasional break-through of the
mutant‘culminating in normal progeny development becausg, when
measured in terms of production of infectious progeny; both these
mitants are tight. Since group E mutants mimic the morphological
abnormalities observed in wild-type (wt) infected cells treated with
rifampicin and since this antibiotic also affects normal PTC (Nagayama

»

t al., 1970), it was necessary to determine whether the late proteins

were processed normally at the restrictive temperatpre. All five
mutants were found to be unique in their cleavage profile, ranging
from a complete block in the case of 351085, confirming the results of
Stern et al.(1977), to apparently normal PTC in.the case of 255251.‘
Thus, althpugh.Fssehb;yfappeared to be a tightly coupled prodess ‘
(reviewég~in Dales and Pogo, 1981), proteolytic cleavage of one
érecursor was not necessarily dependent on the prior processing of
another precursor polypeptide. Since reversal of incubation )
conditions, from reétrictive-to permissive, resulted in normal PTC
leading to production of core protein products, it followed that the

, ¢ . .
cleavage defect was indeed related to a temperature sensitivity.

\Furthermore, the appearance df apparently normal virus structures, as-

in the case of ts77U43 and ts9383, without forﬁat;on of all cleavage
products, indicated that assembly of immature viripﬁ envelopes w;th :
normal morphology  was not congingent up6n$PTC, in support of previous
data of Stern and Dales (1976b) and Stern et al.(1977). Conversely,

normal envelope assembly was not a precondition for PTC of certain

138



precursors, as evident by production of p23 in £39203 infections where

the defect in enveldpe assembly is morphologically tight. Thus the

formation of normally enveloped immature particles and cleavage of

precursor polypeptides to core proteins were not necessarily

interdependent processes.

The finding that each mutant of the E group displayed a unique
cleavage pattern indicated that the mutations occurred in distinct
loci. This result was supported by the checkerboard series of
complemention experimeqts wh;}e all but one member of ;he group was
able to complement each other. The notable lack of complementatioq
between ts7#3 and the four other mutants, and positive
complementation with the £NA(-) mutant, ts6389 (Dales et al., 1978),
implied that ts7743 could ?e a regulatory mutant rather than a
"trans-acting dominant mutant® (Carstens and Weber, 1977).
Recombination mapping studies conducted by J.L. Lake (Lake et al.,
1979) and K. Essani (doptoral dgs#er;aﬁon, 1982) have confirmed that
ea;h mutation hﬁs-a distinct locus. ‘Because £s89251 appeared to have
no eieavage defect even tﬁough aberrang membra;eé uere.rormed; ‘
e;clusion of this»mptant fron the group wqpl& indicate that as many as

four gene functions may be 1dvolvedﬂin the PTC process.

R
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5.2 Nature and Role of PTC in Vaccinia Virus Assembly

In an endeavor to elucidate further the cornection between
processing and virus qassembly, experiments were formulated to identify
proteolytic factor(s) which might be involved. As one approach,
complementary infections were initiated from which it became evident
that the dual infection at 39 with 331655 and 356389; a DNA(-)
mutant, resulted in enhanced production of infectious mature virus of
both parental phenotypes as well as rescue from the brocessing defect
inherent in ts1085. This experiment demonstrated that an active
proteolytic factor, once induced, could bring aboqt cleavage of core
polypeptide precursors specified by a cleavage defective mutant.
Therefore, the defec£ in ts1085 probably involves proteolysis itself,
not the protein substrates being cleaved. By contrast, with mutants
like ts7743, in which some precursor core proteins are processed, éhe
uncleaved precursor pfoteins may themselves be mutated, as
demonstrated by McFadden et al. (1980) for a p37 core polypeptide of
£s9251. Such proteins might, therefore, not be amenable to PTC. Data
from coeplementation exper;ments also ruled out the possibility thgt
an inhibitor of PTC was acting during ts1085 infections. In contrast
to the above data on complementation Wy dual infection, results from
cell-cell fusion experiments designed to assess the mobility of
protease factor(s) showed that PTC was not rescued after coalescénce

of cytoplasm of cells infected by wt virus permissive for PTC with

cells infected by cleavage-defective ts1085. This result indicates

that the proteolytic fhetqr(s§ involved may not be readily diffusible

between factories within a'eontinpous aytop}asmic compariment, perhaps
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because the site of synthesis and activity in PTC must be somehow

spatially ceordinated.

A series of experiments on cells infected with ts1085, in which
cultures were shifted for short periods to thie permissive temperature

then returned to the restrictive one, provided results consistent with

/
the view that PTC, once initiated under permissive conditions, does

not dontinéé to function after "shift-up™ to the restrictive
temperature. This evidence is conéistent with the finding that
continuous transcription and translation are necessary to maintain
PTC, eve; in the case of wt vaccinia infections (present data and
Stern and Dales, 1976a) and implies that the proteolytic activity
required to, process v;ccinia core polypeptides and facilitate the
maturation process can be active for only short periods. ©Data from
quantitative eiectron microscopic analysis are entirely consistent
with the idea that control of PTC determinés also the assembly and
maturation proc;ss. With ts1085, this is evident from the direct
relationship between time.spent at 330 and the number of immature and
mature progeny formed. Continuation of virus development following
shift-up to 390, albeit limited in extent, presumably involves those
immXture virions which can utilize the preformed protease factor(s)
available to them. This suggestion is in agreement with the findiné
%y Dales and Mosbach (1968), that after rapid supprssion of

translation with Str A, during infection with wt vaccinia; asaémbly of

a small quantity of mature, infectious progeny may continue.

Present studies, employing specific protease inhibitors, were

useful in characterizing the vaccinia virus protease factor(s). Both

L2

i
’
¢
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TPCK and ZPCK, used at concentrations which have been ;slhown to inhibit
in vivo processing of polioviral polypeptides in HeLa cells (Sommers
et al., 1972), were effective in blocking PTC of vaccinia
virus-specified precur$or polypeptides, implying a chymotrypsin-like
active site on the protease, Biqding studies, employing isotopically
labeled ZPCK, although not definite because dissociation of H from
the inhibitor molecule was not ruled out, suggested that this .
proteoiytic factor may reside in a p12.5 virus-specified polyéeptide,
which is absent from the mature virion itself. Thus it is unlikely
that the vaccinia viriog;associated alkaline protease reported by
Arzoglou et al. (1979) is the same activity involved in PTC. In terms
of molecular weight, the p12.5 protein is substantially smaller than
the p24 MW of chymotrypsin, but approximates the p15 size of the
protease within.avian sarcoma virus, which is involved in PTC o{/;he

virion pr76 precursor polyprotein and maturation (von der Helm, 1977).

While the pi12.5 polypeptide appeared* to have a greater affinity
for the labeled ZPCK probe as compared to any other polypeptide, as
shown in Figure 18, the possibility that a polypeptide other than

. p12.5 is the proteolytic factor cannot be discounted.

.

Synthesis of a‘viral protein with affinity for ZPCK, under a
variety of circumstances permissive or restrictive for PTC and
maturation, suggests that it is not thg inhibited synthesis of the
factor :per se which 1s connected with thé 5;rest in proéeolysis.
Indeed, the ability of 13H1ZPCK to bind to the putative protease under

conditions- nonpermissive for PTC in 331085v1nfections would argue

s}

against the ts1085-specified protease itself being temperature
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sensitive. Rather, the basis for the defects may result from (’1)
unavailability at the time and place required, of nascent protease, as
evident with wt inf‘ecti‘on, or (2) protease interactions with abnormal
products or aberrently constructed immature particles. Thus, in the
case .of‘ mutants like ts1085 and ts7743, the conformational state of
each polypeptide precursor within the assembling immature virion and
spatial relationship to the envelppe could conceivably determine
whether PTC cgm occur. With wt vaccinia infections, it might be
assumed that the protease factor has to be in the appropriate place
and active state within assembling immature forms to permit PTC to
occur. . \

- ‘ o

5.3 Role of Polymerase \I\I and Host Cell Gene Expression in

Vaccinia Biogenesais

Ggrrent experiments, using as the host the € -amanitin-sensitive
A\ma+ and drug resistant Ama 102 mutant rat myoblasts, clearly
demonstrate the involvement of a host function related to polgmerasé
ITI in vaccinia biogenesis, Since virus-specified DNA synthesis
occurred at near normal rates ( 80%), while syntpésia of late proteins
and formatiqon of vaccinia-related structures were curtailed to varying
'degrees, polymerase II may be involved in expression of late viral .
funagions. These findings are essentially in agneement with the data
of #iruby et al. (1979b) which document the sensitivity of vaccinia

virus replication to \-amanitin.
v

The two candidates for the obligatory reqdirement of polymerase .

II involve transcription of either vaccinia or host cell genetic




information. The observation that intensively x-irradiated cells were

fully competent to produce infectious vaccinia progeny, as weli as

HSV-1 which is known to be sensitive tooi-amanitin during its
replicative cycle (Costanzo _g'g al., 1977; Ben-Zeev and Becker, 1977;
this study), imply that polymerase II may be involved: in viral ]
transcription of both these agents (Watson and Clements, 1980) but
that host-specified transcription is probably not involved in t,pis
process. The data produced by Hruby and eo-workers (1979b) concerning
the ability of exposure of BSC-40 cells to ultraviolet ’(U\p
irradiation, prior to infection, to @hibit production of 1n,f'ectfious
\(a?cinia virus appedrs %o be in conflict with the results of -
Y-irradiation studies in this dissertation. While comparisons of UV
and ¥-irradiation experiments are difficult because of the mode of
measurin:g exposure, Joules per square millimeter and Joules per
kilogram respectively, one might relate the data based on multiples of
lethal doses,. measured in terms of the dose'that will kill 67%.0f the
mammalian cells in culture, i.e., Do (Okada, 1970).. Energies used by
Hruby and co-workers, 4.8 X 10-?}1/mm2 corréspond to 5.7 ‘:I;e\s Do for
mouse L cells (Chiu and Rauth, 1‘971), while’(—}rr'adiation studies
conducted herein employed 4 to 7 X 102 J/ké or 235 to 410 times Do for
the same strain of mouse fibroblasts (Whitmore and Till, 1964). An
explanation' for the apparent inability 'ot:;UV—irradiated cells t‘:o ’
support vaccinia virus even though the do‘sea, when cogverted to Do
units, were less than that -used to ¥-irradiate cells, which retain the
capacity to support the production of the virus, may lie in the
ability of UV irradiation to induce stable cross-links between nucleic

acids and proteins. Strniste and Smith (1974) reported that
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prokaryofic DNA-dependent RNA polymerase could be induced to form
stabie binary complexes with a synthetic DNA polymer when exposed to
UV irradiation and more recently ;an Eekelen and van Venrooij (1981)

have shown that by UV irradiatzon ‘»f intact He4a cells, proteins

,tightly associated with heter'oge.neous nuclear RNA can be ipduced to

cross=-1ink with RNA, Thus it is-conceiv’able that the inability of
UV-irradiated cells to support vaccinia virus replication may be due
to sequesiration'of polymerase II within~the nucleus, where it is

concentrated (Schartz et al., 1974; Seifart et al., 1972), and is

therefore unable to interact with vae¢inia virus-specified DNA,

" :
located in the cytoplasmic factorieg (Cairns, 1960) and bring about

formation of late vaccinia transcripta. §im11ar reasoning may be

invoked to explain the dramatic inhibition of vaccinia replication in
- 3 . P 4 .

%

. A
enucleated cells (Penningtop and Follett, 1974; Hruby et al., 1979a).

-

. Data from the current investigation of the effects of intense

¥-irradiation on mamsalian cultuped cells reveal that synthesis, of

hucleic acid is' much more sensitive than that of protein and in thi.;s

sense the formation of the two kinds of macromolecules may be

uncoupled. . The fact that RNA agents of the picorna group, such as

mengovirus (Tobey et al., 1970) and the enveloped rhabdovirus VSV, as

1]

well ast DNA viruses, exemplified by vaccinia and_ HSV-1, are able to

'replicate efficiently in ocells pre-irradiated with doses as high as 70

kilorad implies that the host ﬁ'aqslational' apparatus escapes the
efrocta‘of ¥-irradiation miatinly intact. By contnst replication

of DNA and tmnscription mto putative mRNA, ascertained in terms-of

‘th‘ polyadonylatod RiA fraction, is profoundly inhi‘bited Gene
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expression, whether measured in terms of a viral activity, vaccinia
virus-specified hemagglutinin, or in the manifestation of an.inducible
cellular function, namely the interferon-mediated antiviral state, was

also efficiently suppressed by high doses of ¥ -irradiation. Taken

together, these data indicate that intensively ¥-irradiated cells,
which can readily support vaccinia virus replication, are severely

inhibited in expression of their genetic inf‘or'ination, as assessed both

as putative mRNA syntheéis and cellular activity.

Synthesis in the cytoplasm of infected, pre-irradiated cells of

near’ noruél levels of vaccinia-specif‘ied' RNA shows', on the one hand,
that irradiation does not affect pools of metabolites and any host
functions which might be requir;d for virgs—specif‘ied RNA synthe%is
and, on the'other, that host-related trar;scription is most probaélx
not required for optinm; viral transcription. Thus it is unlikely
that the observed decrease in RNA synthesig due to Y-irradiation is
the consequence of eifher a decrease in ]3'H‘|ur‘idine uptake.into the
cell or dilution of the isotope within an enlarged uridine pool. It
is more likely thét the inhibitit.;n of ]3H]uridinefincorpora}:ion into -
RNA, either the bulk material or the poly(A) fraction, reflects the
damage by Y-irrad’iation on the transcriptiort progess' from the DNA

template.

Use ol intense ¥ -irradiation as applied here to mmaiian cells

in oylture has not, to our knowledge, been reported previously.

However, mimerous studies bmve t’ound little or no 1nh1bitory effect of‘

irradiation on riboaoml, transfer, heterogeneous nuclear, and mRNA

when doses lower than 2 kilgrad are applied (reviewed by Walters and
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Enger, 1976; Hopwood and Tolmach, 1979). Thus Hela cells‘irradiated

with 500 rad incorporate isotopic uridine during the first 10 hr after
treatment at the same rate as the ‘unirradiated controls (Hopwood,
1974). Similarily, Enger and Campbell (19711)‘ found that the rate of .
m.RNA synthesis in Chinese hamster ovary cells exposed to 800 rad was
equal to that of the control over a 7-hr period post-irradiation. In
support of the above findings, this study shows that irradiation with
doses over 10 kilorad is necessary to substantially inhibit total or

poly(A) RNA synthesis.

5.4 Conclusions and Perspec‘tive

Despite the large size of the poxvirus genome, approximately 123
X 10 dalfons (Muller et al., 1977), and highly complex series of
regulated evénts involved in the replication and maturation cyecle
(Dales, 1~963; Moss, 1974; Stern and Dales, 1976b; Dales a.nd Pogo,
19871) m?re detailed knowledge of the system may be acquired through
studies using conditional-lethal mutations of the type previously
described (Sambrook et al., 1966; Padgett and Tomkins, 1968; Basilico
and Joklik, 1968; Stern et al., 1977; Drillien et al., 1977; Chernos
et al., 19;78). Combined data from current and previous
investigations, employing inhibitors and more recently ts mutants, has
"led to the following proposed model of vaccinia virus biogenesis: The |
envelopes, assembled de novo and coated externally by spicules which
dgternine the spherical form of the immature-particles ("Dales and B
H:;sbioh, 1968; Essani et g_]z.., 1982), are tom&l‘}o%id quanta of DNA

and polypeptides, among them proteins }estined as enzymatic or

P



148

~

structurai components ;f the core (Pogo and Dales, 1971; ﬁagayama et
al., 1970; Stern and Dales, 1976b; Stern et al., 1977). The internal
components then acquire precise conformation with respect to the
envelope, an event which becomes critical for subseﬁuent PTC
controlled by the virus-specified protea;é. The proteasé or a factor
required for activity, with a rapid turnover rate or short‘palf-life,
has to be incorporated as a nascént polypeptide into immature
particules before the envelope has been completed or sealed, Once PTC
.islinitiated, all precursors are processed, although cleavage of one
is not contingent on that of another. PTC is obligatory for
progression from immature into the mature forme As a consequence,
PTC, induction of core enzymes, internal differentiation into the core

and lateral bodies, and acquisitioh of infectiousness are temporally

controlled, tightly coupled events.

Concerning the role of .the DNA-dependent RNA polymerase II
activity in vaccinia biogeneeis, the most ﬁlausible hypothesis, whiéh
takes into consideration all the available information, should assume
that ea}ly vaccinia functions, expressed initially from the virion
core, then after uncoating, and including those required for DNA
replicatibn,’are catalyzed by a virus DNA-dependent RNA polymerase
(Kates and McAusian, 1967a and 1967b), whereas some or ai& of ;he late
functions involve ﬁost polymerase II. MWhether the entire polyﬁerase
II is monopolized in this process or perhaps oniy one of the enzyme's
suﬁunits is ﬁnknotm. It should, howéver;, beﬁ remembered that both the

vaceinia RNA polymerase,and polymerase II are multicomponent enzymes

(Nevips and Joklik, 1977; Roeder, 1976). Because in vitro experiments
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demonstrate specificity of low concentrations of toxin for polymerase
II of Ama cells (Ingles et al., 1976) and experiﬁéﬂts:gp attachment
with radiocactive -amanitin by use of a cross—linkiné‘agent suggest,
but by no means prove, that the toxin acts by specific binding to the
p 140 subuni;‘of polymerase II (Brodaner and Wieland, 1976), it is not
inconceivable that this subunit functions in concert with vaccinia'FNA
polymerase subunits in the late transcription process. Precedents for
v

this notion have been established in the prokaryotes, as documented on

the modification of host RNA polymerase by some bacteriophages of

Eécﬁ@richia coli and Bacillus subtilis (revieyed by Losik and Pero,
1/9’78). The possibility that viral and host polymerase enzyme subunits
can be assembled into a hybrid transcriptional enzyme may be testable
if, in the future, host mutants become avaflable in which different .

polymerase II subunits are genetically altered.

.
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Biogenesis of poxviruses: Role for the DNA-dependent RNA
polymerase II of the host durmg expression of late functions

- (effects of a-amanitin ondevelopment /host polymerase II mutant in replication/role of polymerase II in late transcription)

_ MORRTS SILVER, GRANT-MCFADDEN, SHARON WILTON, AND SAMUEL DALES*

. N N,
Cytobiology Group,

Communicated by Igh Tamm, May 31, 1979

ABSTRACT The pa
in the vaccinia life cycle was'e y aring efficiency
of multiplication after treating the Ama+ sensitive and Ama 102
drug resistant lines with a—amanmn In the latter, resistance is
due to a mutation in RNA polymerase I1. The toxin profoundly
reduces synthesis of virus-specified polypeptides and morpho-
poeisis in Ama* but not in Ama 102 rat myoblasts without ap-
preciably altering vaccinia DNA réplication in either cell type.
This implicates RNA polymerase II in the expression of late
virus functions. Circumstantial evidence from a model system
indicates that v irradiation of the host prior to infection might
disrupt trééscription into functional mRNA from the nucleus.
Irradiation does not, however, alter the capability of the os
to support vaccinia multrphcatlon fully. Therefore, ongoing
nuclear travscription may not be required by this virus. The
above results are consistent with the ability of cytoplasts to
produce small quantities of mature progeny. Our studies lead
us to hypothesize that RNA polymerase 1 or a subunit of the

host enzyme may participate directly in late transcription ‘of the

vaccinia genome
4

"The hrguy tive toxin c-amanitin, derived frbm the toadstool

Amanita pBalloides, has been recognized as specific inhibitor
of DNA-depéhdent RNA polymerase 11, h€reafter referred to
as polymerase II, of animal cells (1), By-tirtue of its inhibitory
specificity, a-amanitin was used to demonstrate that certain
DNA and RNA agents, such as papovdviruses, adenoviruses,
and influenza viruses, havingan obligatdry developmental stage
in the host nucleus, most probably require polymerase 11 ac-
tivity fpr replication (24 By contrast, the poxvﬁses which
develop ip the cytoplasm, were reported torbe insénsitive to this
toxin (as cited in ref. 5) and to contain in the virior core an

. a-amdnitin-insensitive DNA-dependent RNA polymerase (5

However, some requirement for the host nucleugis lmphed in
the replication of vaccinia because virus development in
cytoplasts is incomplete (6, 7). The availability of the rat
myoblast Lg cell line, which our initial experiments showed can
support the growth of vaccinia and from which a mutant was
derived -having a. polymerase Il resistant to ¢-amanitin (8),
prompted us to examine the ‘possible role of host transcriptional
functlon(s) in the life cycle of poxviruses.

v,

;' MATERIALS AND METHODS

Cells and Viruses. Monolayers ¥ L., mouse fibroblasts were
used for virus propagation and assays of plaque-forming units
(PFU) ig"nutrient medium gnd ynder cdlture conditions de-
scribed (9). Thé viruses used were thé hemagglutmm-mducmg
parental IHD-] or the syncytogenic IHD-W variant of vaccinia
(}0) and the Indiana strain of vesicular stomatitis virus (VSV).
For inoculationt, 10 PFU/cell usually were xﬂied as reported
elsewhere (11).
The publication costs of this article were defrayed in part by page
charge payment. This article must therefore by herel Lmarked ‘ad-
o;mfur'nmt' in accordance with 18 U.S. C §1734 solely to indicate
this tact.
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To investigate the role of host-derived functions in devel-
opment of vaceinia we used (i) a clone L6H9, designated Ama*,
and an a;amanititi-resistant mutant 102 derived from this
clone of & rat myoblast line (8), botﬁé':dly provided by M. E.

(University of Toronto), and W) tggnperature-sensitive
mutant{422E derived from hamster BHK21 fibroblasts, which
is condifional-lethal for 288 ribosomal RNA formation and as-

sembly pf the 60S ribosomnal subunit (12), provided by H. E.

Meiss ( York University Medical School). ©

Sypthesis~and Labeling. Cytoplasmic DNA synthesis in

ITHDW vaccinia-infected Ama* and Ama 102 cells was mea-

- sured by'Gftinuons labeling, at 37°C for 4 hr after inoculation,
it the presence of 1 uCi of [methyl-*Hthymidine per m} (New

England Nuclear) as described (13). Briefly, labeled cells were

allowdiib swell in hypotonic saline/buffer sat?Eon then were

disrupted in a Dounce homogenizer. The radioactivity of tri-

chloroacetic acid- precrpltable material was measured in a

scintillation counter. Procedures used by this laboratory for

labeling and characterizing nascent polypeptides have been
described (14, 15). Briefly, at 9.5 hr after inoculation, mono-
layers were exposed for, 60 min to 20 uCi of [**S|methionine per

ml (New England Nuclear) added to methionine-free nutrient

medium. Samples for preparing cytoplasmic extracts were

taken either at the end of the pulse or after 8 hr of incubation
in chase medium. Miquots were used for determination of
trichloroacetic acid-pr pltable radioactivity and for polyac-
rylamide gel electrophor
Inhibitors. Synthesis of RNA was suppressed by adding to
" the nutrient medium 4 pg of actinomycin D per m! (Sigma);
proteig was inhibited with 10 ug of streptovitacin A per ml (gift
from Upjohn) as described (11). In the experiments involving
Ama* and Amag02, rat myoblast cultures were treated with
2 ug of a-amanitin per ml (Sigma) according to ref. 8.

Electron Microscopy. The methods for collécting and pre-
paring cell samples for thin sectioning and examination by
trahsmission electr roscopy were the same as those de-
scribed in previouy studie)

*

is Ama* and the mufant, taining a-amanitin-resistant
polymerase II, is designated Ama 102 (8). Because the perme-
\ ability and time required to inhibit polytherase 11 activity varies
depending on the cell (16), it was necessary to ascertain the

Abbreviations: polymerase 11, DNA-dependent RNA polymerase 11
PFU, plaque-forming units; VSV, vesicular stomatitis virus. 0
* To whom reprint req be addressed.
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duration of treatment with )r-amanitin to effect an inhibition
of vgccinia replication. The data in Table 1 show that treatment
of Ama* cells for 5 or 10 hr abolished the capacity of the host
to support preduction of infectious progeny, while shorter
treatment resulted in fractional yields of PFU. Because the
inhibitor was also kept in the culture medium throughout the
growth cycle, it may be concluded that suppression of repli-
cation was elicited gradually and progressively This is comsis-
tent with the slow inhibition of polymerase IT activity by «-a-
manitin demonstrated biochemically (17) and implies that this
host enzyme or a subcomponent of it is necessary for formation
of infectious vaecinia virus In sharp contrast to the above
findings, treatment of Ama 102 cells with the drug had no in-
hibitory effect on the yield of vaccinia PFU (Table 1), also in-
dicating the involvement of polymerase 11 in the vaccinia virus
cycle.

As a control of the specificity of cr-amanitin effects on vac-
cinia, replication of VSV was tested under parallel circums
stances The data shown 1n Table | revealed that the drug did
not suppress VSV production in either Ama* or Ama 102 cells
Yields in Ama 102 were usually almost an order of magnitude
greater than in Ame*, an observation which deserves further
attention.

The effects of a-amanitin on synthesis of virus-specified
products, including the synthesis of DNA and polypeptides in
the cytoplasm, were monitored by isotopic labeling, polyac-
rylamide gel electrophoresis, and enumeration of progeny
particles by quantitative electron microscopy

Analysis of cytpplasmic extracts from untreated and drug-
treated cells labeled with [*Hjthymidine showed that, in Ama*,
in the absence of ®-amanitin about 3300 cpm per 10° cells were
incorporated and, in cells pretreated for 10 hr and maintained
inwhe presence of the drug during infection, 2600 cpm per 10°
cells were converted into an acid-precipitable product In Ama
102, cytoplasmic extracts from both untreated and treated cells
contained about 23,000 cpm of (*H |thymidine per 107 cefls
incorporated into a macromolecular product. These data re-
vealed that a-amanitin either does not inhibit or inhibits only
partially vaccinia-specified DNA synthesis. As with VSV rep-
lication, the much greater rate of vaccinia-related DNA syn-
thesis in Ama 102 cells remains unexplained

The influence of a-amanitin on the spectrum of vaccinia-
specified polypeptides synthesized in Ama* and Ama 102 cells
was ascertained by pulse-chase experiments and polyacryl-
amide gel electrophoresis. According to the usage adopted 1n
this laboratory, individual polypeptides in gels are identified
by their molecular weight so that, for example, p94 is a poly-
peptide of M, 84,000. The results illustrated in Fig. 1 show that
when Ama* was the host, the quantity of [35S|methionine-
labeled polypeptide formed in the presence of the toxin was

Table 1. Virus replication in wild-type Ama* and resistant Ama
' 102 rat myoblasts treated with a-amanitin

Hr before inoculation when
treatment commenced

Host “Untreated 0 2 -5 ~10 -
. THD-W vaccinia virus
Ama* 1000 62 39 6 6
Ama 102 700 570 510 630 680
Vesicular ammatitis virus
Ama* 860 1,100 © ND* ND 1,200
Ama 102 7700 16,000 ND ND 18,000

* Virus titers are expressed as 104 PFU/10F cells
' NI, not dene. At 3 hr after inoculation the background titer for
vaccinia virus-infected Ama* and Ama 102 cells was ~6 x 104 PFU
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F1G. 1. Fluorogram of polypeptide profiles from untreated and
-amanitin-treated cultures in a slab gel prepared from infected 1.,
Ama* and Ama 102 whole cell extracts according to refs 14 and 15.
After pulse labeling with [**S|methionine and chasing, celis, were
disrupted by sonication in the presence of a nonionic detergerft as
described (14, 15), witfhe exception that the lysate buffer solution
contained 1 mM MgCl,. Treatment with 50 ug of pancreatic deoxy-
rihonuclease I per mi (Worthington) for 15 min at 4°C was used to
hydrolyze the IDNA. Into each channel was placed 10- 50 ug of protein
and the film was exposed for 3 days The vertical scale shawing M,
X 107" was calculated from polypeptides used as M, standards Ar
rows denate the positions of seven polypeptides p94, p65, p62, p6o,
p23, p185. and p18 P, pulse; C, chase. Channela: (1-4) Ama* extracts;
(5-8) Ama 102 extracts, (9 and 10) Ly extracta. Channels 3, 4, 7, and
8 show samples from drug-treated cells




o “#“Q'Jd,‘fm

t

L e T G oo

4124  Microbiology: Silver et al. .

much less than in its aWS and 4) However, the
inhibitor did ndt abolish the is of the p94 and p6S pre-

cursors nor their processing to the p62 and p60 products. Most

. or all of the other identifiable polypeplides, including p23,

p18.5, and p18, were also synthesized, as evident in channels
3 and 4 of Fig. 1. In infection of Ama 102, x-amanitin did not
reduce the quantity of vaccinia polypeptides produced or affect
the normal posttranslational cleavages during the chase
{channels 7 and 8, Fig. 1). The pattern of bands and processing
of vaccinia-induced polypeptides were identical whether the
host was the wild-type Ama*, Ama 102 polymerase Il mutant,
or mouse L cells. The comparative data on L; cells shown in
channels 9 and 10, which are identical to our previous indings
(18), emphasize the uniformity .of the spectrum of vaccinia-
induced polypeptides, regardless of the cell type used for virus
replication

Results using electron microscopy to quantitate the formation
of vaccinia related structures (Table 2) corroborated the find-
ings from polyacrylamide gel electrophoresis and PFU assays
Only in Ama* cultures treated with a-amanitin was the ap-
pearance of “factories” and assembly of immature and mature
progeny virus severely curtailed. The small number of mature
progeny evident in this sample was obviously insufficient to
alter the titer, expressed in Table 1 in terms of the relatively less
sensitive PFU. Electron microscopic examination of 210 cell
profiles in the drug-treated Ama* sample revealed the presence
of 27 mature virions, all situated in only 3 profiles, and 48 im-
mature particles, observed in only 6 profiles This finding
‘demonstrated that after treatment with the toxin, when'rates
of virus DNA synthesis were only partially reduced, vaccinia
development wa’rrested to a varying degree, so that in some
cells there was a complete absence of any virusstructure while
in a very small percentage of others virus assembly had been
completed. Presumably the few mature progeny virions ob-
served in this sample accounted for the processing of p94 and
p65 polypeptides to their p62 and p60 products, evident in Fig.
1 and shown previously to be an obligatory step in the vaccinia
maturation process (18). The occurrence of mature progeny in
treated Ama* cells also implies that, in the occasional host cell,
inhibition of polymerase Il may have been only partial or
nonexistent.

To compare the influence of the polymerase IT function in
vaccinia replication with another possible nuclear function, we

.examined vaccinia virus development in a temperature-sensi-

tive mutant 422E derived from BHK21 cells. The 422E cell is
conditional-lethal for 285 ribosomal RNA formation and, as a
consequence, also for the assembly of the 60S ribosomal subunit
With this host, preincubation at the restrictive temperature of

Table 2. Quantitative electron microscopy of vaccinia virus
replication in wild-type Ama* and resistant Ama 102 rat
myoblasts treated with a-amanitin

% cell
. rofiles
Vaccina virus prodycts ! with
Host cell Imma- . jgp&
and ture  Mature® progeny
treatment “Factories” particles virions  vinons
Ama*, nodrug : 41 436 325 35
Ama* + a-amanitin 8 23 13 1-2
Ama 102, nodrug 56 600 v 332 30
Ama 102 + a-amanitin 78 946 ) 844 56

The data are normalized as counts per 100 profiles of thinly sec-
tioned cells. In the sample of Ama* with ar-amanitim, over 200 pro-
files were examined. ‘

A AP« wm—cy

cew vt e

Proc Natl Acad Sci USA 76 (1979)

39°C for 24 hr or longer followed by infection with IHD-W

vaccinia, also at 39°C, failed to suppress virus development, as
judged by a comparisen of the ambunt of virus formed at 39°C
and at the permissive temperature of 33°C. This finding implies
that formation of nascent ribosomes prior to or during infection
was not required for vaccinia replication

Effects of v Irradiation on Vaccinia Replication. Published
evidence implicating a role of the host nucleus in vaccinia bi-
ogenesis (6, 7) suggested that the continued template activity
of the host DNA might be required for completion of the virus
life cycle This idea was tested by exposing monolayers of Ly
cells to intense v irradiation from a %Co source 4 hr prior to
inoculation Treatment with 70,000 rads (1 rad = 10 X 1072
J/kg) was lethal #or these cells. the majonity of which died
within 48 hr Nevertheless, when infected 4 hr after exposure
they remained fully competent to produce infectious vaccima,
as evident by the burst size, =100 PFU /cell, obtairied from both
control and irradiated cultures In these cells mitosis can be
abolished by <5000 rads Our observation suggests that ex-
tensive damage to the host DNA by 3 irradiation did not impar
vaccinia production

To ascertain whether high doses of y irradiation can cause
the abolition of gene expression, we used as a model of tran-
scription.and translation infection by IHD-] vaccinia This
model was selected because cytoplasmic virus DNA replication
occurs synchronously 1-4 hr after infection and because the
THD-J strain induces production of hemagglutinin as one of the
late, late viral functions (19), whereby the requisite transcription
and translation commences at approximately 4 hr after infec-
tion, when late virion-related polypeptide synthesis is already
well underway (11). The results (Table 3) revealed that cells
irradiated with 50,000 rads immediately after completion of
virus DNA synthesis were able to produce only small quantities
of hemagglutinin and infectious particles. Exposure to 5000 rads
caused only a partial inhibition of virus-specified synthesis.
Application of jnhibitors, used as the controls, revealed that
actinomycin D if added after DNA synthesis at a concentration
sufficient to block transcription rapidly, caused reduction of
hemagglutinin and virus formation to approximately the same
low level as a dose of 50,000 rads As anticipated, streptovitacin
A, an inhibitor of translation, also inhibited the formation of
virus materials. These combined data imply that intense irra-
diation of the host before infection probably caused severe
damage to nuglear DNA and affectedtranscription into func-
tional mRN Aggithout reducing synthesis of infectious vaccinia
virus

Tabled Comparison between effect of y irradiation and
inhibitors of synthesis on vaccinia virugreplication and
hemagglutinin prodyefion -

L

% virus HA end-paoint
Treatment produced titer
None 100 1024
5000 rads 26 512
50,000 rads 16 64
Actinomycin D 6 64
Streptovitacin 6 16 .

L-cell monolayers were inoculated with IHD-J vaccinia and incu-
bated for 4 hr at 37°C. Individual cultures were either irradiated hy
a %Co y source (calibrated to dehver 126 rads/sec) or placed in me-
dium containing actinomycin D or streptovitacin A, then incubated
for an additional 20 hr. Hemagglutinin (HA) was assayed as described
{10}, with the exception that Ca?* and Mg?* were omitted from the
phaosphate-buffered saline. Virus yields in PFU and HA titers were
calculated per 106 cells. In untreated cultures ~300 PFU/cell were
formed.
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DISCUSSION

Current experiments using as the host th¢f ®-amanitin-sensitive
Ama* and drug-resistant Ama 102 mutant rat myoblasts clearly
demonstrate the involvement of a host function related to
polymerase 11 in the life cycle of a poxvirus. The question as to
whether ongoing transcription from the nucleus of the host is
absolutely requiged has not been resolved unequivocally Our
observations with host cells extensively v irradiated before
infection favor the idea that transcription from the nucleus into
functional mRNA may not be obligatory for completion of the
vaccinia cycle of development. This presumption might appear
to be paradoxical in relation to data indicating that vaccinia fails
to complete its maturation in infected cytoplasts (6). However,
upon careful examination of the article detailing the results with
cytoplasts (6), it becomes clear that occasionally enucleated cells
can produce mature vaccinia progeny Because polymerase 1
occurs in and is able to be isolated from the cytoplasm, it cquld
be available to the virus even in the absence or dysfunction of
the cell nucleus. Turnover would, of course, deplete the pool
of this enzyme with time

Concerning pulse-chase experimerits and polyacrylamide
gel electrophoresis of the synthesis of vaccinia-speeified/poly-
peptides, once again information defived from infection of
cytoplasts (6, 7) might appear to be in conflict with our previous
findings which indicated that posttranslational cleavage, in-
cluding, that of p94 and p65 precursors to the p62 and p60
products, is/obligatory for completion of virion maturation (18)

However, if one keeps in mind the results of Pennington and
Follett (6) concerning the variable virus development among
cytoplasts sometimes culminating in the formation of mature

progerry, thén our present findings with Ama* cells treated with

a-amanitin|as the host ar® quite consistent with observations .

made on cytoplasts In both systems the ‘mass of isotopically
proteins is reduced but processing occurs nor-
mally, accounting for the presence of a few mature virions
From the above, the n&)st plausible hypothesis, which takes
into consideration all the available information, should assume
that early vaccinia functions, expressed initially from the virion
core, then after, uncoating, and including those required for
DNA replication, are catalyzed by a virus DNA-dependent
RM®A polymerase\whereas some or all of the late functions in-
volve host polymeéyase 11 Whether the entire polymerase I1 is
monopolized in thit process or perhaps only one of the enzyme
subunits is unknown. It should, however, be remembered that
both the vaccinia RNA polymerase And polymerase 11 are
multicorponent enzymes (1, 20) Becaush in vitro experiments
demonstrate specificity of low concentrations of toxin for
polymerase 1l of Ama* cells (16) and experiments on attach-
ment with radioactive a-amanitin by use of a cross-linking
ent suggest, but by no means certify, that the toxin acts by
xecific binding to the p140 subunit of polymerase I1(21), it is
not inconceivable that this subunit functions in concert with
vaccinia RNA polymerase subunits in the late transcription
process. Precedents for this notion have been established in the
prokaryotes, as documented on the modification of host RNA
polymerase by some bacteriophages of Escherichia coli and
Bacillus subtilis (reviewed in ref. 32). The possibility that viral

.
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and host polymerase enzyme subunits can be assembled into
a hybrid transcriptional enzyme may be testable if, in the fu-
ture, host mutants become available in which different poly-
merase II subunits are genetically altered.

Aftef the initial submission of this article a paper appeared
dealing with the role éf the host cell nucleus in vaccinia repli-
cation (23). The data of Hruby et al. (23), like our own, docu-
ment the sensitivity of vaccinia virus replication to ¢-amanitin
However, our hypothesis and that of the other workers diverge
in that Hruby et a!. implicate direct involvement of the host
nucleus in the vaccinia cycle .

}*~ We are gratefulto Dr W Flintoff fer valuable discussions and to L
lal

kovidis for capable assistance Research for this work was supported
by U S Public Health Service Grant CA-A1-19215 and a Medical Re-
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Silver, M. & Dales, § (1982) Potential of intense y-irradiation of host cells for analysis of virus-specified transcription and
replication. Can J Biochem. 60, 279-283

Intense y-uradiation from a cobalt source differentially affects macromolecular synthesns of cultured mammalian cells.
Exposure of monkey BSC-1 or munne fibroblastic L; cells to 40 or 70krad (1 rad = 1 X 10~ ?1/kg) abolishes DNA and RNA
synthesis almost entirely but reduces the formation of protein much less A dose-response analysis of iradiation shows that
synthesis of total RNA and the messenger component thereof, measured as the poly(A)-containing fraction, are equally
diminished. Host cells in which formation of DNA and RNA are minimal can support normal or nearly normal replication and
transcription rates of vesicular stomatitis and vaccima viruses. Therefore, use of pretreatment with y-irradiation, as employed
here, should prove to be generally useful 1n examumng virus-related transcription under c1rcumstanccs in which application of
drugs affecting gene expression, such as actinomycin D, 1s deemed undesirable.

Silver, M. & Dales, S. (1982) Potential of intense y-irradiation of host cells for analysis of virus-specified transcrniption and
’ replication. Can. J. Biochem. 60, 279-283
Une intense uradiation vy, provenant d’une source de cobalt, affecte de fagon différentielle la synthése macromoléculaire dans
les cellules mammaliennes cultivées. L'exposition des cellules BSC-1 du singe ou des cellules L, fibroblastiques de muridés a
40 ou 70krad (1 rad = 1 x 1072} /kg) abolit presque entidrement la synthése du DNA et du RNA, mas elle réduit beaucoup
moins la formation des protéines. Une analyse dose~réponse de I'uradiation montre que les synthéses du RNA total et du RNA
messager de ce RNA total, mesuré en tant que fraction contenant le poly(A), sont également diminuées. Les cellules hotes, od
la formation du DNA et du RNA est minimum, peuvent supporter la réplication normale ou presque normale et les vitesses de
transcription des virus de la stomatite vésiculaire et de la vaccine. Donc, |'irradiation «y utilisée comme prétraitement, tel que
nous le faisons ici, pourrait s’avérer une méthode généralement utile pour examiner la transcription.de virus apparentés dans
des conditions od !'usage de drogues affectant I' expression génique, telle I actinomycine D, est jugée indésirable.
[Traduit par le journal)

Introduction

During lytic infection by eukaryotic DNA and RNA
agents, autonomy of. virus-specifiede macromolecular
syntheses, separable from those of host cells, is well
recognized. However, since recent findings reveal an
obligatory requirement in the pox virus life cycle for
transcription factor(s) associated with the host (1, 2), the
autonoy is not as complete as had been assumed. The
in vivo or in vitro application-of transcriptional inhibi-
3% such as actinomycin D proved to be informative in
demonstrating involvement of host functions of

ABBREVIATION®S

virus; RCS, fetal calf serum; NM, nutrient medrum; MEM,
minimum essential medium; DEP, diethyl pyrocarbonate;
NPy, nonidet Py; SDS, sodium dodecy! sulfate; PBS,
phosphate-buffered saline; Tris, tristhydroxymethyl)amino
ethane.

'This work was supported by the Medical Research Council
of Canada. ,

2Author to whom correspondence should be addressed.

certain RNA viruses ﬂcluding those of the picorna

group (3, 4). Unfortunately these drugs have a more .

limited usefulness in cell-virus systems which may
involve at some stage DNA-dependent transcription, as

is the case with the myxo- and retro-viruses, and all

DNA viruses (4, 5, 6).

Our initial d¢monstration that extensively y-irradiated
cells are able to support undimirfished vagginia virus
replication (1) prompted us to examine turther the
influence of this type of irradiation uppn macromolecular
synthesis, particularly transcription, in mammalian cells.
The results obtained make it evident thal exposure of
cells to high doses of y-irradiation prior to infection may
be used to bring about transcriptional arrest under
circumstances in which use of inhibitors “such as
actinomycin D is deemed to be undesnrable or imade-
quate.

Materials and methods

Cells and virus
- Momolayers of L, mouse fibroblasts (7) were used for virus
propagation and determination of infectious particles in terms

0008-4018 /82 /030%79-05501.00/0
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of pfu, according to previously described culture methods (8).
The monkey BSC-1 cell line was obtained from Connaught
Laboratories, Toronto. The NM consisted of Eagle's MEM
(9), supplemented with 10% FCS initiate infection with

- the syncytiagenic substrain [HD-W of vaccinig(10). virus was
added at an mput multiplicity (mai) of 10pfu/cell. Virus
replication was measured on samples hacyested 24 h pi In the
case of VSV of the Indiana subtype, culftires were inoculated
atamot of 0 01 pfu/cell and harvested for assays of replication
at 10h pi

Reagents

[Methyl-*Hlthymidine (specific activity 77.0 Ci/mmol (1 Ci
= 37GBq)), [5->H}uridine (25.0 C1/mmol), [U-'*Cluridine
(350 mCi/mmol), and L-[**S]methionine (1010.6 C1/mmol)
were purchased from New England Nuclear Ohigo(dT)-
cellulose, type 3, was obtained from Collaborative Research
Inc . DEP from Sigma Chemical Company. and NP, from
Shell

y-irradation :

Confluent or nearly confluent monolayers grown for 3 days
after subculture were placed on ice and iradiated using a °Co
source (Gamma cell 220, Atomic Energy Canada ‘Ltd.
calibrated to deliver 110rad/s; 1rad = | x 10°21/kg). The
nutrient medium was then replaced and cultures were returned

.to incubators and kept at 37°C for at least 1h prior to

experimentation

Determination of macromolecular synthesis using isotopic
labelling

Rates of host cell DNA, RNA, and protein synthests were
measured as follows. The NM was removed; the monolayers

" . were washed with PBS and incubated at 37°C for 1hin MEM

contaning {methyl->H]thymidine (1 wCi/mL), (S-*H]uridine
(1 wCi/mL), or [**S)methionine (1 wCi/mL). The mono-
layers were placed on ice, and isotopes were removed by
washmg twice with cold PBS. Cells were harvested by
scraping into 2 mL of PBS and following addition of SDS at a
final concentration of 1%; the cell suspension was agitated ona
Vortex mixer to effect cell rupture. Macromolecules were
precipitated® by addition of TCA at a final concentration of
10%. In some instances, cell material was kept frozen at
—20°C, then thawed prior to precipitation with TCA

To facilitate mRNA selection on oligo(dT)-cellulose col-
umns, the nascent RNA was labelled with [5-*H)uridine or
fU-"*Curidine (2.5 uCi/mL) at 37°C for 2h as described
above. Cell cultures were washed once with ice-cold PBS
before RINA extraction.

To ascertain rates of [5-’HJundine (10 Ci/mL) incorpors-
tion into RNA of preirradiated (70 krad), vaccinia virus-
infected cells, 60-mm monolayers of L, cells were pulse
labelled for 15 min at 37°C commencing 8 h pi. The labelled
cultures were immediately chilled to 0°C, washed twice in
PBS, and lysed according to published methods (11). The lysis

buffer contained 1% NPy, 10mM Tris~HCl (pH 7.4) and,

1 mM MgCl,. N€clei freed by the procedure were centrifuged
into pellets at 800 X g for 5 min. The pellets were washed with
PBS and resuspended in lysis buffer. SDS was added at a final
concentration of 1% to both the nuclear and supernatant cyto-
plasmic fractions. Before precipitating cell material labelled
for DNA and RNA with TCA at 0°C, calf thymus DNA was

"counter, wi

added as carmey (final concentration 40 kg /mL). The precipi-
tates were (ra on glass fiber filters (Reeve-Angel 934AH),
washed sequentially with 10% TCA and 95% ethanel, and
placed in vials containing toluene-based scintillation fluid. For
determining counts per minute a Beckman LS- 350 scintitlation®
efficiency for ’H of 46%/ was employed

RNA extraglon and oligo(dT )~cellulose chromatography
RNA was extracted using the guanid'me—HCl technique of
Stohman et al. (12) To facilitate comparisons between
different samples, abquots of (U-'*Cluridine-labelled material,
derived from unirradiated L; cells, were mixed with samples
of the [S-*H]uridine-labelled BSC-1 cells prior to commence-
ment of RNA extraction. The purified RNA was washed twice
in 95% ethanol and applied to oligo(dT)-cellulose columns for

* chromatography by a modified method of Avim and Leder

{13). Approximately 0.3 mg of RNA, dissolved 1n binding
buffer containing 0.01 M Tris-HCl (pH 7.5) - 0.5 M KCl,
was ‘applied to 0.1g of oligo(dT)-cellulose packed mto
columns, previously washed with binding buffer. Elution of
the unadsorbed material by continuous washing with binding
buffer was followed by elution of bound matenal using 0.01 M
Tris—HCI (pH 7.5). Calf thymus DNA was added as carrier to
¢luted fractions and the samples were precipitated with TCA as
described above. All reagents used in RNA extraction and
oligo(dT)-cellulose chromatography were previously treated

with DEP to muinimize activity of pancreatic RNase.

Resulits

Y-Irradiation and macromolecular synthesis

Despite requirement for host polymerase II (pot II)
activity for completion of the replicative cycle of
vaccinia, inteasely preirradiated L, cells function as a
fully permissive host (1). This raised the question as to
whether intense v-irradiation affected macromolecular
synthesis. This was assessed by measuring the effects of
exposure to various doses of y-irradiation on synthesis
of DNA, RNA, and protein. For this purpose, cultures
of BSC-1 and L, cells were placed in MEM containing
isotopically labelled thymidine, uridine, and methionine
and incorporation of the precursors into TCA-precipitable
material was ascertained. Data, summarized in Table |,
showed that 10krad of irradiation only moderately
reduced synthesis to 88.8% of unirradiated BSC-1 cells
for DNA, to 73.3% for RNA, and to 67.9% for protein.
Exposure of BSC-1 cells to 40krad rgduced protein
synthesis to almost half the control rate but had a more
profound effect on nucleic acid production which was
lowered t§ only 1.5 and 3.0% in the case of DNA and
RNA,; ively. After irradiation with 70 krad, the
remaining rates for DNA and RNA were, respectively,
0.7 and L2%, but the level of protein synthesis
remajned at 36.2% that of the controls.

L, c#s exposed to y-irradiation under identical
conditions appear to be less sensitive than BSC-1 cells
(Table 1). Nevertheless, with this cell type also DNA
and RNA synthesis was affected much more than the
synthesis of protein (Table 1). The capacity of L, cells,
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z TadLE |. Macromolecular symhesi}in vy-uradisted and unirradiated cells®
/
. ~-DNA : RNA . Jrotein
Cell ., Dose, P H]thymldme {*HJundine, (S methionine.
line krad cpm x 1072 “l(\ cpm x 107°°%  cpmx 1072 %
X
BSC-1 0o \12{ 100 4 124 100 33100
N—— 10 40 888 / 91.0 733 227 679
40 7 1.5 - 37 3.0 145 435
70 3 07 15 1.2 121 36.2
L, 0 802 100 32.3 100 207 100
70 97 12.1 35 108 159 76.8

.

*Monolayers 1n 35-mm Petn dishes of L, cells (1 x 10° cells /plate) or BSC-1 cells (1 2 x 10° cells /plate) ~

were labelled as descnbed 1n Matenals and methods
* Averages determined from duplicate cultures

preirradigted with 70 krad, to producg vaccinia virus in
high yields (1) may be explained by the relatively low
impairment of translation caused by the vy-irradiation,

Effect of y-irradiation on transcription, particularly
into mRNA —~a

The severe reduction of dverall RNA formation by

y-irradiation made it imperative to determine whether

transcription into mRNA was being affected differen-

- tially or to the same extent. As a measure of putative

mRNA synthesis we determined formation of the
poly(A)-RNA fraction (14). To this end, RNA fro
[*H]uridine-labelled BSC-1 cells was separatad by -
means of oligo(dT)-cellulose chromatography. The data
presented in Fig. 1 revealed, first of all, that inhibition
poly(A) RNA synthesis by different doses of irradiation
paralleled closely the formation of total RNA. Second-
ly, the data showed that the'amount of mRNA formed
was a function of the dose of irradiation applied. Thus
pretreatment of BSC-1 cells with 10krad 1} prior to
labelling- with [*H)uridine affected poly(A) RNA syn-
thesis only marginally, but irradiation with 20 krad
caused-73% inhibition, while treatment with 30, 40, or
70krad inhibited synthesis by 90, 94, and 96%, respec-
tively. .

With L, cells, 70 krad inhibited formation of poly(A)
RNA by 92% (data not shown) while the overall
production of RNA was reduced, as shown in Table 1,
by 89%. Thus in both cell strains tested, there appears to
be no differential effect of intense vy-irradiation on total
RNA vs. putative mRNA transcription. The cambined
data indicate that at irradiation doses of 40 and 70 krad
gene expression, i.¢., transcriptidp, from cetlular DNA
is virtually abolished. v ’ '

Y

Effect of - -.irradiation on wrus rranscnpnon and repl:-
cation
Almost complete abolition of host cell transcription
following exposure to 40 or 70 krad y-irradiation made it
feasible to examine virus-specified “transcription and

\

[3H]URIDINE IN RNA AS % OF CONTROL _
(=)

070 20 30 40 50 60 70
¢ DOSE IN KILORADS

FiG. 1. Effect of y-irradiation on synthesis of RNA. BSC-1
cells were labelled with [*H]uridine for 2 h commencing 1 h
postirradiation. The total RNA was extracted and the poly(A)-
containing fraction was selected as described in Materials and
methods. The cpm in total RNA (O) and poly(A) RNA (X)
are expressed as percent of unirradiated control cells.
replication in the virtual absence of host-related gene
expression. In the case of an RNA virus without nuclear
requirement (15), exemplified by VSV, virus produc-
tion occurred at an undiminished rate in BSC-1 cultures
previously irradiated with 40krad (Table 2). Such
preimradiated cultures were also able to support forma-
tion of vaccinia virus, as also showh by the data in Table
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TaBLE 2. Virus replication in y-irradiated and unirradiated
BSC-1 cells®
N ) Virus titer -
. (X 10~* pfuy/phate)
= When sampled Vaccinia VSV
After adsorption® 6 ]
After replication,” control cells 10000 5000
After replication,” irradiated cells? 10000 . 2000

*BSC-1 cells (3 6 x 10% infected with vacciaua (mot = 10) or VSV (mor =
00D

*Samples harvested 2h pr

“Vaccinua samples harvested 24 h p1, VSV samples harvested 10h pr

“Cells exposed t0 40 krad 1 h prior to infecnon

2. Normal yields of vaccinia virus could be generated
from irradiated cells in which mRNA producuon was
inhibited by at least 94%. This finding is in line with our
previous suggestion that requirement for host DNA
dependent RNA polymerase I activity of this virus may
not be directly connected with transcnptlon from the
host DNA (1).

To demonstrate clearly the use of high doses of
vy-irradiation for dissociating host-related from virus-
specified transcriptiofi we examined cytoplasmic RNA
synthesis following infectioh with vaccinia virus: For
this purpose, either preirradiated or unirradiated cultures
of L; cells were inoculffted and “pulse” labelled for
15 min with {*H]uridine at 8 h pi, when virus transcrip-
tion is at a maximym rate (16), but host-related
transcription has been reduced to its lowest rate (17). AS
evident from Table 3, there was an inhibition of uridine
incorporation®into nuclei of infected but unirradiated
cells, confirming the previously published-findirigs. By
contrast, there was an approximately 15-fold increase in
cytoplasmic RNA synthesis in infected cells
pared with uninfected cells, presumably due to vaccinia
virus-speciﬁed transcription. A similar increase was
also evident in the cytoplasm of compamon irfadiated
and infected cultures, indicating that pretreatmcnt with
70 krad had little or no influence on virus transcription.
It should be noted from Table 3 that after 15 min pulse

9 .
L . .
] - [ il
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labelling, [*H]uridine incorporation into the cytoplasm
of uninfected cells was, as anticipated, very low. In
vy-irradiated cultures the quantity of RNA label was
reduced by more than 90% in-both cytoplasmic and .
nuclear fractions (Table 3), substantiating the data
presented in Table 1. The above combined results in

Tables 1-3 reveal that preirradiation did not affect
appreciably either viral mRNA synthesis or replication.

. Discussion

Data from the current investigation on the effects of
intense +y- xrradlauon on mammalian cultured cells reveal
that synthesns of n‘clenc acid is much more sensitive
than that of protein and in this sense the formation of the
two kinds of macromolecules may be uncoupled. The
fact that RNA agents of the picoma group such as
mengovirus (18) and the enveloped rhadovirus VSV as
well as DNA viruses, exemplified by vaccinia, are able
to replicate normally in cells preirradiated with doses as
high as 70krad (1) implies that the host transiational
appagatus gecapes the effects of y-irradiation relatively
intact. By contrast replication of DNA and transcription
into putative mRNA, ascertained in terms of the
polyddenylated RNA fraction, is profoundly inhibited.
Equivajent doses of y-irradiation when applied to
vaccinia-infected cells are able to gffectively suppress
viral gené expression, measured in terms of biological
functions such as the viral hemagglutinin (1);- this
demonstrates, as expected, that intense y-irradiation can
interfupt equally gene expression of both a virus and. its
host The mechanism of action is undoubtedly through
primary damage to the DNA.

Synthesjs in the cytoplasm of infected, preirradiated
cells of near normal levels of vaccinia-specified RNA
shows, on the one hand, tfat irradiation does not affect
pools of metabolites and any host functions which might
be requirgd for virus-specified RNA synthesis and on the
other, that host-related transcription is most probably
not required for optimum viral transcription. Thus it is
unlikely that the observed decrease in RNA synthesis
due to “y-irradiation is the consequence of either a
decrease in ["WJuridine uptake into cells or dilution of

TaBLE 3. Incorporation of [3H]undme into nuglear or cytpplasmic RNA of infected and uninfected

e L, cells® !
’ Nuclear « Cytoplasmic
| . Ly Whole cells® fraction® - fraction® _
Mock infected  Unirradiated 31460 27460 1290 .
Irradiated 2875 <2710 70 ~
Vacciniafinfected Unirradiated 22020 3890 19130,
Irradiated 18 540 1035 17250

“Ex protocol as described in Materials and methods,
*Disinte, per minute originating from 1 X 10° cefls
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L& isotope within an enlarged yridine pool. It is more
likely that inhibition of [*H)uridine incorporation into
RNA, cither the bulk material or the poly(A) fraction,
reflects the damage by y-irradiation on the transcription
process from the DNA template.

Use of intense vy-irradiation as apphed here to

" mammalian cells in culture has not, to our knowledge,

been reported previously. However, numerous studies
have found little or no inhibitory effects of irradiation on
ribosomal, transfer, heterogeneous nuclear, and mRNA

when doses lower than 2 krad are applied (reviewed in’

Refs. 19, 20). Thus HeLa cells'irradiated with 500 rad
incorporate isotopic uridine during the first 10h after
treatment at the same rate as the unirradiated controls
(21). Simjlarly, Enger and Campbell (22) found that the
rate of mMRNA synthesis in Chinese hamster ovary cells
exposed to 800 rad was equal to that of the control over a
7-h period postirradiations In support of the above
findings, our present study shows that irradiation with

doses over 10krad is necessary to substantially inhibit

total or poly(A) RNA synthesis.
The ability of intense - uradlauon fo suppress mRNA
syn(hesns by over 95% while s jor fracnon of

jt§ an examinption of v
cripaaﬂ in a host ¢eil in which the equivalent functions 3

, thereby obviating the use of drugs such as
ycin D Which affect equally cellular and viral
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Biogenesis of Vaccinia: Complementation and ‘Recombinafion . .
Axalysis-sf One Group of Conditional-Lethal"Mutants
Detective in Envelope Self-assembly!
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Five temperature-sensitive (ts) mutants of vacc{'nia virus, which mimic the effects of
rifampicin, being defective in assembly of the envelope and maturation, were character-
1zed. Although the mutants %hewed a similar morphogenétic phenotype when examined
by electron microscopy, analyses by 1sotopic pulse-chase experiments in which the viral
polypeptides were separated by polyacrylagide slab gels’ and complementation titra-
tions between the mutants, indicated that each mutation produced a distinct defect.
Recombination experiments suggested a close relationship between resistance to the anti- »
biotic nfampicin and the ts mutations studied. This result was supported by the apparent
covanance of the drug resistance and ¢s markers.

INTRODUCTION

Despite the large size of the poxvirus
genome, approximately 123 x 10° daltons
(Miller et al., 1977), and highly complex
series of regulated events involved in the
replication and maturation cycle (Dales,
1963; Stern and Dales, 1976b; Moss, 1974),
more detailed knowledge of the system may
be acquired through studies using condi-
tional-lethal mutations of the type .pre-
viously described (Sambrook et al., 1966;
Padgett and Tomkins; 1968; Basilico and
Joklik, 1968; Sterr~et al., 1977; Drillien
e, al., 1977; Chernos et al., 1978). Re-
cently, we reported the isolation of over 90
temperature-sensitive (ts) mutants from
vaccinia virug strain IHD-W, which could
be arranged into 17 distinct groups on the
basis of their phenotypically expressed de-
fects at the restrictive teniperature (Dales,
et al., 1978).

In this paper, the characterization of
five such mutants belonging to group E is
described. Virus development with these

! Supported by USPHS and Medical Research Coun-
cil of Canada.
* To whom reprint requests should be addressed.

A S
# miitants is blocked at about the same stage;

numerous viroplasmic foci are formed, each
surrounded by flexible envelope segments
but which are devoid of spicules, and DNA
paracrystals accumulate. On morphological
grounds, the defects mimic those effected
by the antibiotic rifampicin (Nagayama et

, 1970). Moreoever, Steru et al. (1977)
reported that for one member, ts 1085, the
defect was related, as with rifampicin (Moss
and Rosenblum, 1973), to a block in post-
translational cleavage required for virus
maturation. Experiments were therefore
directed at determining the number of genes
involved with this proteolytic processing,
since a defect in any one gene could result
in a common phenotypic expression. We
wighed also to ascertain whether the locus
for rifampicin resistance is closely associ-
ated with these ¢t mutations.

MATEQRALS AND METHODS

Viruses and cells. The IHD-W subtype
of vaccinia (Hanafusa, 1960), designated the
wild-type (WT) parent, and the six tempera-
ture-sensitive ({8) mu ts 1085; ts 7743
ts 9203; ts 9383; ts

0042-8822/79/090009-12302.90/0
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(Dales et al., 1978). All the viruses were
propagated and titrated by plaque assay on
monolayer cultures of the L2 strain of mouse
1.929 fibroblasts (Rothfels et al., 1959).
These cultures were maintained in minimal
Eagle’s medium (MEM) containing 10%
fetal calf serum (FCS)

Conditions of incubation. Monolayer cul-
tures on plastic petri dishes (Falcon Plastics)
were incubated in®*Hotpack incubators
gassed with a humidified mixture of air
and 5—10% CO,. A permissive temperature
of ~33° and a restrictive temperature of
~40° were used for all experiments (Dales
et al., 1978).

Selectian of rifampicin-resistant ts mu-
tants. Resistance to the antibiotic rifampi-
cin, an inhibitor of virus mdturation (Nag-
yama, 1970) was chosen as the second marker
for the three-factor cross experiments.
Confluent L cell honolayers (4 x 108 cells)
were inoculated with ts 7743 and ts 9383
at 1 PFU/cell. Following adsorption at 33°
for 1 hr, the unadsorbed virus was re-
moved with repeated washing, and the cells
overlaid with MEM centaining 5% FCS
and 100 pg/ml rifampicin (Sigma) and incu-
bated at 33°. Areas of limited cell fusion
were observed in some ctultures at 3-4
days postinfection. The putative resistant
virus was enriched by two further passages
in the presence of rifampicin before béing
cloned by two plaque purifications. The
two double mutants were deésignated ts
7743R and ts 9383R. Because of cytotoxicity
difficulties with rifampicin at 40°, the con-
centration of the antibiotic was reduced to
50 ug/ml in all titrations at the restrictive

. temperature. The replication of wild-type

virus was stili inhibited 10-fold.

Genetic studies with the ts mutants. In
order to investigate the genetic nature of
each ts mutation, a series of complementa-
tion and recombination experiments were
undeitaken.

Complementation. Complementation as*
says were done in monolayer cultures of
L2 cells grown inflat-bottomed glass tubes
3 x 10 cel]s)\‘l'h ve assembly defective
ts mutants (ts 1085; ts 7743 ts 9203; ts 9383;
ts 9251) and the t8 mutant defective in viral
DNA synthesis (ts 6389) were diluted to
deliver 40 PFU/cell. The mutants were

mixed in every pairwise combination be-

. fore inoculation. The mixed infections re-

ceived 20 PFU/cell of each mutant (total
of 40 PFU/cell), and the single infections
20 PFU/cell. Following an adsorption period
of 1 hr at 4° (Pogo and Dales, 1971), the
unadsorbed inoculum was removed with re-
peated washings with®prewarmed MEM
(40°) and the cultures incubated at 40° for
24 hr. The virus yield from each infection
was titrated at 33°, and the complementa-
tion index (CI) for each cross calculated
as follows:

(A x B)®
A® + B3

where (A x B)® is the yield of the mixed
infection titrated at 33°, and A® and B®
are the yields of the single infections titrated
at 33°. A complementation index greater
than 3 was considered a positive indication
of complementing gene functions.
Recombination. All recombination ex-
periments were done in the flat-bottomed
glass tubes. A total multiplicity of 40 PFU/
cell was used for the mixed infections, and
20 PFU/cell for the single infections. Mono-
layers were inoculated at 4° for 1 hr, after

ClI =

which the unadsorbed virus was removed .

with repeated washings with prewarmed
MEM (33°). The cultures were incubated
for 24 hr at 33°. Virus yields were titrated
at 83° to assay the total progeny virus, at
40° to measure the tg*. recombinant virus,
and at 40° in the presence of 50 p.g/ml
nfamplcm to measure thets ‘R recombinant
virus. Percentage recombination frequencies
(RF) were calculated as follows

(A XB)‘O 4
(A x B)®

40 B
- (——- + ———) x 100,

A.‘m B.‘l.‘l
where (A x B)* and (A X B)* are the
mixed infection yields titrated at 40 and
33°, and A*°, A*®, B, B* are the single in-
fection yields at the designated tempera-

tures (Lake et al., 1975).

Isdtopic. labelmg and virus punﬁcatzon
To prepare isotopically labeled virus, mono-
layer eultures of L2 cells grown in 100-mm

Percentage KF =
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petri dishes were inoculated with 10-20
PFU/cell at 4° for 1 hr. The cultures were
then incubated for 24 hr in the presence of
5 uCi/ml [”S]methxomne in MEM contain-
ing 5% FCS and oné-third normal concen-
tration of methionine. The cells were har-
‘vested, and mixed with 2 x 107 unlabéled
infected cells, which acted as carrier ma-
terial. The virions were then purified as
" described by Stern and Dales (1974).
Labéled eytoplasmic extracts were pre-
pared by inoeulating monolayer cultures
(35-mm plates containing 1 x 10° cells)
with 10 PFU/cell at 4° for 1 hr. Unad-
sorbed virus was removed with repeated
washings, and the cultures incubated at 33
or 40°. Virus polypeptides were labeled by
incubating the infected cells for 30 min in
1 ml methionine-free MEM medium (MFM)
and subsequently for 1 hr in 0.2 ml of 25
wCi/m] [*Simethionine in MFM. The pulse
was terminated by washing, and the label
chased in MEM cdntaining 3 x normal con-
centration of methionipe. The cells were
gently scraped away from the plastic,
washed in 10 mM Tris [tris(hydroxymethyl)
aminoethane]- HCl (pH 7.2), and lysed in
100 ul of 0.1% Nonidet P.40 (Shell) in
10 mM Tris-HCI (pH 7.2). The nuclei
and cellular debris were removed by centrif-
ugation (800 g for 3 min), and the superna-
tant stored at -20° as the cytoplasmic
fractions. Aliquots of 5 ul were applied to
filter paper digks (Whatmann 3MM), washed
sequentially in 10% trichloroacetic acid
(TCA) and 95% ethanol, and counted in
toluene scintillation fluid. The isotope ,L-
[**Slmethionine (100-300 Ci/mmol) was
purchased from New England Nuelear.
Electrophoresis of cytoplasmic extracts
virus proteing. Cell extract and puri-
fied\virus were prepared for polyactylamide
ctrophoresis (PAGE) by® mixing 1
an equal volume of dissociating
mM Tris—- HCI (pH;6.8), 4% SDS,
20% glycexol, 10% mercaptoethanol, and
0.001% bro ophenol blue). The samples
were boiled f& 2 min. The dissociated pro-
teins were seph\rated by electrophoresis on
15-em 11% polgacrylamide slab gels of
0.375 M Tris—-H( (pH 8.8) and 1% sodium
dodecyl sulfate (SWS). The ratio of acryl-
amide to bisacrylamide was 30/0.8. The

’

stacking gel consisted of 4% acrylamide in
0.125 M Tris-HCI (pH 6.8) and 1% SDS,
and the electrophoresid-buffer was 0.025 M
Tris, 0.192M glycine, and 0.1% SDS.
Samples were adjusted to give comparable
amounts of radioactive label'and loaded into
8-mm-wide wells. The gels were run at a
constant current of 25 mA until the tracking
dye reached the bottom of the gel (Studier,
1973).

Following electrophoresis, the gel was
fixed for 30 min in 50% methanol, 7%
acetic acid, treated for fluorography by the
method of Bonner and Laskey (1974), dried
on Whatman 3MM filter paper, and exposed
to Kodak X-Omat R film.

Electron microscopy. The procedure used-
for propagating cells and virus to be used
in samples for electron microscopy was
essentially the same as those previously
described (Dales et al., 1978).

RESULTS
Morphological Characterization

The five isolates employed in this study
belong to the E category in the spectrum of
assembly mutants selected previously
(Dales et al., 1978)." When replicating at
40° this group is characterized by the aber-
rant formation of virus envelopes (Pigs. 1-
3). Usually these envelopes consist of.a bi-
layer, unit membrane backed externally by
a layer of spicules which endow the envelope
with rigidity and a curvature so as to form
spheres encloging immature particles (Dales
and Mosbach, 1968). When the ts defect
was expressed in the extreme only flexible
sheets of unit membrane, like those identi-
fied by arrows in Figs. 2 (inset) and 3, were
evident while the rigid, curved segments
were almost entirely missing. More usually,
however, the envelopes of normal struc-
ture, containing spicules, were continguous
with sheets of flexible membrane as in ts
1085 described previously (Stern et al.,
1977) and in t3 9203, illustrated in Fig. 1.
The accumulation of DNA paracrystals like
those shown in Fig. 3 was another common
finding with group E mutants. The aberra-
tions with ts 1085 and 9203 are very similar
to those that develop in the presence of the
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Fi1G. 1. Electron micrograph of a selected cytoplasmic area of a cell from a, culture inoculated
with ts 9203. The extensive virdplasmic matrix, occupying the center of the fleld, enclosed discrete
focr of denser material each surrounded by aberrant virus envelopes (arrows). In Figs. 1-3, va
identifies a vacuole, m a2 mitochondrion, and VM viroplasmic matnx, x50,000.

drug rifampicin (Nagayama et al., 1970;
Moss, 1974). -

With one of the mutants under study
here, ts 7743, envelope formation conformed
more with the normal process, as evident
by the presence of numerous partially com-
plete envelopes and éven some spherical

particles (Fig. 3).‘Another mutant, ts 9251 -
. behaved in an anomalous manner at 40°,

because both abnormal envelope malforma-
~N

1y

hlan
tion and development of mature virions
were obseryed (Fig. 2). Therefore, from the
point of viéw of morphogenesis this mutant
must betérmed leaky. However in terms of

infectivity, as measured by PFU ts 9251 -

is a tight mutant (Dales et al., 1978).
Vitus-Specified Polypeptides

Previous studies with ts 1085 (Stern
et al., 1977) indicated that the defects, as

. F1G. 2. Other examples showi

lected areag of cytoplasm from cells, infected with ta 9261.

In the inset the viroplasmic matfx 18 enclosed by aberrant envelopes indicated by arrows. The
extensive viroplasmic matrix occupying the central area contains aberrant as well as normal (I)
immature forma of vaccinia virus. The mature particles, identifled by arrbws, illustrate that oc-
casionally there was a breakthrough whereby morphogeneais progressed all the way to majgratmn

%27,500. Inset x47000 “

* \

Fic. 3. Similar example of Fig. 2 illustrating the appearance of virus structures following infection
with ts 7743. Development generally stopped prior to the assembly of complete, rigid, spherical
envelopes, agevident fromlhe prefbence of flexibie membranes (arrows) and DNA paracryamla How-*
ever a few immature pvtlcles of normal appearance (I) were vigible. x45,000.
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with rifampicin ‘(Moss .and Rosenblum,
1973), were related to a block in post-trans--
lational cleavage. Since the five ¢s mutants
studied appeared to be arrested at about
the same stage of development (Daleset al.,
1978), it was necessary to determine
whether the late proteins were processed
normally at the restrictive temperature.
The polypeptide patterns for the five ts

mutants along with an identically treated
DNA defective mutant, ts 6389, and the WT-
infected cells are shown in Figs. 4a and b.
As in the previous article (Stern and
Dales, 1976a) polypeptides mentioned below

- will be identified by their molecular weight,

8o that p94 is a polypeptide migrating in
the described system with an approximate
molecular weight of 94,000. The polypep-
tide patterns produced by all the ts mutants
at 33° were essentially similar to the pro-
file obtained with WT virus at 40°. More
specific differences were identified in the
cytoplasmic extracts prepared from s .mu-
tant infections at 40°. The processing of
the major core polypeptides, p62 and p60,,

from the higher molecular weight precur- .

sors, p4 and p65, respectively, has been
shown to be defective for ts 1085 (Stern
et al., 1977). In the current experiments,
the precursor p94 was present in ali the mu-
tant infections at 40°. Processing of this
precursor to the core polypeptide p62 was

affected in infections with ts 1085, ts 7743, °

and ts 9203, but not with ts 9383. Accumula-
tion of the precursor p65 was also evident
at 40° in all the cytoplasmic extracts from
infections with the 5 8 mutants, but proc-
essing to- p60 was blocked or reduced in
quantlty in the case of ts 1085 and ts 9203.

AND DALES

P
"

In the case of three other polypeptides p23
was reduced or absent from ts 1083 and

ts 7743, while pl8.5'and pl8 were missing -

or present in small quantities in all but
ts 9251, These resalts indicated that the de-
fect in the post-translational cleavage was
different in the case of each mutant, dia-
grammatically presented iff Fig. 5. The poly-
peptide pattern for infections with ts 9251
appeared to be an anomaly to the proposed
grouping of the t8 mutants on the basis of
their morphological appearance under the
EM, since some morphologically mature
progeny were found and both precursors
were apparently processed with equal ef-
ficiency at 33 and 40°. However, it is not
known whether one or both products are
fully functional, because little infectious
progeny appeared at 40° despite the pres-
ence of mature-like particles (Fig. 2). The
variability in processing indicates that either
precursor can be cleaved in the absence of
the other, so that the enzymology of the reac-
tion is not as tightly coupled as the as-
sembly processes.

If the infected cells were labeled at 40°,
but incubated for a further 14¥r at 33°,
all the precursors wefe processed normally,

indicating that cleavage was related to a -

temperature se;asxtlvxty

The pattern of 'polypeptide bands" pro-
duced by ts 6389 was typical of that ex-
pected in a mutant defective in DNA syn-
%hesis. Only the early, prereplicative poly-
peptides were evident.

Complementation between the Mutants

To determine whether the ts mutations
were localized in different or identical genes,

FI1G. 4a. Autoradiogram of a slab gel prepared

from infected cytoplasmic extracts of L cells and

purified virus. Cultures were inoculated with WT, ts 1086, ts 7743, or ts 9251 vaccinia virug
and incubated at the designated temperatures. Each culture was pulse-labeled 10 hr postinfection
with 26 uCi/ml [#S]methionine and further incubated for 8 hr in chase medium. The influence of

temperature shifts on the processing of individual

polypeptides is‘evident. In each case the tempera-

ture during labeling is the upper number of the ratio and temperature during the shase s the lower :
number. The vertical scales showing molecular weight x 10~ was calculated from polypeptides used
as MW standards and is also drawn on the basis of known molecular weights of several major

virion polypeptides (Stern et al.,

1977). The arrows denote the positions of the seven polypeptides

considered in this analysis: p94, péb6, p62, p60, p23, p18.5, and p18. Channel marked V = purified

vaccinia virus.

F16. 4b. Autoradiogram of a similar slab gel showing labeled polypeptides occurring in the cyto-
plasmic extracts of cells infected with ts 9383, ts 9203, and ts 8389
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PRECURSOR - PRODUCT
RELATIONSHIP

F16. 5. Schematic representation of the processing
of virion polypeptide precursors pS4 and p65 during
infection with individual ¢t mutants. ——, Normal or
accumulated amount of polypeptide; —- - - ,polypep-
tide absent or present in reduced amount. The rates
of complementation’.between t8 7743 and the four
other mutants ranged from 5.4 to no complemen-
tation (N C)

a checkerboard series of complementation
experiments was undertaken. Although
large variability was recorded from experi-
ment to experiment involving specific
crosses, complementation was repeatedly
observed with most of the mutants. A com-
plemeptation index greater than 3 was taken
ag positive evidence that genetic interaction
had occurred. The mutants ¢t 1085, ts 9203,
te 9383, and ts 9251 readily complemented
each other, and all gave high values when
crossed with the DNA(-) ts 6389. Since

ts 9251 was apparently not defective in pro-
teolytic cleavage, the crosses with this mu-
tant were discounted as eoncerns determina-
tion of the number of genes involved in
group E defects. Most dual infections
yielded good - complementation, ranging
from 8.8 to 143 (Table 1). The striking
high value obtained in the cross ts 9251
x ts 9383 may th some way be related to
the leakiness of the phenotype, described
above.

In mixed infections of group E mutants,
involving ts 7743 complementation was
either very poor or nonexistent. On the
other hand, a cross between g 7743 and ts
6389 outside this group gave high comple-
mentation values. Since ts 7743 was able
to both complement outside group E defec-
tives and did not interfere with replica-
tion of wild-type vaccinia virus, there
was no evidence to indicate that it might
be a “trans-acting dominant mutant” (Cas-
tens and Weber, 1977). Our observations
could be explained if one assumes that ts
7743 mutation was being expressed in a polar
fashion with respect to the functions neces-
sary for post-translational cleavage.

Recombination Experiments

It was possible that the group E ts
mutations were closely linked on the vac-
cinia genome. This idea was analyzed by
means of systematic three-factor crosses
involving the 5 ts mutants and ts 7743R
and ts 9383R, two of the ts mutants into
which a marker for resistance to rifampicin
(?) was introduced. It should be noted that

TABLE 1

COMPLEMENTATION BETWEEN THE MUTANTS

Mutant ts 1085 ts T743 ts 9203 . 159383 ts 9251 14 6389
Q
ts 1086 — N.C.e 8.8 62 32 33
ts 7743 - N.C 3.7 54 52
ts 9203 —_ 49 84 50
ts 9383 - - 143 33
ts 9261 ’ —_ 38
ts $389- —

* No complementation detected.

® The complementation indexes (average of two replicates) were calculated by dividing the mixed infection
yield with the sum ‘of the corresponding single infections.
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after incorporating the mutation for ri-
fampicin resistance the tightness of the ts
trait was altered and the mutants became
about 1000-fold more leaky, so that the dif-
ference in PFU 44/33° was reduced from
107* to 1072, Furthermore, the plaque
morphology aof 18 7743R and ts 9383R was
altered from a minute to larger plaque typi-
fying wild-type virus assayed at 40°,

The leakiness of ¢s 7743R and ts 9383R
made the reproducibilit

able from experimen
thereby introducing s
interpretation of the results. Similar diffi-
culties have been encountered with leaky
ts mutants of rabbitpox (P. D. Cooper,
personal communication). Nevertheless, a
tentative map for group E mutations was
established by crossing each ts mutant with
ts 7743R and ts 9383R as illustrated in
Fig. 6. Each cross was made on two occa-
sions. Each time two replicate cultures were
employed and the progeny of crosses of an
entire experiment were assayed at the same
time. The cross ts 7743R x ts 9383R was
always included, so as to standardize the
data from different experiments and the
PFU assays, conducted on different days.

Thereby, any differences in the efficiency
of plating of the ¢ts*R recombinants in the
presence of rifampicin at 40° could be
standardized (i.e., ts* ©RF must be equal
tots*R %RF). The ts* %RF, which repre-
sents the total t3~% was ascertained, with-
out regard to rifampicin selection and in-
cludes both the ts*R* and ts*R-. Analyses
of these data gave a measure of the distance
between ts lesion of the unknown mutant
and ts lesion of the tsR mutant. Coneerning
the position of the R marker, three situa-
tions could be predicted. In the first case
R is placed between two of the {3 mutations

‘used in the cross. In the other two cases

both ¢ts mutations in the cross exist on one
side of R whereby the ¢s* recombinants
produced are either all R* or all R™, de-
pending on the proximity of the particular
ts markers to R. Thus ts*R %RF meas-
ured the distance between the ts defect of
the tsR and the rifampicin-resistance locus.
Smc\e only five group E mutaggs were
examined, and high multiplicities Jf infec-
tion were employed, the low RF values cal-
culated may not reflect the actual linkage
distances. This is especially true in view of
our ignorance about the extent of the
vaccinia map as a whole. On the basis of

1088
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F1G. 6. Recombination map of five t2 mutants of vaccinia virus based qp expeniments using three-
factor crosses among temperature-sensitive (t8) and rifampicin-resistant (R) mutants. %RF above
the diagram represents the percentage recombinants which have the ts* character. The numbers
shown on the right hand side next to the recombinants.participating in each particular cross are
the %RF values. The framed-in areas contain data on %RF which 1n some cases deviated from
the expected value if the RFs were strictly additive. The positions of ts mutants on the map were
related in each case to ts 7743R and ts ~Khe bar<litis the frequency of ta*R recombinants
from which the locus for rifampicin reu'st.s:i& was cslculated.
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data from several experiments it is, how-
ever, significant that %R F betweents 9383,
one of group E mutants and the DNA(-)
ts 6389, used as an external marker, was
approximately three times higher than the
highest %RF calculated for any crosses
using mutants within this group. Inthe case
of ts 9203, defective in processing of the
p94 and p65 precursors, a close link to the
other four mutaats was established with un-
certainty because the %RF calculated from
two-factor crosses (unpublished data) placed
ts 9203 in a different position from that
shown on thé map in Fig. 6. The locus for
rifampicin resistance, R was shown to be
closely associated with group E ts defects,
as emphasized by-the ent covariance
of the ts and R markers. Theke was reason-
able additivity of the distankes between
markers, and two-factor cross 3
supported the mutation sequech shown in
Fig. 6. I/

!

-

DISCUSSION [
“Among %0 ts vaccinia mutants selected

previously, 78 were grouped“on morpho- .

logical grounds into categories agcording to
an ascending order of complexity reached
In development at the restrictjve tempera-
ture (Dales et af., 1978). Présent experi-
ments on group E mutants have permitted
a more detailed characterizatjon of individ-
ual phenotypic defects. . All iye mutants
examined were shown to be entirely or
partially defective in both envelope as-
sembly and post-translational cleavage of
two prominent polypeptides of the virus

core, thereby mimicking the effects pro- .

duced by the antibiotic rifampicin. Atten-
tion was consequently focused on the sin-
gularity or plurality of these mutations,
which would imply either the existence of
a “hot-spot” for mutagenésis in the vaccinia
genome, i.e., a region that is unusually
sensitive in generating temperature-sensi-
tive mutations, or the participation of a
number of individual functions in a co-
ordinated fashion whereby interruption of
any one blocks simultaneously virus morpho-
genesis associated with all. Since post-
translational cleavage involves an enzymatic

function, the establishment of a linkage be-
tween group E mutations might suggest
that phenotypic aberrations arise from the
enzyme defect itself or some other reg-
ulatory factor common to all five mutants.
On the other hand absence of such a linkag
would imply that each lesion involves
separate virus product, each involved in-
dependently sometimes as a substrate
this protease.

The results of the complementation ex-*
periments and the patterns of polypeptides
produced at the restrictive temperature

_supported each other. The mutations were

found to occur in distinct loci each affect-
ing a different function as evident from the
data on precursor product relationships in-
volving p94 and p65. Thus, although as-
sembly appeared to be a tightly coupled
process proteolytic cleavage of one pre-
cursor was not necessarily dependent on the
prior processing of another precursor poly-
peptide. Despite the fact that the defect
in t8 7743 could be mapped as a single mu-
tation, notable lack of complementation be-
tween this and the other four mutants,
shown in Table 1, implies that ts 7743 could
be endowed with more than one defect or
is a type of regulatory mutant.

The RF values obtained from recombina-
tion experiments mustybe imprecise: (a)
Judgmg by the variability of the data (b) in
view of the relatxvely few mutants employed
(¢) an unexplained leakiness of s mutants
after acquisition of the rifampicin resistance
or R marker, and (d) the high inoculum multi-
plicity used. Concerning the last point,
infection with 20 PFU/cell of each ts-
partner in recombination analyses could
have created massive cytoplasmic fac-
tories of prédominantly one ¢ mutant
type, thereby reducing rather than enhanc-
ing the possibility of efficient recombina-
tions between the replicating virus genomes.
This question will be investigated in the
future to ascertain- whether high %RF
among poxviruses, reported by others
(Chernos et al. 1978; Padgett and Tomkins,
1968), reflects the more usual state of affairs.

Since both group E ts lesions and rifampi-
cin interfere with envelope formation and

T s
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processing of two nlajor precursor poly-
peptides of the core, the observed partial
reversion to wild-type phenotype in terms

of plaque morphology and increase in PFUs

produced at 40° when the R locus is incor-
porated into a preexisting ts defect, might
indicate that presence of R somehow alle-
viates, the ts lesion. Such covariance of
two markers has been reported in polio
virus where ¢s mutations in structural poly-
peptides alter the sensitivity of the virus
to treatment with guanidine carbonate
(Cooper et al., 1970). The observed co-
variance of rifampicin resistance and. the
partial alleviation of the ts mutations sup-
port the close involvement for the rifampicin
resistance locus with the ¢s mutations. Fur-
ther analyses on other among our 17 groups

of ts mutants are currently underway in-

volving a combination of genetic, biochem-
ical, and morphological investigations to
elucidate further the complex mechanisms
of poxvirus morphogenesis.
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Vaccinia and herpes simplex viruses are unable to multiply in cells treated with the
toxin e-amanitin, which specifically blocks host transcription involving RNA polymerase
IT (pol II). However, these agents are replicated in host cells made nonfunctional by
intense y irradiation when RNA synthesis, including poly(A)-containing RNA and in-
duction of biological functions, exemplified by theé antiviral state, are inhibited. From

* this and previous evidence it is concluded that reqﬂiremeﬁz for pol II or subunit(s) thereof
by pox- and herpesviruses is probably related to- transeription from the viral, not the

host genome. v

Involvem/e;%he host nucleus in pox-
virus replication 1s a subject of current
interest and controversy. Initially, Pen-
nington and Follett (1) and more recently
Hruby et al. (28) suggested from their
stedies of infected cytoplasts derived from
BHKZ21 or BSC cells, that the nucleus may
be essential possibly because of some re-
quirement for host-related transcriptional
event(s) for completion of vaccinia virus
development. Discovery that there exists
an obligatory requirement for host tran-
scriptional factors, specifically, for the

" DNA-dependent RNA: polymerase II (pol

II), in the vaceinia life cycle (8, 4) has been
invoked in support of the hypothesis that
transcription from the host genome is in-
volved in the poxvirus replicdtion cycle
(4). This notion appears, however, to be
inconsistent with the capability of pro-
foundly y-irradiated cells to fully support
prodt’ttion of infectious vaccinia virus ().
As an alternative hypothesis it may be

. assumed that pol Il or some of the enzyme

subunits, including the one sensitive to in-
hibition with a-amanitin, facilitate tran-
scription directly from the viral genome

! Supported.by the Medical Research Council of
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‘of some eritical virus-specified ctions,

This view is in line with our findings that
in vitro transcriptional activity associated
with isolated vaccinia virus factories is
partially responsive to a-amanitin when
such factories originate from infected H9
cells sensitive to this toxin. By contrast,
in vitro vaccinia-related transcription is
unaffected by a-amanitin when tested on
factories derived from mutant Ama 102
cells resistant to the drug (G. McFadden,
M. Silver, and S. Dales, unpublished ob-
servations). .

Ability of extensively preirradiated cells
to function as a fully permissive host for

_growth of vaccinia virus, raised the central

question concerning the extent of inhibi-
tion of host transcription and gene expres-

* sion by the doses of y-irradiation applied.

This was tested by irradiating uninfected
primate and rodent cell lines with varying
doses of v rays from a ®Co source, 1 hr
prior to labeling the RNA with PHJuridine.
Following synthesis the labeled RNA was
isolated and monitored as total and poly-
adenylated (poly(A)) messenger RNA
(mRNA) fractions. The data, summarized
in Table 1, revealed, as expected, that the
degree of inhibition with BSC-1 cells was
directly proportional to the dose applied.
Furthermore, synthesis of poly(A)-con-
taining RNA wag inhibited to about the
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same extent as that of the bulk RNA. Of
particular interest were data pertsining
to the effects produced by 40 and 70 kilo-
rad which inhibited labeling of both the
total and poly(A) RNA components by 90-
94%. Very similar results were obtaied
with mouse L, fibroblasts and the rat
L6H9 myoblast line (Table 1). Inciden-
tally, the latter is the wild type from
which the a-amanitin-resistant Ama 102
mutant line, used by us previously (8), had
been derived. These data revealed that
host-related RNA synthesis and tran-
seription into mRNA are profoundly sup-
pressed following v irradiation with doses
which do not influence appreciably or at
all the replication of vaccinia virus (Ref.
($) and Table 2 of this article).

Of course, as demonstrated previously,
a dose of 50 kilorad when applied to vac-
cinia-infected cells ¢an effectively inhibit
viral gene expression measured in terms
of biological functions such as the activity
of the hemagglutinin (8). In order to assess
the influence of irradiation on some de-
fined cellular activity we chose to inves-
tigate the expression of the interferon-
mediated antiviral state. This function
was selected because, first of all, it is an
inducible one, second, because it is ame-
nable to quantitative assay, and finally,
because it manifests or is related to the
ipduction and expression of a multicom-
ponent system involving & number of en-
zymatic functions (9).

The antiviral state was induced in BSC-
1 cells following various doses of y irra-
diation 1 hr prior to the addition to mono-
layer cultures, each containing 1.2 x 10°
cells, of 100 units/m! of human leukocyte
interferon (INF) kindly provided and stan-
dardized by Dr. Tan, University of Cal-
gary. After an 8-hr period of INF treat-
ment, the monolayers were inoculated
with vesicular stomatitis virus (VSV, In-
diana strain) at a multiplicity of infection
(m.0.i.) of 0.01 plaque-forming units
(PFU)/cell.. Following incubation for 10
hrs postinfection (p..) the infectious virus
formed was assayed as plaque-forming
units on monolayers of BSC-1 cells. Cell
monolayers untreated with INF, but oth-
erwise irradiated and incubated under

TA‘E 2
EFFECTS OF v IRRADIATION .AND a-AMANITIN ON

REPLICATION OF VACCINIA AND HERPES SIMPLEX VI.
RUSES .

Titer X 10* PFU/plate

Sample culture Vaccinia® HSV?
Following adsorption® 6 0.5
Following replication—

controls? 1000 1400
Following replication—

v irradiated’ 900 650
Following replication—

treated with a- R

amanitin/ * 6 0

° Monolayers of 10° LgH, cells/plate inoculated at
m.o.i. = 10. ’

* Monolayers of 1.2 X 10° BSC-1 cells/plate infected
with HSV type 1 at m.o.i = 0.2.

‘Sampled 2 hr p.i

?Sampled 24 hr pi. for vaccinia, 16 hr p.i. for
HSV-1.

 LeH, cella v irradiated with 70 kilorad 1 hr before
inoculation; BSC-1 cells irradiated with 40 kilorad 1
hr before inocwiation.

/ a-Amanitin, 10 ug/ml, was present throughout
the infection. Le¢H, gells were pretreated with the
drug for 10 hr (8) and BSC-1 cells for 24 hr.

identical circumstances, were used as the
controls for replication of VSV, The re-
sults, summarized in Fig. 1, indicated that
induction of the antiviral state by the INF
treatment used, was effective as evident
by the reduction in the PFU of about 4 log
units. Irradiation of monolayers with 20
kilorad prior to INF treatment appeared
to have little or no effect oh the induction
of the antiviral state. However, at doses
of 40-50 kilorad there was over 1 log in-
creagse in VSV production in the irradiated
and INF-treated cultures. However, since
irradiation per se at 30-50 kilorad ad-
versely affected VSV replication in BSC-
1 cells, it may be assumed that the actual
difference in- titer between INF-treated

" and untreated cells exposed to 30 kilorad

was only 3 log units, at 40 kilorad about
2 log units, and at 50 kilorad about 1 log
unit. These data are consistent with the
view that the biochemical sequence of

4
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FIG. 1. Effect of v irradiation on the INF-induced
antiviral state. BSC-1 cells were incubated in the
absence (X) or in the presénce of (O) of human leu-
kocyte INF for 8 hr commencing 1 hr after v irra-
diation. Following removal of INF by repeated wash-

" ings, the culture was inoculated with VSV and

incubated for 10 hr until harveated for PFU assays.

events related to induction of the anti-
viral state by INF was being effectively
suppressed by high doses of y irradia-
tion. Therefore, host-specified functions,
expression of which is dependent on on-
going transcription, were effectively sup-
pressed by 40-50 kilorad, doses which do
not reduce yields of vaccinia virus (3).
Since intense irradiation, followed by

prolonged incubation decreased the capac- _

ity of BSC-1 cells to support VSV repli-
cation, INF treatment over shorter dura-
tions was instituted. Thereby, it was
possible to enhance the replicating capa-
bility of the irradiated host while allowing

. sufficient time for induction of the anti-

viral state. Cells exposed to 40 kilorad
were incubated for 1 hr before commenc-
ing INF treatment for 4 to 6 hr, as de-
scribed above. As evident from the data
in Fig. 2, INF-untreated cells irradiated
5 hr prior to inoculation produced about
half a log less virus (1.5 X 10" PFU) than
the unirradiated and untreated cels (5
X 10" PFU), hereafter referred to as con-
trols. By eontrast, the unirradiated cells

treated with INF for 4 hr yielded >2.5 log

units less (1 X 10° PFU) of VSV than the -

controls. Following v irradiation and INF
treatment for 4 hr, the yield of VSV (4.7
X 10° PFU) was only 1 log less than ob-
tained with the controls. With the more

prolonged treatment cultures irradiated .

7 hr prior to infection replicated approx-
imately a half log unit less VSV (1.1 X 10’
PFU) than the controls. A 6-hr period of
INF treatment of unirradiated eells caused
an approximate 3.5 log unit reduction in

-titer (Fig. 2), but preirradiation enabled

cells treated with INF to produce 1.3 X 10°
PFU of V3V, i.e., a reduction in yield of
only 16 log units compared with the con-
trols. Therefore, v irradiation enhanced
V8V replication in INF-treated cells by
over 2 lég units.

These combined data in Figs.-1 and 2
indicated that preirradiation with 40 or
more kilorad can effectively inhibit in-
duction of the antiviral state and must,

.

107

VSV ptus108 cells
3 S
An o

Rl S _
0 2 i 6

DURATIONLOF INTERFERON
TREATMENT (hours)

FIG. 2. Effect of v irradiation and duration of INF
treatment on the antiviral state. BSC-1 cells were
y irradiated (40 kilorad) 1 hr pridr to addition of
INF, as described in Fig. 1. After incubation for the
periods indicated, the monolayers were washed, in-
oculated with VSV, and harvested 10 hr p.i. for PFU
assays. v Irradiated (X); INF treated (®); v irradi-
ated, then INF treated (O).
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therefore, cause suppression of gene
expression manifested both as mRNA syn-
thesis and specific biological functions.

In agreement with previous and current
results which showed that L. cells irra-
diated with 40-70 kilorad are a fully com-
petent host for vaccinia virus (3), although
their own transeription is profoundly re-
duced (Table 1), present experiments re-
vealed that preirradiation with 40 kilorad
did not affect the ability of BSC-1 cells to
replicate vaccinia virus (data not shown).
Likewise in the case of L6H9 rat myo-
blasts, preirradiation with 70 kilorad had
Jlittle effect on vaccinia virus productiona
(Table 2). By contrast treatment of these
cells, containing pol II sensitive to a-
amanitin, with the drug completely abol-
ished\vaccinia virus replication (Table 2),
confirming our previous - observationhs.
Since r:}\e present data imply that ongoing
host-related transcription is not required,
the pol II or subunit(s) thereof might be
involved in transcription from the vac-
cinia genome.

It seemed appropriate to examine, as a
control, replication of another DNA agent,
herpes simplex virus (HSV), known to pass
through a replication phase during which
transcription into early rather than late
functions, as with vaccinia (2, 3), is blocked
by a-amanitin. In agreement with pre-
vious findings of others (10), exposure of

2 BSC-1 cells to the drug profoundly inhib-

ited HSV replication implying that pol II
is intimately involved in the life cycle of
this .virus (Table 2). Infection of preirra-
diated BSC-1 cells, shown to be effectively
suppressed in their own transeription and
gene expression, affected only partially
production of HSV. These observations
imply that, as in the case of vaccinia virus,
pol II may be involved in HSV transcrip-
tion (11), but host-specified transcription
is probably not involved in this process.

To summarize, it was shown in a variety
of cell types that high dose v irradfation
is an effective method for severely inhib-
iting cellular synthesis of bulk and the
poly(A) RNA, as well as host gene expres-
sion exemplified by induction of the INF-

« mediated antiviral state. Such irradiation

does not affect appreciably the replication
of vaccinia virus or HSV-1, two agents
with an obligatory requirement for pol II
activity. Taken together, these observa-
tions favor the idea that pol II, or a sub-
unit thereof, participates directly in tran-
scription from the viral genome. In the
case of vaccinia, such transeription is most
likely into late function(s) following DNA
replication. Concentration of pol II at its
normal site of activity in the host nucleus
could, therefore, explain' why cytoplasts
are unable to or have a very low efficiency
for supporting vaccinia virus replication
(1, 2). ' Y
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-

. Previously published investigations with inhibitors and temperature-sensitive (¢s)
mutants revealed that post-transiational cleavage (PTC) of virion core polypeptides’is
a necessary step for development of infectious, mature vaccinia virus. Present studies
focused on the nature of the protease factor(s) required for vaccinia-biogenesis. To as-
certain whether the proteolytic factor(s) can move freely through the ¢ytoplasm. PTC
occurring during complementation between clea‘im defective and DNA-{g mutants was
compated with that evident following induced syncytiogenesis, involving cells singly in-
oculated with wild-type and cleavage-defective ts 1095 virus. Since PTC can occur during
coinfection but not after cell-cell fusion, the. protease factor is presumed to be nondif-
fusible. This notion is supported by the incapacity of extracts from infected cells to bring
about in vitro PTC. Data from temperature shift experiments with ts 1085 indicate that
the factor(s) for proteolysis is probably a short-lived activity and affinity labeling sug-
gests that if may be”s virus-induced, nonvirton polypeptide p 12.5 in molecular weight,
possessing the specificity of chymotrypsin for protease inhibitors TPCK and ZPCK. Ev-
idence indicating that the factor has a brief half-life implies that it must be synthesized
on a continuous basis to effect viral maturation. A model of vaccina self-assembly, whick
takes into account previous observations and current data, is proposed according to which
induction of core enzymatic activities, intedgal differentiation, and aquisition of infec-
tiousness are temporally coordinated, closely coppled phenomena requiring PTC.

INTRODUCTION zymes, both regulated as late functions,
Our laboratory has been investigating 27® inhibited. While all «f these defects

the assembly process of vaccina virus for 2re reversible upon “shift-down™ to the
a number of years using inhibitors and Permissive temperature, only assembly of

i more recently temperature-sensitive (tg) \mmature virus envelopes can occur in the
: mutants. One of our mutants, ts.1085, absence of contmumg protein syn'thems
which under nonpermissive conditions (Stern et al, 1977). Combined evidence

mimics the effects of the antibiotic rifam- from several lines -of investigation in-
pxcm on envelope and virus formation dicates that PTC of core precursor poly-
3 (Nagayama et al., 1970; Katz and Moss, peptides as well as the induction oé
Y 1970) has been particularly useful. With COre¢ enzymes, virus maturation, an
ts 1085 early functions and DNA synthesis infectiousness must be -temporally co-
are normal but membrane assembly is O°rdinated and somehow interconnected
. aberrant. Furthermore, post-translational €vents. Data from this and previous stud-

i i lated to core
cleavage (PTC) of specific ouwe polypep- €8 suggest that proteins re A .
t;des and mductlon of ceftain core en- ©nzymes and precursor polypeptides must
be packaged within immature particles

| Supported by the Medical Research Council of Defore PTC and differentiation into the

Cansda, core and lateral bodies, connected with
? Recipient of Ontario Graduate Studentship. virion maturation, can occur. .
1 To whom reprint requests should be addreased. In this article, examination in consid-
¥ 341 0042-6822/82/040341-16$02.00/0
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erable detail of the nature and role of the

envelopes and PTC led us to propose a re-

vised model of vaccinida virus biogenesis.
:

MATERIALS AND METHODS

Virus and cells. The syncytiogenic IHD-
Wparental strain of vaccina virus (Han-
afasa, 1950), designated as wild-type (WT)
and two conditional-lethal, temperature-
sensitive (t8) mutants 1085, 7743, defective
in maturation and other ts 6389 defective
in DNA synthesis, have been descgtbed
previously (Dales et al., 1978; Lake et al.,
1979). Monolayers of L; mouse fibroblasts
(Rothfels et al., 1959), used for virus prop-
agation and assays of plaque-forming units

[

Y VTR et e e - . . P Y o

(PFU), were maintained in nutrient me- .

dium (NM) consisting of Eagle’s minimal
essential medium (MEM) (Eagle, 1959)
supplemented with 10% fetal calf setum
(FCS). For experiments employing ¢s mu-
tants, the permissive temperature was
~33°, and restrictive temperature 39-40°.

Reagents. The Conavalia ensiformis lec-

_ tin (concanavalin A type IV) (Con A) and

protease inhibitors phenylmethylsulfonyl
fluoride (PMSF), L-l-tosy,lkmide-Z-phe,-
nylethylchloromethy! ketone (TPCK), N-
a-p-tosyl-L-lysine chloromethyl ketone
(TLCK), and N-carbobenzoxyl-L-phenyi-
aniine ehloromet
purchased from -Sigma Chemical Co. Ac-
tinomycin D was obtained from Schwarz/
Mann, rifampicin from CIBA Pharmac-

ceutical Co., and polyethylene glycol 6000

(PEG) from BDH Chemical Co. Strepto-
viticin A (str A) was a gift from Up-
john Co.

"The [G-*H}ZPCK (specxﬁc actwﬂ:y 330
mCi/mmol)’ wis prepared by Amersham
Corp. employing random labéling of ZPCK
by means of the catalytic exchange method
in tritidated aqueous medium (code TR.1).

ketore (ZPCK), were .

. lated with the. individnal. mutants at. mﬁm

o MR

SILVER AND DALES

sure rescue in terms of infectivity and at
m.o.i. of 10 for gel analysis of virus poly-
peptides. After adsorption at 39° for 1 hr,
the unadsorbed inoculum was removed by
repeated washing of the monolayers with
MEM prewarmed ta:~39°. Uneclipsed vi-
rus was neutralized with NM containing
antivaccinia serum during 1 hr incubation
at ~39°. The antiserum was removed by
washing with MEM and cultures were ei-
ther harvested forthwith or after a fur-
ther incubation for 22 hr at ~33 or ~39°.
The phenotypes of progeny derived after
complementation from the mixed infec-
tion at ~39° were checked by plating di-
luted lysates, growing up virus stocks from
individually- picked plaques (Dales et al,
1978), and analyzing polypeptide patterns

employing Sodium dodecyl sulfate-poly- _

acrylamide gel electrophoresis (SDS-
PAGE of Laemmli, 1970, as applied to vac-+
cinia virus by Stern'and Dales, 1976b).
Particle counting by quantitative elec-
tron microscopy (Dales, 1963) was made
on singly or doubly infected 60-mm mono-
layer cultures (3 x 10% cehs/plate) inocu-

"of 2.

Cell-cell fusion. Fusion’ betweeﬁ mfeet,ed
cells was initiated by a odified miethod
of Mercer and Schlegel (1979). Briefly, -
semiconfluent (1.5 X 10° cells/plate) GO-mm
monolayer cultures were inoculated mth
ts 1085 at a m.o:i. ef 10. Following 10~
incubatiga at the nonpermissive tem

- ature, the monolayers were ﬁrashed with'

L ethionine {1010.6 Ci/inmol) and L~ _

ino acid. mixture  (NET-250) were
pur haséd from New. England Nuclear.
Complementation dnblysis. Complemen-

tested using 35-mm monolayer cultures

(1 X 108;8 cells/plates) singly or doubty in-
fected with each nfutant at a mujtipisity

‘v

MEM and placed for 1 hr at ~8§° in NM
containing 10 ug/ml of Con A to énhance’

cell-cell contact with the 3 X 10° cells/dlsh '

added front suspension. The lstéter had,
prior to plating, been infected with either -
WT or ts 1085 at an m.o.i. of 10 and ‘-

cubated at ~39° for 9 hr. The mixed pd- ;" .
herent and atlded cella were incubated far-- .

ther for 1 hr at ~39° to establish more
stable ¢ontact. The Con A-e¢ontaining me-

]’dmm was then removed and replaced for

- tation between ts 1085 and ts 6388 was .

) of mfectxon (m.od) of 5 PFU/cell to mﬂ-‘,

"1 min by carefully added 1 mi of MEM : .

containing 4% polyethytene ]

R
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with prewarmed MEM and 10% DMSO,
each plate received 5 ml of NM and incu-
bation continued at ~33 or ~39° for 8 hr
prior to harvesting cells for electron mi-
croscopy, SDS-PAGE analysis, or enu-
meration of polykaryocytes.

Efficiency of fusion was ascertained af-
ter fixation in situ with 2 utaraldehyde
and staihing with Giemsa. Yor enumer-
ating nucleigfpllowing fusiof, cells were
released from monolayers by trypsiniza-
tion, disrupted in lysis buffer (1% Nonidet

.P.40 (NP)), 10 mM Tris [tris (hydroxy-

methyl)aminoethene}F HCE pH 7.2, and 1
mM MgCl,, then the free nuclei centri-
fuged into pellets at 800 g for 5 min. The
pellets were washed twice with phosphate-
buffered saline (PBS), resuspended in 10
ml PBS, and the nuclei enumerated using
a hemacytometer. Cultures prepared as
described above with the omission of PEG
were used as controls.

Isotopic labeling and PAGE analysis.
Cytoplasmic extracts and purified yiro-
plasmic matrices or “factories” isolated
from labeled cells were analyzed by SDS-
PAGE using 11% polyaerylamide slab
gels, as described by Lake et al (1979), ex-
cept in the case of PH]JZPCK labeling ex-
periments for which 10-20% gradient gels
were used. Unless otherwise stated, label-

" ing with [®S]methionine (10 xCi/ml) or

PHlamino acids (10 xCi/ml) occurred from
9 to 10 hr postinfection (pi). In experi-
ments involving cell-cell fusion, the ad-
herent ts 1085-infected cultures were la-
beled prior to initiation of the fusion
process. The chase medium used after
[ thionine labeling contained five
tigdes the normal concgtration of methi-
onine.

Inhibitors. Synthesis ofNRNA was sup-
pressed by adding 4 ug/ml of actinomycin
D to the NM and of proteig by including
str A in varying ‘concentrdtions. The pro-
tease inhibitors PMSF, TLCK, TPCK,
ZPCK, and [PHJZPCK were dissolved in
DMSO and used in MEM céntaining 1%
DMSO. g

The effect of protease inhibitors on
rates of protein synthesis was determined
as follows: suspensions of 2 X 107 cells in
1 ml NM were inoculated for 1 hr at 4°

with WT vaccina at an m.o.i. of 10, then
were washed twice with MEM to remove
unadsorbed virus, resuspended in 50 ml of
NM containing 0.1% methylcellulose, and
incubated at 37° for 9.5 hr with agitatign.
The cells were collected into pellets by cen-
trifugation at 800 g for 10 min, washed
once with MEM, and resuspended in 50 ml
MEM, 1% DMSO, 0.1% methylcellulose.
Str A or one of the protease inhibitors was
added to duplicate 1-ml aliquots, and the
samples incubated with %gitation at 37°
for 1 hr in a water batH. [®*S]Methionine
was added at a final concentration of 0.25
uCi/ml, incubation was continued at 37°
for 1 hr, whereupon the samples were
cooled and kept on ice during addition,
with simultaneous mixing on a Vortex
mixer, of SDS at a final concentration of
1% and bovine serum alburfn at a fzmk
concentration of 0.1 mg/ml. Protein-4vas
precipitated with a 10% final concentra-
tion of trichloroacetic acid (TCA), the pre-
cipitate was trapped on Whatmann 3 \
paper discs, washed sequentially with 10%
TCA and 95% ethanol, and placed in vials
containing toluene-based scintillation fluid
for determining cpm precipitable counts
in a Beckman LS-35@ scintillation counter.

Labeling of polypeptides witlt¥]ZPCK.
Four 100-mm monolayer cultures were in-
fected with WT or £s3 1085 at an i. of
25. At 10 hr pi, the NM was removed, the
monolayers washed, once with MEM + 1%
DMSO, and MEM.- containing 1% DMSO
and [PHJZPCK at a final concentration of
10~* M was added to the cells. After 3 hr
incubation at ~33, 37, or ~39°, cell® were
harvested by scraping, washed twice with
MEM + 1% DMSO, and disrupted in lysis
buffer as described above. The cytoplasmic
extracts were layered on a 1% deoxycho-
late, 10 mM Tris-HCI (pH 7.4) cushion and
centrifuged at 10,000 g for 20 min to con-
centrate into pellets the virus “factories”
(Pogo_and Dales, 1969) which were then
used for SDS-PAGE analysis. .

Electran microscopy. Methods for col-
lecting and preparing cell samples, thin
sectioning, and examination by transmis-
sion electron microscopy were the same as
those described in a previous study (Dales
and Mosbach, 1968).




344 SILVER AND DALES

y-Irradiation. Monolayers of cells-were
placed on ice and irradiated using a ®Co
source (Gamma cell 220, Atomic Energy
Canada, Ltd., calibrated to deliver 110
rad/sec; 1 rad = 10~% J/kg). The NM was
then replaced and cultures returned to in-
cubators and kept at 37° for 1 hr before
use for experimentation.

~—

RESULTS

Description of Assembly and Maturation
Studied Previously and Presently by
Mutants Defective in Processing of
Core Proteins

The advantages of employing condi-
tional-lethal mutants of vaccinia virus for
analysis of the assembly sequence were
established previously (Dales et al, 1978;
Lake et al, 1979). Two among these mu-
tants, t3 1085 and 7743 were especially use-
ful in elucidating the requirement for pro-
cessing, also termed post-translational
cleavage (PTC), of certain core polypep-
tides and involvement of the lipoprotein
envelope during morphopoeisis and mat-
uration. These two group E mutants, de-
scribed by Dales et al (1978), are blocked
at a stage of assembly which  mimics
closely the effects on morphology of the
antibiotic rifampicin (Nagayama et al,
1970; Katz and Moss, 1970). At the restric-
tive temperature the normally spherical
envelopes covered by an external layer of
spicules, evident on immature particles,
failed to develop. Instead, the factories
were surrounded by flexible envelopes de-
void of spicules. Following a temperature
“shift-down,” from 39° to the permissive
33°, normal dafelopment of ts 1085 and
7743 was resumed and mature virions were
formed. However, when temperature shift-
down was carried out in the presence of
str A, a rapidly acting inhibitor of protein
synthesis, the normal spherical mem-
branes associated with immature virus
were assembled, but further development
was arrested. Thus, defects in envelope
formation related to ts mutations were
readily reversible but subsequent devel-
opment culminating in mature virions was
contingent on continuation of protein syn-
thesis.

The morphological defects associated
with s 1085 and 7743, described above,
were closely linked with defective PTC of
certain core polypeptides, as revealed by
PAGE analysis. Incidentally, assignment
of molecular weight of individual polypep-
tides conformed to the system adopted by
this laboratory (Stern and Dales, 1976a).
To exemplify, a protein migrating to a
molecular weight position of 100,000 in the
Laemmli (1970) PAGE system was des-
ignated p100. During infection with ¢s 1085
and pulse labeling with [®]methionine at
the restrictive temperature, core precur-
sor polypeptides p94 and 65 accummulated
without PTC. After shifting the labeled
cultures to permissive conditions, the pre-
cursor proteins were processed into p62,
60, 23, 18.5, and 18.0 polypeptides, confirm-
ing the previous findings of Stern et al.
(1977). With ts 7743, PTC of p94 to 62 was
defective and appearance of P23’ 18.5, and
18.0 absent or reduced, with the p65 core
precursor polypeptide was cleaved nor-
mally to its p60 product. Once again, after
shift-down to 33°, normal PTC was re-
sumed. However, in the case of wild-type
virus {WT), as well as with both mutants,
exposure to inhibitors of protein synthesis
such as str A, at the time of reversal to
permissive conditions, prevented all PTC
(Stern et al., 1977, and Fig. 7a of this ar-
ticle), despite conversion from aberrant
to spherical envelopes, described above.
Therefore, PTC is intimately connected
with differentiation from immature into
mature virions.

Effect of Complementation on Assembly of
Infectious Progeny

Another approach toward elucidation of
the role of envelopes and PTC in vaccinia
virus assembly involved coinfection with
ts 1085 and ts 6389, a tight mutant defec-
tive in DNA synthesis (McFadden and
Dales, 1980). From data on yields of prog-
eny, expressed as formation of PFUs, it
was evident that the two mutants com-

plemented each other efficiently, the index¥

of complementation, calculated according
to Lake et al. (1979), being ~30 to 70. Any
possibility that increase in PFU after dual
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infection resulted from appearance of re-
vertants with WT phenotype was elimi-
nated by analysis of plague-purified prog-
eny, as described below. Complementation
data on PFU were corroborated by particle
counting in the electron microscope. Var-
ious stages of virus development, evident
in thinly sectioned cells, were enumerated
by according to the procedure of Dales
(1963). It is clear from the data in Table
1 that dual infection with ¢s 1085 and 6389,
under nonpermissive conditions, produced
about five times more mature virions than
did the sum of infections with individual
mutants. By contrast, there was no in-
crease, even perhapsa reduction, in the
number of incomplete and complete im-
mature particles following dual infection
(Table 1). Defectiveness of ts 6389 in DNA
synthesis was reflected in the number of
early factories, i.e., those which did not
contain any_ recognizable virion struc-
tyres. Re?éﬁzé‘of one ¢ts mutant by the other
became also evident from enhanced PTC
of all precursor polypeptides, as demon-
strated by means of SDS-PAGE and au-
toradiography. Gels such as that shown
in Fig. 1 revealed, first of all, that in cells
infected with’ WT vaccinia virus and har-

vested immediately after the pulse-label-
ing with [®Slmethionine, the cleavage
products p62, 60, 23, 18.5, and 18.0 were
present in low amounts but increased in
quantity after an 8 hr chase at 33°. With
ts 1085, also evident in Fig. 1, PTC was
blocked effectively during the chase at re-
strictive temperature. In the case of ts
6389, the DNA mutant, the precursor poly-
peptides being late functions (Stern et al,
1977) did not appear during pulse labeling
and, therefore, failed to generate cleavage
products during the chase at 39°. Follow-
ing dual infection with s 1085 and 6389,
p94 and 65 precursors were synthesized,
then underwent normal processing as ev-
ident from the presence in Fig. 1 of five
cleavaga product bands following the 8 hr
chase under nonpermissive conditions.
To establish that enhanced PTC and
mature virus production were, indeed, the
consequence of complementation, not re-
version of mutated virus to the WT phe-
notype, progeny from dual £s 1085 + ts 6389
infection at 39° were inoculated after suit-
able dilution onto call monolayers and al-
lowed to form plaques under methylcel-
lulose. Twenty individual plaques were
picked, most were grown into virus stocks,

TABLE 1

STAGES IN VIRUS ASSEMBLY DURING SINGLE AND DUAL INFECTION WITH (8 MUTANTS®

Electron microscopy”

Virus Foci of viroplasm
titer? (factories)
“%PFU/ml Immature Mature -
Temperature X 10°%) Early* Late particles”_ particles
ts 1086 33° . 650 0 65 ’ 1091 2667
39° 13 8 51 / 360 42 -
ts 6389 33° 120 20 | 38 516 1154
39° 04 59 7 159 48
ts 1085 ¢
+ (s 6389 39° as 14 36 211 477

>« Confluent 80-mm culture plates were infected at m.o.i. of 2 with ts 10856 or ts 6389 or 2 of each of the two

mutants, incubated at 33 or 89° for 24 hr and sampled for virus titer and electron microscopy,
® Virus titers were determined by plaque assay on L cells at 33°.
*The electron microscopy data were obtained by examining 100 thinly sectioned cell profiles per sample.
“ Early factories were those from which recognizable virion structures were absent.
‘In this category were included complete spherical particles and immature forms with incomplete mem-

branes
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T oted 8380 131085 Taken together, the data from comple-
Pw c "Posé’ ‘; . ts 6389 mentation experiments provide evidence

P C V
-

Fic¢T. Rescue of the defect in post-translational
cleavage by complementation during dual infection.
Autoradiogram was prepared from cytoplasmic ex-
tracts following single or double infection with ta
1085 and ts 6389. Cultures maintained throughout at
39° were pulse-labeled with [*@methionine 9 to 10
hr pi and either harvested immediately (P) or 8 hr
later (C), after incubation in chase medium Arrow-
heads indicate positions of p34, 95, 62, 60, 23, 185,
and 18, respectively. Channel V pure virion polypep-
tides.

and subjected to SDS-PAGE analysis.
Among progeny‘rom randomly isolated
plaques, seven displayed a proteirbanding
profile identical with that of ts 6389 and
four with that of ts 1085 (data not shown),
confirming the evidence for bonafide com-
plementation.

for close linkage between development

of mature, infectious virions, and nor-

mal PTC.

Attempt to Transfer Capacity for PTC by
Cell-Cell Fusion :

The above results showing that differ-
ent ts mutants can act in a complementary
manner to facilitate PTC, raised questions
concerning the mobility and intracellular
site where factor(s) required for process-
ing may be active. Experiments designed
to answer these questions involved co-
alescence of cytoplasmic compartments
from cells singly infected with cleavage
defective ts 1085 and WT vaccina virus.
Cultures inoculated with ¢s 1085 and main-
tained at the restrictive temperature were
pulse-labeled with [**S]methionine for 1 hr
commencing at 9 hr postinfection (pi),
while companion cultures, infected inde-
pendently with WT vaccinia virus, were
incubated for 10 hr without protein label-
ing. Then cells, in the process of infection
by the WT and mutant viruses, were in-
duced to fuse under the influence of PEG,
as described under Materials and Meth-
ods, and incubation was resumed at 33
or 39°.

An electron microscopic image of a typ-
ical “hybrid” polykaryocyte from a culture
maintained at the nonpermissive temper-
ature, is shown in Fig. 2. The cytoplasm
of such fusion-induced polykaryocytes
contained viroplasmic foci characteristic
of both WT and s 1085 infections and nu-
merous mature particles. Approximately
one-third of all cells present on the mono-
layer were bi- or multinucleated. Fusion
also produced a 48% increase in the total
number of nuclei in the monolayer cul-
tures as compared to monolayers not sub-
jected to cell-cell fusion, but otherwise

FIG. 2. Electron micrograph of a selected area of a thinly sectioned polykaryocyte. Cell-cell fusion
mediated by PEG involved cultures independently infected at 39° with ts 1085 or WT vaccinia virus.
Folowing coalescence of cytoplasm from the 2 infections, both aberrant factories (F), typical of
ts 1085 development, and normal immature (I) and mature (M) virions, associated with WT infection,
‘were evident. Nucleus (N); mitochondrion (m). x14,260.

——y
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treated similarly. The morphological ob-
servations indicated that extensive fusion
between cells, independently infected with
ts 1085 or WT vaccina virus, must have
occurred.

To ascertain whether it is possible to
transfer a factor(s) from WT-infected
cells which elicits PTC of ts 1085 proteins
at 39° by means of cell-cell fusion, ex-
tracts from labeled cells were analyzed by
PAGE. It is necessary to point out that
the bulk of virus polypeptides resides
within the isolable virus factories (Stetn
et al., 1977). It is evident from the band
pattern in Fig. 3 that, regardless of in-
duced fusion, polypeptides synthesized af-
ter infection with ts 1085 underwent PTC
at 33° but failed to do so at 39°. This result
indicated that any factor(s) involved in
proteolysis of vaccina virus core polypep-
tides which were active during infection

with the WT could not effect PTC of ts -

1085 precursor proteins concentrated in
viroplasmic foci, fg]lowing cytoplasmic
mixing.

Another approach toward characteriza-
tion of the factor(s) functioning in PTC
was to isolate cytoplasmic components
containing the factories.for investigation
as follows: the entire cytoplasmic mate-
rial, or concentrated factories, from un-
labeled cells infected for 10 hr with W
vaccinia virus were mixed with-eompara-
ble. material from cells infected with ¢s

- 1085 for 10 hr at 39° and labeled with
[*S}methionine 9-10 hr pi. Once again, in
line with data revealed by PAGE analysis
following cell-cell fusion experiments, the
autoradiograms (results not shown) indi-
cated that cytoplasmic components iso-
lated from WT vaccina-infected cells did
riot induce processing of core protein pre-
cursors specified by ¢3 1085. From these
combined in vivo and in vitro experiments
it may be deduced that any late protein
factor(s) required for PTC of core peoly-
peptides was not a readily diffusible cy-
toplasmic component which could be moved
between the cytoplasmic factories. Con-
versely, such factor(s) may be able to elicit
proteolysis only when present in close
proximity to the site of synthesis or in-

teraction with the core precursor polypep-
tides.

¢
Instability of Factor(s) Required for PTC

Since the defect in processing associated
with the ts 1085 and 7743 mutations is
readily reversible after temperature shift-
down, the question arose whether PTC,
once it had been initiated for brief periods
under permisgsive conditions, continued
after return to the restrictive environ-
ment. The answer was sought by means
of a series of studies employing pulse-la-
beling with [®S)methionine and pulse-
chases during infection with ¢s 1085 at 33
or 39°. Following a 1-hr labeling interval
at 39°, commencing 9 hour pi, individual
cultures were placed in chase medium=and
either incubated at 33° for 15-360 min be-
fore harvesting or at 33° for 15-360 min,
then shifted to 39° and incubated until 16
hr pi had elapsed. The results, illustrated

in the autoradiogram (Fig. 4), suggested, .

firs®f all, that the quantity of aterial
migrating as the p62 and p60 bands was
directly proportional to the duration cells
were held at the permissive temperature
before sampling (compare channels 6 with
10 and 11 of Fig. 4). Second, they revealed
that during prolonged.incubation under
restrictive conditions, after shift-up from
varying periods at 33°, no further pro-
cessing of p94 and 65 into the products p62
and 60 had occurred (channels 6-10 of Fig.
4). Therefore, the extent of PTC was di-
rectly related to duration of incubation at
33°, implying that any induced protease
factor(s) involved were either thermola-
bile or active for only brief periods.
Because in the case of ts 1085, coincident
with activation of PTC, the assembly-ar-
rest phenotype can be reversed, experi-
ments were conducted to examine effects
of temperature shifts, like those described
in Fig. 4, on Virus morphopoeisis. The vi-
rus-related structures, evident by electron
microsdopic examination of thinly sec-
tioned cels, were grouped and enumerated
as aberrant factories, incomplete normal
envelopes, complete immature forms;. and
mature virions. A summary of these data
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FIG. 3. Failure to rescue the ts 1085 defect in PTC
by cell-cell fusion induced with PEG. Autoradiogrant
waa prepared from extracts of cells inoculated with
ts 1085, which were incubated, pulse-labeled with
[®Simethionine, and then fused (F) with either WT-
infected (W), unlabeled cells or with ts 1085 infected
(T), unlabeled cells at 39°, as described under Ma-
terials and Methods After formation of the poly-
karyocytes, incubation was continued at 33 or 39°.
Two channels at the extreme right represent mate-
rial from cells infected with ts 1085 which had not
been subjected to fusion with PEG Arrows are at
position of p62, 60, 23, 18.5, and 18.

is ‘presented in Fig. 5. Examination of
panel A of this figure reveals that the
ber of aberrant envelopes decreased

ih direct proportion to the duration of in-
ublktion at 33°. Coincidentally, the num-
r/of incomplete (panel B) or complete
pfnature progeny virions with spherical
ehvelopes of normal appearance (panel C)
increased in relation to the duration of the
shift-down period. Likewise, as-shown in

panel D of Fig. 5, there was a gradual in-
crease in the number of mature virions as
the duration of-incubation at 33° was ex-
tended. In cultures kept for 60-120 min at -
33° then returned to 39° for another 4-5
hr, the number of incomplete particles
decreased (Fig. 5B), while the number’ of
complete, immature particles increased by

- about 50% (Fig. 5C). There was an ap-

proximately threefold elevation in the
number of mature virions during resumed
incubation at 39°, compared with number
observed in cells preserved at the end of
incubation at 33° (Fig. 5D). Regardless of
the duration of the shift-down period or
extent of incubation at the nonpermissive

Harvaet At 18hr 1
After Chase M 33° For
& 120' 0

Harvest After Chase
M 3¥ For

+ 80 120

Sgnlannn=E
auugglz.u”’

F16. 4. Autoradiogram showi'ng effect, of incubat-

ing ts 1085 infected cells for ing periods at the
permissive temperature. Cultures, maintained at 39°
were pulse-labeled with [®Shmethionine 9-10 hr pi,
placed in chase medium, and shifted to 33° for the
duration indicated. Samples were then either col-
lected forthwith (5 left-hand channels} or following
shift-up to 39° and further incubation for a total of
lﬁ hr pi (6 right-hand channels). Arrows indicate
positions of p62 and 60.
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FIG. 5. Enumeration by quantitative electron mi-
croscopy of stages in ts 1085 development following
incubation for various periods under the permissive
temperature. Temperature shifts, commencing at 10
hr pi, were carried out according to the schedule out-
lined in the legent to Fig. 4. Each point is a cumu-
lative count derived from 100 thinly sectioned cell
profiles. Samples were taken either when incubation
at 33° was ended (X) or after an additional incubation
at 39° for a total of 16 hr from the time of inoculation
(O). (A) Aberrant factories; (B) incomplete normal
envelopes; (C) complete spherical immature parti-
cles; (D) mature virions. The number of progeny vi-
rions present in equivalent samples of cultures in-
cubated throughout at the permissive temperature
is indicated by an asterisk.

temperature, the number of immature and
mature virions observed was far lower
than that seen with the ¢s 1085 infection
maintained throughout the 16-hr period
at the permissive temperature (asterisk
in Figs. 5C and D). The results revealed
that conversion from aberrant to normal
envelopes is connected directly to the ts
1085 morphological defect. In agreement
with the data on PTC presented in Fig. 4,
particle counting revealed that extend of
normal assembly of ireomplete, immature
particles and their envelopes during brief
intervals at 33° was proportional to du-
ration of the ts 1085 infection under per-

(
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missive conditions (Fig.”5B). On the other
hand, conversion of some incomplete, im-
mature particles into the complete, spher-
ical immature form could occur at 39°, as
evident by the decrease of the former (Fig.
5B) and increase of the latter (Fig. 5C),
following temperature shift-up and fur-
ther incubation. These data indicate that
both the extent of PTC and assembly of
normal, immature virions including en-
velopes may be subject to factor(s) which
function briefly and/or have a brief half-
life at 33°.

Attempts to Identify the Factor(s) Involved
in PTC of Core Precursor Polypeptides

Current experiments, described above,
indicate that the factor(s) which are re-
quired for protein processing and vaccinia
virus maturation probably function at the
site of virus assembly within factories,
may act for short periods or become rap-
idly turned over and remain nonfunctional
in several ts mutants, manifesting the phe-

.notype with mimies inhibition by rifam-

picin. The active site-specificity of the pro-
teolytic factor(s) was tested with several
protease inhibitors possessing known
specificity for their native substrates.. °
Compounds such as TLCK and TPCK
have affinities for and are recognized as
substrates by trypsin-like and chymotryp-
sin-like proteases, respectively, which they
covalently bind and inhibit at the active
site (reviewed ‘by Shaw, 1975). However,
since these inhibitors also suppress pro-
tein synthesis at higher concentration
(Pong et al., 1975) it was necessary to de-
termine the molarity at which these com-
pounds acted specifically as protease,
rather than translation, inhibitors. Str A
was-used to check the effects of a specific
inhibitor of translation. The results, sum-
marized in Fig. 6, revealed that TLCK at °
10~ M inhibited protein synthesis by abouf™
25% without affecting detectably PTC, as
illustrated in the autoradiogram of Fig.
7a. At 107 M, TLCK, which inhibited pro-
tein synthesis by over 80%, did not inter-
fere with conversion of p94 and 65 to p62
and 60, but reduced the amount of p23,
18.5, and 18.0 product polypeptides. These
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FIG. 6. Relationship between concentration of str
A or protease inhibitors and inhibition of protein
- synthesis. At 9 hr pi WT infected cultures were
treated for 1 hr with varying concentration of one
of the following: str A (@), PMSF (O); TLCK, (X):
TPCK (A) or ZPCK (0), then were pulse-labeled for
1 hr at 37° with (®S]methionine, prior to sampling
for determination of CPM in protein. Each point rep-
resents an average value obtained from duplicate
cultures. Broken arrow indicates the concentration
of the inhibitors which suppressed PTC partially;
solid arrow the concentration which blocked PTC
entirely, as judged from the data in Fig. 7a and b.

at the proteolytic factor
polypeptides does
trypsin. Appli-
, which reduced
t 65% (Fig. 6),
ssing of core

cation of TPCK, at 107*
protein synthesis by a
completely blocked pr

trypsin was involved. This result wa
stantiated using ZPCK, another compou
with affinity for chymotrypsin-like pro-
teases, which at 10™* M reduced transla-
tion by only 50% (Fig. 6) but PTC com-
pletely (Fig. 7b). To prove that reduced
protein synthesis in the presence of TPCK
and ZPCK was not per se reapongible for
suppression of processing, str A was added
in varying concentrations to vaccina in-
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fected cultures during the chase period,
following pulse-labeling with [**S]meth-
ionine. It is evident that at 0.1 ug/ml of
this drug, which reduced protein synthesis
by about half (Fig. 6), PTC occurred nor-
mally (Fig. 74) and at 1.0 ug/ml, which
lowered the protein synthesis rate by 82%,
appreciable cleavage was evident in the
autoradiogram (Fig. 7a). Another protease
inhibitor, PMSF, was less potent in af-
fecting translation and even at 107 M had
no influence on PTC. Taken together these
data revealed that proteolytic factor(s)
which may bring about processing of the
viral core precursor proteins possess the’
specificity of a chymotrypsin-like pro-
tease.

[*H1ZPCK Labeling of the Protease In-
volved in PTC

Evidence that protease inhibitors such
as ZPCK have affinity for and form -co-
valent bonds with chymotrypsin-like pro-
tease(s) involved in vaccina virus devel-
opment, suggested that such protease(s)
might be identified by means of ZPCK car-
rying a suitable radiolabel. To this end,
cultures infected with WT vaccina or mock
infected cultures were incubated in the
presence of [°H]ZPCK for 3 hr commencing
at 10 hr postinfection. As a further test
of the origin of the protease(s), cells in-
tensively vy-irradiated with 70 krad from
a ®C source prior to infection, were ana-

,lyzed for PTC because such irradiation

was shown to suppress profoundly or abol-
ish transcription of host cell genes (Silver
and Dales, Can. J: Biochem. 1982, in press)..
Therefore, any polypeptide induced after
infection binding ZPCK would most likely
be a virus-specified function. When ex-
tracts of [PHJZPCK-labeled cells were sub-
jected to SDS-PAGE analysis, the auto-
radiograms revealed presence, exclusively
N material from infected cells, of a prom-
inent band migrating with an apparent
molecular weight of 12,500 (Fig. 8, chan-
nels 6 and 7). This band was entirely ab-
sent from uninfected, y-irradiated or unir-
radiated cells (Fig. 8, channels 8 and 9).
Several identical minor palypeptides were
also evident in PAGE of extracts from
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FIG. 7. (8, b) Effect of varying concentrations of protease inhibitors and str A on PTC. The

- autoradiogram was prepared from cytoplasmic extracts of WT vaccina virus-infected cells. Cultures
were treated as indicated above each channel, following pulse-labeling with *Slmethioinine for
1 hr commencing 9 hr pi (P), and incubation in chase medium irf presence of inhibitor for a further
8-hr period (C). Molar concentratioh of protease inhibitors which were 107%, 1075, 5 x 107%, 107¢,
and 1072 are labeled respectivaly as ~6, —5, ~4.3, —4, and —3 Str A concentrations in ug/ml were
0.04, 0.1, and 1.0. Arrowheads indicate positions of p62, 60 23, 185, and 18, respectively. Channel

V. pure virion polypeptides.

both virus-infected and uninfected cells.

None of these corresponded to the prom- _

inent polypeptide presumed to have been

labeled by [PHJZPCK. The major, virus- -

specified polypeptide, marked by addition
of [PHJZPCK, did not match in MW any of
the [®S}methionine-labeled proteins from
purified virus, also displayed in channel V
of Fig. 8. These results suggested that a
virus-specified. p12.5 protein, yhich has
affinity for ZPCK, was induced during vac-
" ecina virus infection, but was absent from
mature virions. It is hypothesized that this
polypeptide is related to the protease fac-
tor(s) involved in PTC. -

To ascertain whether the same polypep-
tide was present or absent during ts 1085
infection, which is blocked in processing
at the restrictive temperature, infected
cultures were labeled as above with
PHJZPCK. It is evident from the autora-
diogram (Fig. 8, channels 1-5) that
regardless of the conditions prevailing
during infection, i.e, whether labeling
occurred at 33 or 39°, or whether following
temperature shif-down transcription was
inhibited with-actinomycin D or transla-
tion with str A at concentrations which
block PTC (Nagayama et al., 1970), the
p12.5 polypeptide was induced. Therefore,
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Fic. 8 Identification of a polypeptide with pre-
sumed binding affinity for ZPCK. The autoradiogram
prepared from cytoplasmic fractions isolated from
cells infected with WT or ts 1085 vaccinia virus and
incubated in the presence of 107 M [*HEZPCK for 3
hr commencing at 10 hr pi. Channels (1-5) ts 1085
infected at 33° (1) and at 39° (2); shifted after 10 hr
at 39 to 33° during exposure to ZPCK (3); a8 in (3)
but with str A 10 ug/ml added (4); as in (3) but with
actinomycin D 4ug/ml added (5). Channels (6 and 7)
infected with WT virus; (8 and 9) mock-infected; v-
irradiated 1 hr prior to infection (7) and (9). Channel
V: (®Simethionine-labeled pure virion polypeptides.

synthesis of the ZPCK-binding protein
presumably occurred under circumstances
which were nonpermissive for processing
and maturation of vaccinia virus. This
finding was supported by results obtained
during infection with WT vaccinia virus
in the presence of 100 ug/ml of rifampicin,
an antibiotic which simultaneously blocks
morphoiesis and PTC in a manner closely
mimicked by ¢tz 1085 and other mutants of
this phenotype. When assayed dluring ri-
fampicin treatment or during arrest of

transcription and translation, following
removal of rifampicin, there was synthesis
of the polypeptide marked by [*HJZPCK
(data not shown).

Possible identity of the pl2.5 protein
with any labeled by [*HJamino acjds or
[®SImethionine was examined in ééls‘ of
cytoplasmic extracts. A band appeared
after labeling with [*H)amino acids or
[*S)methionine corresponding in MW to
the pl12.5 band evident after addition of
PFHJZPCK to infected cells (data not
shown),

Therefore, during vaccina virus infec-
tion, when host-related protein synthesis
is inhibited (Moss and Salzman, 1968), and
induction of host-related functions blocked
by y:irradiation, a p12.5 polypeptide, with
presumed affinity for chymotrypsin pro-
tease inhibitors, may be induced under
circumstances either permissive or re-
strictive for PTC and envelope assembly
and maturation. This polypeptide, if it was
present in isolated factories originating
from cells infected with WT virus, was not
labeled in vitro by [PH)ZPCK. The lack of
in vitro affinity labeling could explain the
absence of PTC during in vitro incubation
on the supposition that the protease fac-
tor(s) was lost or became inactive during
isolation.

DISCUSSION

In the current investigation, focusing on
the role of PTC and envelopes in vaccinia
virus biogenesis, use of conditional lethal,
ts mutants made possible an incisive anal-
ysis of the complex sequence of virus de-

~ velopment. In particular, mutants such as

t3 1085 and 7743, defective in both PTC of
core polypeptides and normal envelope
formation (Dales et al., 1978; Stern et al.,
1977) were amenable to the multidisciplin-
ary analysis described here.

The finding that different mutants like
ts 1085 and 7743, although of the same
phenotype as far as envelope formation is
concerned, have individual defects involv-
ing procesdsing of different polypeptidés
(Lake et al., 1979) indicates, first of all,
that PTC of one core polypeptide may oc-
cur independently of any other and second,
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that assembly. of immature virion enve-
lopes with normal morphology is not con-
tingent upon PTC, in support of previous
data of Stern and Dales (1976b) and Stern
et al. (1977).

In an endeavor to alucidate further the
connection between processing and virus
assembly, experiments were formulated to
identify protease factor(s) which might be
involved. As one approach, complemen-
tary infections were initiated from which
it became evident the dual infection at 39°
with ts 1085 and 6389, a DNA-mutant, re-
sulted in enhanced production of infec-
tious, mature virus as well as rescue from
the processing defeet inherent in ts 1085,
This experiment demonstrated that an
active proteolytic factor, once induced,
could bring about cleavage of core poly-
peptide precursor specified by a cleavage-
deficient mutant. Therefore, the defect in
ts 1085 probably involves proteolysis itself,
not the protein substrates being cleaved.
By contrast, with mutants like ts 7743, in
which some precursor®core proteins are
processed, these proteins may themselves
be mutated, as demonstrated by Mec-
Fadden et al. (1980) for a p37 core poly-
peptide of ts 9251. Such proteins might,
therefore, not be amenable to PTC. Data
from complementation experiments also
ruled out the possibility that an inhibitor
of PTC was acting during ¢3 1085 infection.
In contrast to the above data on comple-
mentation by dual infection, results from
cell-cell fusion experiments designed to
assess the mobility of protease factor(s),
showed that PTC was not rescued after
coalescence of cytoplasm of cells infected
by WT virus permissive for PTC with cells
infected by cleavage-defective ts 1085. This
result indicates that the proteolytic fac-
tor(s) involved may not be readily diffus-
ible between factories within a continuous
cytoplasmic compartment, perhaps be-
cause the site of synthesis and activity in
PTC must be somehow spatially coordi-
nated.

A series of experiments on cells infected
with tg 1085, in which cultures were shifted
for short periods to the permissive tem-
perature then returned to the restrictive
one, provided results consistent with the
view that PTC, once initiated under per-

missive conditions, does not continue to
function after “shift-up” to the restrictive
temperature. This evidence is consistent
with the finding that continuous tran-
scription and translation gre necessary to
maintain PT'C, even in the case of WT vac-
cina infection (present data and Stern et
al., 1977) and implies that the proteolytic
activity required to process vaccinia core
polytpeptides and facilitate the matura-
tion process can be active for only short
periods. Data from quantitative electron
microscopic analysis are entirely consis-
tent with the idea that control of PTC de-
termines also the assembly and matura-
tion process. With ts 1085 this is evident
from the direct relationship between time
spent at 33° and the number of immature
and mature progeny formed (see Fig. 5).
Continuation of virus development follow-
ing shift-up to 39°, albeit limited in extent,
presumably involves those immature vi-
rions which can utilize the preformed pro-
tease factor(s) available to them. This sug-
gestion is in agreement with the finding
by Dales and Mosbach (1968), that after
rapid suppression of translation with str
A, during infection with WT vaccinia, as-
gsembly of small quantities of mature, in-
fectious progeny may continue.

Present studies, employmg specific pro-
tease inhibitors, were useful in character-
izing the vaccina virus protease factor(s). -
Specific affinity for TPCK and ZPCK im-
plies a chymotrypsin-like active site on the
protease. Binding studies employing iso-

labeled ZP@K, although not de-
ecause dissociation of °H from the
ibitor molecule was not ruled out, sug-
gest that this protease is a pl2.5 virus-
specified polypeptide, which is absent from
the mature virion itself. In terms of mo-
lecular weight, this protein is substan-
tially smaller than p24 MW of chymo-

“trypsin, but approximates the p15 size of

the protease identified within avian sac-
roma viruses, which is involved in PTC of
the virion pr76 precursor polyprotein and
maturation (von der Helm, 1977).
Synthesis of a viral protein with affinity
for ZPCK, under a variety of circum-
stances permissive or restrictive for PTC
and maturation, suggests that it is not the
inhibited synthesis of the factor per se
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which is connected with arrest in prote-
olysis. Rather, the basis for the defects
may result from (1) unavailability at the
time and place required, of nascent pro-
tease, as evident with WT infection, or (2)
protease interactions with abnormal prod-
ucts and or aberrantly constructed im-
mature particles. Thus, in the case of mu-
tants like ¢s 1085 and 7743, conformational
state of each polypeptide precursor within
the asembling immature.virion and spa-
tial relationship to the envelope could con-
ceivably determine whether PTC can oc-
cur. With WT vaccina infectien, it might
be assumed that the protease factor has
to be in the appropriate place and active
state within assembling immature forms
to permit PTC to occur.

Combined data from‘current and pre-
vious investigation lead us to the following
model of vaccina virus biogenesis: the en-
velopes, assembled de novo and coated ex-
ternally by spicules which determine the
spherical form of the immature particles
(Dales and Masbach, 1968), are formed
around quanta of DNA and polypeptides,
among them proteins destined as enzy-
matic or structural components of the core
(Pogo and Dales, 1971;. Nagayama et al.,
1970; Stern and Dales, 1976b; Stern et
al., 1977). The internal components then

acquire Wation with respect
to envelope, nt which becomes

ritical for subsequent PTC controlled by
the virus-specific protease. The protease
or a factor required forsactivity, with a
rapid turnover rate or short half-life, has
to be incorporated as a nascent polypep-
tide into immature particles before the
nvelope has been completed or sealed.
ce PTC is initiated all precursors are
protessed, although cleavage of one is not
contingent on that of another. PTC is
obligatory for prqgression from immature
into the mature form. As a consequence
PTC, induction of core enzymes, internal
differentiation into the core, and lateral
bodies and acquisition of infectiousness
are temporally coordinated, tightly ¢ou-
pled events..
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