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Foreword

This volume, Biology of Poxviruses, marks our debut as editors of this well
known series. We plan to continue the tradition of providing a forum for exten-
sive, critical reviews of individual virus groups, as exemplified by the present
volume.

But the pace of discovery is accelerating so rapidly that we feel the need to
offer an additional format: volumes that contain collections of shorter, topical
reviews on a group of related subjects. Such collections might cut across con-
ventional boundaries between virus groups, dealing, as an example, with a partic-
ular aspect of virus-cell interaction.

Admittedly, this new format stretches the term ‘“monograph” beyond the
accepted definition, but we believe that we should pay that price to maintain the
usefulness of the series as a medium of scientific communication.

Whenever possible, we will enlist the aid of deputy editors to bring such col-
lections to fruition. As in the past, the editors and the publisher will welcome
suggestions for topics and contributions.

D. W. KINGSBURY H. zur HAUSEN
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I. Introduection

A. Scope of the Presentation

Smallpox, once a global infectious disease of man, has now been eradicated,
due to intensive efforts sponsored and supervised by the World Health Organiza-
tion. However, wide interest in the poxviruses persists, as attested by numerous
articles published over the last 10 years. Several reasons may be offered to account
for the continuing preoccupation with these agents. From the point of view of
human disease, there is a close relationship between the agents of smallpox i.e.,
variola major and manor, and other mammalian viruses which are enzootic and
which produce infection in man simulating variola (Esposito et al., 1977a,
Baxpy, 1977a; ANDREWES and PEREIRA, 1974), raising the possibility that
smallpox virus might re-emerge from one of these agents by mutation.

Regarding another disease of primary concern to dermatologists, is the close
pathological similarity between epidermal nodules produced by the agent of
Molluscum contagiosum and benign tumors formed in monkeys by infection with
Yaba virus or in rabbits by fibroma viruses. This relationship continues to draw
the attention of virologists investigating the general problem of cellular trans-
formation and malignancy.

Furthermore, the high order of complexity associated with the structure,
development, and function of the poxviruses has broadened interest in these
agents as models of gene expression and control in eukaryotic cells. For such
studies experimentalists now have at their disposal updated or new microtech-
nology for manipulating cell-virus systems, and they frequently employ a multi-
disciplinary approach combining genetics, biochemistry, immunology and electron
microscopy.

We shall attempt to cover for the reader in considerable detail developments in
poxvirus biology. To do justice to the earlier literature we have directed the
reader, whenever possible, to suitable review articles. We are aware that, in
developing this overview, personal bias may have resulted in an emphasis on some
items of information in preference to other items, and these instances may appear
to the cognoscenti as capricious or arbitrary selections of the cited work. But our
consistent intention was to provide, as far as possible, a balanced and succinct
survey of the biology of these agents.

Virol. Monogr. 18 1



2 I. Introduction

B. Historical Development

Although smallpox has been known for centuries as one of humanity’s most
prevalent and deadly infectious diseases, the viral nature of the agent responsible
was not understood until the turn of the present century. Yet, paradoxically,
smallpox was among the first diseases shown to be amenable to prophylaxis, the
means of prevention having apparently been discovered independently on different
continents (LANGER, 1976). In Africa and Europe, practitioners of folk medicine
inoculated fresh material taken from the pustule of a patient into skin abrasions
to produce immunity. In ancient China, the practice of variolation prevailed, a
procedure in which dried material prepared from pustules of patients recovering
from a relatively mild disease was administered by inhalation to individuals,
usually groups of children from the priviledged classes, kept in isolation under the
supervision of physicians. When, at the instigation of the more enlightened
eighteenth century leaders, inoculation in Europe and North America came into
use as a formal routine in medical practice, in the best circumstances the protection
afforded was incomplete, with refractory mortality ranging from one to several
percent among inoculated individuals. Moreover, since care was not taken in the
urban setting to isolate recently inoculated subjects from the susceptible popula-
tion at large, the intended prophylaxes actually initiated local epidemics of
smallpox among the contacts. Such experiences discouraged the acceptance of
routine inoculation against smallpox as a mandatory public health measure. The
advent of modern concepts of smallpox prophylaxis is properly dated from the
practice of vacciniation (vacca being the latin word for cow), which commenced
with the pioneering discovery of EDWARD JENNER, reported by him in 1798
(LANGER, 1976). JENNER realized that the variolae (pustules) which develop on
the skin of cows contain a material (now known to be cowpox virus) capable of
inducing a localized, mild disease in the human. In part, JENNER’s conclusion was
derived from observing that country milkmaids, who frequently were in contact
with variolae of cows, were spared from smallpox. Today, we understand that the
serological relatedness of the cowpox and variola agents explains the immunologi-
cal protection afforded by the former. Now that variola has been eliminated as a
human disease and the practice of mandatory vaccination is being discontinued,
can one be certain that a smallpoxlike human agent might not again emerge? We
shall deal with this matter in section IX (Genetics).

Concerning the physical nature of the poxviruses, Buist has been credited with
the first description, in 1887, of the elementary body (EB) or particle of vaccinia
virus (see BLaxDp and Rosinow, 1939). Nevertheless, it is voN PAscHEN, who
described the EBs precisely in his initial (voN PascHEN, 1906) and subsequent
publications, to whom the first microscopic characterization of a poxvirus
(Fig. 1) is frequently attributed. A correlation between the EB and the infectious
entity was not, however, established until LEDINGHAM (1931) demonstrated that
antisera produced against vaccinia virus or fowlpox virus could simultaneously
agglutinate and neutralize the infectivity of EBs. Other evidence, provided by
WooDRUFF and GOODPASTURE in 1929 (see SMADEL and HoAGLAND, 1942), showed
infectiousness of fowlpox particles termed Borrell bodies. While these data were
less incisive, they substantiated LEDIN¢HAM’s discovery. The infectious Borrell
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EBs become embedded during the occluded phase within proteinaceous cytoplas-
mic masses referred to as Bollinger bodies (BoLLiNGER, 1873), presumably
equivalent to more recently characterized acidophilic A-type inclusions (Kato
et al., 1962a).

Fig. 1. Imprint of a rabbit cornea, infected with vaccinia virus, prepared by von

PAscHEN using the staining procedure developed by him. The slide was donated by

voN PascHEN to C. F. RoBiNow, Dept. of Microbiology and Immunology, University

of Western Ontario, who kindly photographed a selected area in 1979, using bright

field optics. Note the large number of uniform elementary bodies which occur in the
vicinity of the infected tissue. X 3200. Bar is 1 pm in length

Intracellular structures associated with poxvirus infections were also identified
at the turn of the century in both living and preserved tissue preparations.
Vorrino (1907) was able to observe the Brownian motion of EBs in living corneal
tissue. Even earlier, GUARNIERI (1892) had suggested a relationship between the
cytoplasmic inclusions which bear his name (and which are currently termed
virus “factories” of CATRNs (1960), where DNA replication and virus assembly
occur) and a stage in the development of EBs. As the resolving power and image
definition of the light microscope were improved, new techniques of specimen
preparation were conceived that provided more accurate data about the poxviruses
that remain valid to this day. Notable among these achievements was the use of
annular oblique illumination by HmMMELWEIT (1938) to describe formation of
so-called Marchal bodies in living cells of the chorioallantoic membrane infected
with ectromelia virus. These Marchal bodies, which are equivalent to Bollinger

1*



I. Introduction

Table 1. Classification and salient

Genus

Orthopoxvirus

Avipoxvirus

Capripoxvirus

Leporipoxvirus

Prototype of group

Vaccinia group

Fowl pox group

Sheep pox group

Myxoma group

Other members
(host species)

buffalopox virus (buffalos)
camelpox virus (camels)
cowpox virus (bovines,
man)
ectromelia virus (mice)
monkeypox virus
(monkeys, man)
rabbitpox virus (rabbits)
variola virus (man)

canarypox virus
juncopox virus
pigeonpox virus
quailpox virus
Sparrowpox virus
starlingpox virus
turkeypox virus

goatpox virus
lumpy skin disease
(Neethling) virus

hare fibroma virus

rabbit (Shope) fibroma
virus

squirrel fibroma virus

Salient
characteristics

Viruses of mammals. In-
fectivity of virions is in-
sensitive to ether. Variable
serological cross-reactivity
and genome homology
occurs. A hemagglutinin

Viruses of wild and
domestic birds. Infectivity
is insensitive to ether.
Serological cross-reactivity
occurs between members
of the group. Type A

Viruses of ungulates.
Infectivity is sensitive to
treatment with ether.
Serological cross-reactivity
occurs between members
of the group. Hemagglut-

Serological cross-
reactivity occurs betweén
members of the group.
Hemagglutinin is absent.
Induce benign tumors.

inclusions are induced but | inin is absent.

hemagglutinin is absent.

induced during infection
appears at cell membranes
but is not a component of
the virion itself. Some
members induce type A
inclusions.

# Derivation of names

pox: from plural of pock (Old English poc, pocc-) capri: from Latin caper, capri ‘goat’
‘pustule, ulcer’ lepori: from Latin lepus, leporis ‘hare’
ortho: from Greek orthos ‘straight, correct’ para: from Greek para ‘by the side of’

avi: from Latin avis ‘bird’ entomo: from Greek entomon ‘insect’

bodies or A-type inclusions of Kato et al. (1962a), described above, could be
distinguished by HiMMELWEIT from EBs. Application of the dark-field technique
coupled with U. V. illumination and improved lens systems permitted BARNARD
(1931) to recognize clearly and measure individual EBs of ectromelia virus
obtained from extracts of infected mouse tissues. He was also able to identify, by
their similar appearance and size, the EBs within cytoplasmic MARCHAL inclusions
and show, in collaboration with ELFoRD, that the infectious component that
filtered through collodion membranes of predetermined porosity was in fact the
EB (appendix in BARNARD, 1931). Unfortunately, BARNARD was misled by images
of paired EBs of ectromelia virus into the belief that he had observed a micro-
organism undergoing binary fission and his estimates of the sizes of the poxviruses
were much too low.

Despite the early discoveries cited above and efforts by numerous other
workers, precise data concerning the physical-chemical characteristics of the
poxvirus EB and the nature of its replication did not begin to emerge clearly until
the period commencing in the later 1930’s and early 1940’s. Among the most
notable contributors belonging to the modern era of poxvirus research were
Cratcie and his colleagues at the University of Toronto (CRAIGIE and WISHART,
19364a, b; WisHART and CRAIGIE, 1936), BLaND, RoBINOW and their associates in
England (1939) and the Rockefeller Institute team in New York, comprised of
SmapEL, HoacLAND, RIVERS, SHEDLOVSKY, PARKER and others (SMADEL and
HoacLAND, 1942). The inevitable interrelationship between development of
technology and rapid scientific progress was once again in clear evidence during
this fertile period. Spectrophotometry permitted more sensitive microchemical
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features of the Family Poxviridae®

Biologically related . Entomopoxvirus
to Leglon poxvirus? Parapoxvirus (insect species)
Biologically like the Orf group Melolonth lolonth A moors Chironomus luridus
Myxoma group ? subgroup A subgroup B subgroup C
of Coleoptera of Lepidoptera of Diptera
Molluscum contagiosum bovine pustular stomatitis | Anomala cuprea Acrobasis zelleri Aedes aegypti
virus (human) virus Aphodius tasmaniae Choristoneura bienni. Camptochi
swinepox virus (pig) chamois contagious Demodema bonariensis | Choristoneura conflicta tentans
Tanapox virus (human) ecthyma virus Dermolepida albohirtum | Choristoneura diversana | Chironomus atten
Yaba monkey tumor milker’s node virus Figulus sublaevis Charizagrotiz iliaris | Chir Pl
poxvirus (monkey) Geotrupes sylvaticus Operophtera brumata Goeldichironomus
Othonius batesi Oreopsyche angustella holoprasinus
Phyllopertha horticola and from the Ortho-
ptera:
Melanoplus sanquinipes

Serological cross-reactivity
occurs between some mem-
bers of the group. Cause
benign tumors in primates
and pigs.

Viruses of ungulates which
occasionally infect man.
The morphology of the
virion is distinctively dif-
ferent from that of the
other poxviruses of the
mammals and birds (see
section on “the Virion”,
below). Serological cross-
reactivity occurs between
members of the group.
Hemagglutinin is absent.

Several different morphological types have been identified. The surface is
generally covered with globular, rather than tubular elements of the warm
blooded hosts. In some types only one, rather than two lateral bodies, is
present. There is no serological cross-reactivity between viruses in this
group and vertebrate poxviruses.

The virions are vivid
and possess a single
lateral body in associa-
tion with a unilaterally
concave core.

The virions are ovoid
and posses a single
lateral body in associa-
tion with a cylindrical
core.

The virions are brick-
shaped like the verte-
brate poxviruses, possess
two lateral bodies and a
bioconcave, plate-like
core.

analyses and ultracentrifugation made it possible to concentrate and purify virus
particles obtained from cow lymph or from rabbit epidermis in quantities of up to
several hundred milligrams (LEDpINGHAM, 1931; CralciE, 1932). Methods were
developed for sensitive immunological typing, for quantitation of infectivity using
the REED and MUENCH (1938) end-point assay and for accurately determining the
size, shape, number and purity of particles, taking advantage of the high resolving
power of the electron microscope (voN BORRIES et al., 1938; GREEN et al., 1942).

Utilizing cytochemical methods adapted for FEULGEN staining of DNA, BLaND
and RoBINow (1939) documented in a synchronous infection that EBs of vaccinia
become incorporated into the host-cell, then lose their identity, and then later
induce the formation of large DNA-containing cytoplasmic inclusions within
which developmental forms of progeny EBs appear. This study drew attention to
the eclipse phase of the virus and the obligatory involvement of DNA-rich
inclusions in the replicative cycle, alluded to previously in the 1914 publication of
voN PrRowAZEK (cited by BLAND and RoBINow, 1939). More modern studies using
either light or electron microscopy, reviewed by DownNIE and DuMBELL (1956),
JOKLIK (1966), and Moss (1974), have corroborated the essential features of the
studies by BLaxD and RoBINow.

By applying immunological procedures to disrupted EBs, CrAIGIE and
colleagues distinguished a heat labile (L) from a heat stable (S) surface antigen of
vaccinia virus, and both of these from a third, so-called nucleoprotein antigen.
This work provided a clear demonstration of the antigenic complexity of the EB
itself. All 3 components were also present as soluble antigens in preparations of
dermal extracts employed as a vaccine (CRAIGIE and WisHART, 19364, b). These
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“LS agglutinogens” could elicit the formation of specific rabbit antibodies capable
of agglutinating EBs or soluble antigens in the vaccine fluid and neutralizing
infectivity (WISHART and CRAIGIE, 1936).

Having the capability of producing large quantities of EBs, and then being
able to purify, concentrate and quantitate them as physical particles and infectious
units enabled the Rockeller Institute team to generate a great deal of fundamental
information about the chemical and physical characteristics of vaccinia virus
(SMADEL and HoAGLAND, 1942) that provided a firm foundation for later studies.

C. Natural Distribution and Classification

Poxviruses have been identified in a large variety of wild and domestic mam-
mals, in birds, and in four orders of insects (MATTHEWS, 1979; ANDREWES and
PEREIRA, 1972; BERGOIN and DALEs, 1971; Granapos, 1973). In the homoio-
therms the predominating type of Orthopoxvirus is morphologically typified by
vaccinia virus (Fig. 2). Parapoxviruses possess a more ovoid or elongated form
(Table 1), illustrated in Fig. 3, as exemplified by contagious pustular dermatitis
(Orf) virus of sheep and pseudo-cowpox (milker’s node) virus. Among the more
than 20 insect poxviruses identified to date there exists a greater variability in
size and shape, as well as external and internal morphology (BERGOIN and DALES,
1971, GraNaDOS, 1973a) (Table 1; Figs. 6, 13). However, in some insect agents, the
presence of a biconcave core and two lateral bodies gives the virus an internal
appearance that is virtually indistinguishable from that of vaccinia virus. To
facilitate an objective identification of individual isolates among the numerous
pro- and eukaryotic agents, the International Committee on Taxonomy of
Viruses has adopted a classification scheme for each of the major virus groups
including the poxviruses (MATTHEWS, 1979). In Table 1, which presents an abbre-
viated version of the most recently published classification (MATTHEWS, 1979), the
poxviruses are grouped as a Family and further subdivided into Genera and
Species. However, unlike species of plants and animals, which can be defined and
grouped according to an objective Linnean classification, viruses by virtue of
their obligatory parasitism can become adapted to replication in several and even
many hosts. In some instances, exemplified by the wound tumor virus of clover,
multiplication in both plant and insect hosts can take place (Hsvu et al., 1977).
Obviously, use of the Linnean classification scheme to identify viruses may be
useful for some purposes, as in grouping antigenically related types (Esposrro
et al., 1977a—c; BaAXBY, 1977a, b; MaTTHEWS, 1979), or agents with nucleic acid
homology (ARCHARD and MACKETT, 1979; MACKETT and ARCHARD, 1979; WITTEK
et al., 1980a) and for communicating information among virologists, but is not
suitable for relating certain kinds of biological criteria of the type used to define
bona-fide species of organisms.
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II. The Virus Particles-Elementary Bodies

A. Isolation and Purification

Before the availability of tissue culture systems, vaccinia virus was routinely
propagated in chicken embryos, notably on the chorioallantoic membrane (JOKLIK,
1962¢), or it was obtained from calf Ilymph, the usual source of human vaccine ma-
terial. Procedures were introduced by CRAIGIE and his colleagues (CRAIGIE, 1932)
for laboratory production of EBs on a larger scale, to give yields up to 100 mg or
more of virus particles. For this purpose, shaved areas of rabbit skin are inoculated
by scarification, allowing the virus to proliferate and spread throughout the
epidermis. Within a few days, the entire epidermal surface becomes a mass of dead
cells filled with EBs, which can be collected readily by scraping the surface. The
Rockefeller Institute group, using a combination of CRATGIE’S and LEDINGHAM’S
(1931) partial purification methods, developed a scheme for obtaining pure EBs
(SMADEL and HoaGrLAND, 1942). Briefly, rabbit epidermal pulp was suspended in
distilled water, and the larger debris was removed by centrifugation at low ¢
forces. Then, the virus was sedimented at higher speeds in an angle rotor of a
centrifuge which had just been invented and developed by PickeLs. The homo-
geneity of EB preparations was established using electrophoretic analysis and
sedimentation in an analytical ultracentrifuge. In both instruments, the virus
particles formed a characteristic single boundary pattern, and examination in the
electron microscope revealed the presence of isolated EBs free of contamination
(SMADEL and HoAGLAND, 1942). In more recent times, we and others have also
employed the rabbit skin in conjunction with modern purification schemes for
producing large quantities of pure rabbitpox virus and can attest to the usefulness
of this procedure (ZwarToUW, 1964; P. GoLD and S. DALES, unpublished).

Following the advent of reproducible and easily manageable methods for
routinely propagating cells in vitro as fresh explants from embryos and tissues or
as continuous, defined cell lines, the poxviruses could be produced in a more
fastidious and controlled manner. However, initially, because of practical limits
on the number of tissue culture cells which could be routinely handled, only
relatively small yields of EBs were obtained. During earlier times, when use of
cell cultures in animal virology first came into vogue, stationary cultures in
bottles were employed exclusively. Subsequently, techniques were introduced for
propagating continuous lines such as the HeLa cell strain in agitated suspension
(JOKLIK, 1962a), or as extensive monolayers in cylindrical, slowly rotating bottles.
Both culture systems, especially suspension cultures, when scaled up to a volume
of ten or more litres, can provide sufficient EBs for analytical work (Moss and
ROSENBLUM, 1974 ; JOKLIK, 1962d), in quantities approximating those obtainable
from rabbit dermal pulp.

Cell-associated EBs, which constitute the bulk of the virus at the end of the
growth cycle, can be dispersed or divested of their host-derived wrapping mem-
branes by subjecting the lysates to multiple cycles of freezing and thawing
(GREEN et al., 1942; JoxLIk, 1962d; Moss and RosENBLUM, 1973), by homogeniza-
tion, or by disruption with ultrasonic oscillations (STERN and DaLEs, 1974). The
capacity of fluorocarbons such as Genetron to remove preferentially the bulk of
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cell debris from lysates of infected cells, leaving behind the virus in the aqueous
phase, has also been utilized for rapid purification of these agents (EPsTEIN,
1958a, b; Prau and McCrEea, 1963). When fluorocarbon extraction is followed by
sedimentation through CsCl density gradients, highly pure preparation of virus
can be obtained (PLANTEROSE et al., 1962). More commonly in use today is the
procedure of HOAGLAND et al. (SMADEL and HoAGLAND, 1942), adopted by JokLIK
(1962¢), and ZwarTouw and his colleagues (1962), which includes the initial
removal of larger cell particulates followed by differential centrifugation to
concentrate the impure virus into pellets. The suspensions of isolated EBs are
finally sedimented into bands by centrifugation through sucrose density gradients.
In our experience, small fragments of adventitiously attached membranes of host
origin are not completely removed from the EBs, even following several cycles of
centrifugation through sucrose gradients. By contrast, sedimentation through
potassium tartrate gradients, first employed with viruses by McCrEa and col-
leagues (McCRrEA et al., 1961), does yield very pure, viable EBs, which are com-
pletely free from extraneous membrane contaminants (STERN and DALES, 1974).
Although tartrate causes clumping of EBs, the removal of residual tartrate
solution can be effected either by centrifugation or by dialysis through a semi-
permeable membrane and the EB aggregates can be dispersed by ultrasonic
oscillations (MULLER, 1974 ; GEISTER and PETERS, 1969; Moss et al., 1975).

B. Structure and Physical Properties

Although the uniformity and approximate size of some pox viruses was
ascertained by the earliest investigators employing the light microscope, the
precise size and shape of these agents first became evident from examinations in
the electron microscope. Both voN BorriEs and the Ruskas (1938) and later
GRrEEN and colleagues (1942) described the oval or brick shaped profiles of dehy-
drated, unstained EBs of vaccinia and also recognized the presence of dense
internal structures, which were a regular feature of the EBs. The literature of that
period contains frequent remarks about the comparable sizes of EBs and the
Rickettsiae, from which it was correctly surmised that poxviruses must be endowed
with great biological and structural complexity. After coating by a layer of
evaporated metal film, additional topological features became apparent on the
EBs. PeTERS and his colleagues coupled controlled protease and DNAse enzymatic
hydrolysis with metal-shadowing in a series of classical studies which clearly
revealed for the first time many of the subviral components of vaccinia virions.
These components are now referred to as the envelope, lateral bodies, and the core
or nucleoid containing the DNA (PETERS, 1956; STOEKENIUS and PETERS, 1955).
Information derived from such whole mount preparations was corroborated and
substantiated by means of thin sections of EBs embedded in plastic (PETERS, 1956;
EpsTEIN, 1958b; DaLEs and SmvinoviTcH, 1961). The same general features
characterizing vaccinia virus are fundamental to all agents in this Family. More
recently devised methods for improved visualization of free or plastic-embedded
virions, notably application of freeze etching and staining with salts of the heavy
metals tungsten and uranium, has enabled the identification of many additional
features in the fine structure of EBs during the past twenty years. These features
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include the surface ridges or surface tubular elements (STE) illustrated in Figs. 2
to 4 (BERGOIN and DaLgs, 1971; DaLgs, 1962; WESTWOOD et al., 1964). In the
case of parapoxviruses such as Orf virus, the ridges form a single, continuous helix

Fig. 2. Highly purified vaccinia virus examined as a whole mount after negative stain-
ing. The surface of each particle is covered by tubular structures (from GorLp and
DaLES, 1968). X 90,000; insert X 145,000. Bar is 1 pm in length

Fig. 3. Whole mount of Orf virus (pustular dermatitis) isolated from a human skin

infection by L. Hatcu and photographed by M. Harr (Dept. Microbiology and Im-

munology, University of Western Ontario). The continuous tubular surface structure

is evident on both sides of the particle in B, giving the impression of a double helix

(which actually does not exist). In 4, the arrows indicate the limit of the envelope.
X 135,000. Bar is 0.1 pm in length
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at the virion surface. When the particles are viewed after staining with phos-
photungstic acid, images from both the top and bottom of the virion become
superimposed upon each other, giving rise to the crisscross pattern (PETERS et al.,
1964) illustrated in Fig. 3B. The STE helix has been shown to be wound around
the virion in a left-handed sense (NacINGTON et al., 1964). Minute granules or
globular structures, illustrated in Fig. 4, can be seen at the edges of STE in replicas
or in freeze-cleaved preparations of vaccinia EBs (MEDzON and BavEr, 1970).
After vaccinia virus is heated to 50°, or in preparation of damaged virions, or
following treatment with non-ionic detergents such as Nonidet P40 or Triton
X-100, the convoluted appearance of normal envelopes evident by negative
staining changes. The envelope takes on a smooth or collapsed appearance, reveal-
ing, as in Fig. 5A, the presence of an internal, rectangular core (EASTERBROOK,
1966; DALES, 1963). Some investigators designate damaged or denatured EBs
C forms and refer to normal virions as M forms (WESTWOOD et al., 1964).

Fig. 4. Vaccinia virus examined as a replica of a whole mount, following freeze-etching.

Rows of small globules are evident along the edges of surface tubular structures.

(From MEDzON and BAUER, 1970, kindly provided by E. L. MEpzoN, Dept. Micro-

biology and Immunology, University of Western Ontario.) X 179,000. Bar is 0.1 pm
in length

The internal structure of EBs is clearly evident in thin sections of embedded
virions, but details of fine structure, such as the pallisade layer of spicules sur-
rounding the core, illustrated in Fig. 5A, B, are revealed most clearly by negative
staining. Thinly sectioned EBs stained with uranyl salt solution reveal the
presence inside the core of DNA which sometimes appears as loosely tangled fine
threads or which may occur as tightly packed bundles of filaments (DALES, 1963).
In some preparations of vaccinia virus and other poxviruses, a folded coil or
cable 250 nanometers long and 40—50 nanometers in diameter has been observed
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to occupy the space inside the core (Fig. 6). A dense 10 nanometer axis evident in
longitudinal or cross sections at the centre of the cable was presumed to represent
the genomic DNA surrounded by the less dense protein(s) of the cable (PETERS
and MULLER, 1963).

Fig. 5. A Negatively stained whole mount preparation of a vaccinia virion with a col-
lapsed envelope. A short pallisade layer of spicules covers the central, rectangular core
(from DALEs, 1963). % .134,000 -
B An isolated core and lateral bodies evident in whole mount after negative staining.
The envelope was removed by controlled degradation with NP40 and 2-mercapto-
ethanol (From Pogo and DaALEs, 1969a). X 120,000
C—D Thinly sectioned vaccinia virions illustrate the core (C) enclosing the dense,
fibrillar DNA, two lateral bodies (L) and the envelope (). C, section parallel and D,
perpendicular to the long axis. X 140,000. The bars are 0.1 pm in length
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In Table 2 are presented the dimensions of the salient features reported for
representative poxviruses of the homoiotherms and insects. From these data it
becomes clear that parapox viruses such as Orf virus, shown in Fig. 3, are relatively

Fig. 6. Diagrammatic representation of an insect poxvirus, Melolontha, in the a longi-

tudinal, b transverse and ¢ horizontal planes of symmetry. Numbers are the average

dimensions in nanometers. The cable structure is drawn at the center of the core
(from BERGOIN et al., 1971)
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more elongated, with a 1.6 ratio of length to width. In comparison, orthopoz-
viruses, exemplified by vaccinia virus exhibit a length to width ratio of only 1.3
(BErGoIN and DALES, 1971 ; PETERS ef al., 1964; RoBERTS, 1968). The presence of
one or two internal lateral bodies and their disposition in relation to the core also
becomes a diagnostic feature of certain insect poxviruses, along with the folded
cable structures within the core (Table 2 and Figs. 5B—D, 6).

Since the dimensions of EBs are ascertained from electron micrographs of
particles prepared by a variety of procedures which inevitably cause, to a varying
degree, damage or shrinkage due to dehydration, the size variability of 10—159%,
reported by different investigators is readily explained.

Table 2. Sizes and characteristic features of the poxviruses

References
Length | Width | Core shape and as listed in
Agent my. muy internal structure | Lateral bodies | Bibliography
Vaccinia 235-280 | 165-225 | biconcave, plate- | 2 distinct 439, 487, 125
like may contain 375, 122
folded cable
structure
Molluscum 300 225 as above as above 9
contagiosum
Fowlpox 330 285 as above as above 9
Sheep pox 195 115 — as above 9
Orf 250-295 | 160-190 | as above as above 9, 376
Chironomus 320 230 as above as above 162, 452
midge (in-
sects)
Melolontha 400 250 unilaterally in- 1 only lodged |52, 162
(insects) vaginated or kid- | within the de-
ney shaped, cable | pression of the
structure present | core
Amsacta 350 250 prolate elipsoid probably only | 52, 162, 164
(insects) 1 indistinctive
surrounding
the core

C. Composition and Physical Properties

Availability of pure EBs in adequate quantity enabled workers at the Rocke-
feller Institute to collect data on numerous physical and chemical properties of
vaccinia virus. On exposure to various solute concentrations, the EBs were shown
to respond to changes in osmotic pressure in a manner expected of entities enclosed
by a semipermeable membrane (SMADEL and HoAGLAND, 1942). Thus, the density
of EBs was found to change according to the composition of the suspending
medium, being 1.16 g/ml in dilute buffer and 1.25 g/ml in 509, sucrose. In the
analytical ultracentrifuge, the EB had a sedimentation coefficient of 4910s
(s =Svedberg units). Assuming a brick shape for the virion and using the density
and other physical measures, SMADEL and colleagues estimated the average
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dimensions of the hydrated EB to be 252 nm in length and 236 nm in width
(GREEN et al., 1942), in good agreement with direct measurements obtained by
investigators 20 years later using electron microscopy and negatively stained
virions (WESTWOOD et al., 1964) (see Table 2). Weight estimations on suitably
dehydrated preparations of pure vaccinia virions gave a value of 5.5 x 10-15 g per EB
(SMADEL and Lavin, 1940; SMADEL and HoaeLAND, 1942; JoKLIK, 1966), and for
a parapoxvirus such as Orf virus, 3.7 x 1015 g per EB (references cited in JOKLIK,
1966).

Table 3. Chemical composition of vaccinia virus expressed as percentage
of the dry weight

References as listed in bibliography
Substance 438, 176, 439 560 203

Principal components

Nitrogen 15.3 14.7

Phosphorus 0.57 0.49

Sulfur — 0.76

DNA 5.6 3.2 5.25

Cholesterol 1.4 1.2

Phospholipid 2.2 2.1

Neutral fat 2.2 1.7
Trace material

Carbohydrate 2.8 0.2

Copper 0.05 0.02 0.02

Riboflavin 1.3 x 1073 0.5 x 103

Biotin present 1.3 x 10-%

RNA trace 0.1 0.1

Disruption of virions in alkaline solution enabled SMADEL et al. (1940) and
HoAcLAND et al. (1940) to obtain extracts of nucleoprotein in which the nucleic
acid was shown by spectrophotometry and colorimetric determinations to be of the
thymus (i.e. DNA) type. Other components were also determined and the values
obtained, shown in Table 3, are compared with those from more recent analyses
by ZwarTouw and others. An appreciably lower estimate of the DNA content
found by ZwarToUuw (1964), is ascribed by this investigator to inaccuracies in the
earlier estimations due to differences in calculating the mass of the EB, problems
in extraction of the DNA, inherent errors in the colorimetric assays and other
analytical errors. ZWARTOUW concludes that based on the phosphorus content of
the virion, the lower estimate for percent of DNA is probably the more accurate.
The physical-chemical characteristics of poxvirus DNA will be considered in
detail subsequently.

Most investigators agree that RNA, if it is present in the virion at all is usually
detectable in only trace amounts (SMADEL and HoAGLAND, 1942, ZwARTUOW,
1964, JOKLIK, 1966), perhaps due to incorporation during assembly of adventitious
cellular RNA or virus-related transcripts which have not become dissociated from
the DNA before packaging of the genome within cores (RoENING and HoLowczAK,

1974).
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The presence of other substances in trace amounts suggests that they also are
impurities which become adventitiously absorbed (ZwarTouw, 1964). In the case
of Cut+, the bound element is probably concentrated on the virus surface during
purification (SMADEL and HoAeLAND, 1942), since EDTA is effective in its removal.
Although carbohydrate occurs in only trace amounts, the presence of glucosamine
in virion polypeptide(s) and other sugars in the envelope glycolipids makes these
carbohydrates bona fide components of the virion (HoLowczaxk, 1970; GArRoN and
Moss, 1971; Moss et al., 1971 ; ANDERSON and DaLEs, 1978).

Lipid constitutes about 59, or more of the wet weight of the vaccinia virion
(SMaDEL and HOAGLAND, 1942; ZwarRTOUW, 1964), but is claimed to comprise as
much as 349, of the dry weight of the fowlpox virion (see LYLES et al., 1976 for
additional citations). Approximately equal parts of phospholipid and cholesterol
oceur in vaccinia virions and both are totally extractable from the lipoprotein
envelope by suitable lipid solvents or detergents (STERN and DALES, 1974; DALES
and MosBacH, 1968). While SMADEL and colleagues and subsequently others
reported that removal of cholesterol by means of ether does not affect infectivity,
ZwarToUW (1964) observed that ether extraction at 37° did, in fact, reduce very
appreciably the infectiousness of EBs. The phospholipids of the virion, while
somewhat different in composition from those of the host cell in which the virus is
propagated, are acquired from host cells (DALES and MosBacH, 1968; STERN and
Davrgs, 1974, 1976 a). Host-derived glycolipids also occur in the virion (ANDERSON
and DaLEs, 1978). In the case of fowlpox, the presence of squalene and cholesterol
esters appears to be a unique finding (WHITE et al., 1968; LyYLES et al., 1976).

D. Estimating Infectiousness of EB

The development of an accurate and reproducible quantitative measure of
infectivity by means of the 509, end-point dilution or LDso procedure of REED
and MUuENcH (1938) has enabled assays of the number of lethal doses for whole
animals or for tissue culture tubes. Alternatively, assays of pock-forming units
(PFU) can be conducted on rabbit skin (SMADEL and HoAGLAND, 1942) or on
chicken chorioallantoic membranes (JoxrLik, 1966). More precise and easily
reproducible titrations are possible by means of plaque assay in cell culture with
either liquid overlay or under agar or methyl cellulose overlay.

The enumeration of total virus particles is carried out by enumerating in the
electron microscope known concentrations of latex spheres of uniform diameter
mixed with virus suspensions. Samples may be prepared by the microdrop
atomizer spray technique of WiLLiams and Frazgr (1956) or by deposition and
dialysis through formvar membranes (SHARP, 1965), sometimes followed by
negative staining (DALES, 1962), or by depositing all virions from a sample under
uniform conditions by centrifugation onto surfaces from which replicas are
produced (SHARP and BEARD, 1952; SHARP and McGUIRE, 1970). The number of
EBs in a preparation may also be estimated from the mass of protein or dry weight
of the sample, when sufficient material is available for analysis (SMADEL and
HoacLanND, 1942). Whichever procedure is adopted, the ratio of infectivity to
particle number may be derived by relating the concentration of biologically
active, infectious virus to the number of physical units present in a given prepara-
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tion. When clumping is minimized, there may be as few as 2.4 EBs per infectious
unit, although values of 4:1 to 10:1 are much more common. If clumping or some
form of denaturation occurs, the ratio of EBs to infectious units may increase to
50:1 or even 1000:1 (SMADEL and HoAGLAND, 1942; DALES, 1962).

E. Virion-Associated Antigens

Early studies with purified EBs by Crarcie, and SMADEL and HOAGLAND
(1942) could identify three principal antigenic determinants, a so-called heat
labile (L) and heat stable (S) external antigen and an internal nucleoprotein (NP)
antigen common to variola virus, vaccinia virus and many other homoiothermic
poxviruses. Subsequent investigators, employing extracts of alkaline digests of
vaccinia virus, were able to recognize at least 8 precipitin lines by the OUCHTER-
LoNY double-diffusion procedure in agar (ZWARTOUW et al., 1965) and by immuno-
electrophoresis. Digests of rabbit poxvirus prepared from rabbit epidermal pulp
and vaccinia virus solubilized by heating in sodium dodecyl sulphate (SDS)
solution yielded analogous data (P. GoLp and S. DALES, unpublished). However,
the total infected rabbit skin pulp or lysate of infected cultured cells is found to
contain at least 17 identifiable antigenic determinants, some of which are non-
virion but virus-specified functions (ZWARTOUW et al., 1965; WESTWOOD ef al.,
1965). One of the prominent antigens present at the surface, which can elicit
antibody that neutralizes infectiousness, resides in the surface tubular elements
(STE), as demonstrated by employing isolated purified STE protein as the
immunogen (STERN and DALES, 1976b; DALES et al., 1976).

F. Virion-Associated Polypeptides

The technical advances resulting from the invention of electrofocusing by
ampholytes and electrophoresis through acrylamide gels, enable one to separate
individual polypeptides according to their net electric charge or molecular weight.
In the 1970’s, these advances produced a wealth of new information about the
chemical constitution of viruses that parallels in scope the advances made by
electron microscopy in the 1950’s and 1950’s.

The earliest analysis of SDS-dissociated EB polypeptides by means of poly-
acrylamide gel electrophoresis (PAGE) was made by HoLowczak and JoRLIK
(1965), who used isotopically labelled virions to demonstrate at least 17 clearly
defined polypeptide bands in cylindrical disc gels. The virus core was found to
contain one major and several minor components. The nonionic detergent,
NP40, could extract from the surface envelope layer two abundant polypeptides.
When longer SDS-cylindrical gels came into subsequent use, 30 polypeptide bands
were revealed by staining and/or by application of autoradiography to longitudi-
nally sliced gels (SAROV and JOKLIK, 1972a, b). Similar polypeptide complexity
and heterogeneity was demonstrated with fowlpox virus (OBIJESKI ef al., 1973)
and the Yaba monkey tumor agent (FENGER and RounANDEH, 1976). Using the
slab discontinuous SDS-PAGE procedure of LaAEMMLI (1970), 55 or more individual
polypeptide species of vaccinia virus became evident (Fig. 7A; DALES ef al., 1976).
Judging by comparisons of PAGE analyses of vaccinia, cowpox, and Shope



Fig. 7. A Autoradiogram of one-dimensional SDS-PAGE of [3S]methionine-labeled
pure vaccinia virus. All identifiable bands are numbered on the left and the molecular
weight scale is shown on the right. About 20 ug of virus protein containing 20,000 cpm
was applied to 119, acrylamide slab gels. The numbers on the left indicate the numerical
order of the bands
B Autoradiogram of a two-dimensional separation of vaccinia virion polypeptides.
The large panel is a preparation of whole virions, and in the inset, lower right, a sample
of purified 58 K surface tubular elements (STE). Pure [35S Jmethionine-labeled virus was
dissociated and aliquots, each containing 15 ug of protein and 170,000 cpm, were
introduced into isoelectrofocusing (IF) gels at the cathode. Electrophoresis was con-
ducted for 6000 V - hr, following warming to 37° for 60 min to equilibrate the system.
The IF gels were then placed onto slab gels and electrophoresis in the second dimension
was carried out for 5 hours at 25 A. Arrows indicate individual polypeptides (from
Essant and Daires, 1979)

Virol. Monogr. 18 2
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fibroma virions, the band patterns indicate both homology and variability among
the early and late proteins (IKuTA ef al., 1978a, b).

The 2-dimensional combination of isoelectric focusing and PAGE has already
proven to be more informative regarding the number, modifications, and genetic
variability of poxvirus-specific polypeptides (Fig. 7B; Essan1 and DALEs, 1979).
The vaccinia virion was shown by this procedure to contain at least 110 poly-
peptide species, while similar analysis of extracts from infected cells revealed an
even greater number of protein spots. For the sake of clarity, in discussing the
data on molecular weight (MW) of polypeptides which were identified from
various laboratories, we have abbreviated the numerical values by designating
each 1000 daltons as 1 Kilo-; thus, MW.10,000 = 10K and 100,000 = 100K etc.
The distribution of MW of vaccinia EB polypeptides observed by slab PAGE
analyses ranges from 8K to 200K.

In order to identify the polypeptides that are accessible on or near the surface
of EBs, Sarov and JoKLIK (1972a) tagged them in situ with the isotope I125 by
means of the lactoperoxidase reaction or by labelling with fluorescein isothio-
cyanate. Five proteins identified in this manner were the same as those lost when
the envelope was stripped away by EASTERBROOK’s (1966) controlled procedure
using NP40 and chymotrypsin (Fig. 5B). The virus core was shown to contain 17
polypeptides, among which the 60K and 62K species are the two principal ones.
The virion contains 2 glycoproteins, 38—39K and 41K, each with carbohydrate
chains containing glucosamine residues (Moss et al., 1971). Neither glycoprotein is
a constituent of the core or the envelope (HoLowczak, 1970; GaroN and Moss,
1971), contrary to initial conclusions about the putative surface location of these
glycoproteins based on data from lactoperoxidase-I125 labelling. Thus, the enve-
lopes of orthopoxviruses, unlike those of enveloped agents formed by ‘budding’,
do not appear to contain any glycoproteins.

A major phosphoprotein of 11K and several minor ones were discovered by
Sarov and JokLIK (1972a). The same phosphorylated polypeptide, representing
over 119, of the EB protein mass, was subsequently shown to be identical with a
highly basic histone-like protein of the virus core (Poco et al., 1975). The presence
of 4 basic polypeptides, including the 11K phosphoprotein and 3 others, 24K,
34K and 58K in molecular weight, all amenable to extraction from the virion
cores with sulfuric acid, has been reported (LaxzEr and HoLowczax, 1975). The
lower MW polyamines, spermine and spermidine, could be identified in both the
core and elsewhere in the virion by labelling vaccinia virus with 3(H)-ornithine
during replication (LANzER and HoLowczaxk, 1975).

Another very prominent polypeptide of the virion which occurs near the surface
is the 58 K STE component which can be isolated in a pure state, as illustrated in
Fig. 8 (STERN and DALES, 1976b).

G. Virion-Associated Enzymatie Aectivities

Although it had been known for many years that certain viruses possess
enzymatic activities as in the case of the neuraminidase of influenza virus (Hirsr,
1943), the first viral enzyme involved directly with virus genome expression to be
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identified was the DNA-dependent RNA polymerase within the core of a poxvirus.
The almost simultaneous discovery of this enzyme by KaTeEs and McCAUSLAN
(1967 c) and by MunyonN and colleagues (1967) provided a satisfactory explanation
for the observed autoregulation by the inoculum of its own uncoating after
penetration into the host cell cytoplasm. Previously, uncoating had been presumed
to be completely under cellular control (JOKLIK, 1966). Undoubtedly, recognition
of the poxvirus RNA polymerase established the precedent which culminated in
the discovery of analogous polymerases in other animal viruses, among which the
most notable were the RNA-dependent DNA polymerases of oncogenic and
nononcogenic retroviruses (reviewed by TEMIN, 1971, and BALTIMORE, 1971).

—

N Fig. 8. Whole mount of the purified 58 K STE. This type of

e preparation is employed for characterizing the polypeptide and
as an immunogen. X 58,000. On the left is an autoradiogram

- of an SDS-PAGE of [14C]leucine-labeled purified virions and
STE, electrophoresed side by side on an 119, slab gel. Note the

NI presence of only a single 58 K polypeptide band (arrow) in the
channel loaded with STE. (From STERN and DALES, 1976)

2%
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During the 13 years which have passed since the DNA-dependent RNA
polymerase was identified in vaccinia virus cores, similar transcriptases have been
found in many of the homoiotherm and insect poxviruses (see Table 4). Further-
more, due to intensive efforts in several laboratories, agents belonging to this
family have so far been shown to contain at least 12 or 13 other enzymatic activi-
ties (see Table 4 for references). We surmise that the presence of such a large
spectrum of enzymes endows the poxvirus with a great deal of autonomy in
control of the expression of its genome, particularly during the early phases of the
infectious process, prior to uncoating (i.e., release of the DNA from the core).
However, one should realize that the manifestation of a particular enzyme activity
in a virus particle does not, per se, constitute sufficient proof that such an activity
is virus-encoded, since spurious reactions may occur as a consequence of adventi-
tious adsorption of non-virus enzymes from the cell or tissue extracts. Examples
are the lipase and other enzymes in the purified vaccinia virus preparations studied
by SMADEL and colleagues (SMADEL and HoacLAND, 1942). Instances may also
occur when an enzyme presumed to have been solubilized and purified as a
distinctive polypeptide(s) may be contaminated by an unrelated activity, as
appears to be the case with one of the vaccinia virus DNA exonucleases, to be
described below (Poco and O’SuEa, 1977). Despite these reservations, it is

Table 4. Enzymatic activities identified within the core of poxviruses

References
Activity (as listed in Bibliography)
A. Related to transcription and modification of mRNA
DNA-dependent RNA polymerase2: ¢ 331a, 217, 316, 220, 423, 389,
197, 305, 349, 350, 509, 510,
Endoribonuclease 214, 356
Polyadenylate polymerase(s) (terminal ribo- 308, 331, 257, 266, 305, 215
adenylate transferase) ¢
Polynucleotide 5’-triphosphatase ¢ 470, 311
mRNA guanylyltransferase?® ¢ 276, 65, 311, 123
mRNA (guanine-7-)-methyltransferase? ¢ 65, 311, 123
mRNA methylase (nucleoside-2’-0-methyl trans- 483, 65, 311, 34
ferase)b: ¢
B. Related to DNA and its functions
ss DN Ase, exonuclease 2: ¢ 387, 386, 423, 389, 406, 407,
393
ss DN Ase, endonuclease 2 ¢ 423, 389, 393
DNA nicking-closing enzyme ¢ 39
C. Nucleoside triphosphate phosphohydrolase(s) 160, 317, 318, 423, 389, 351,
353, 354
D. Kinases
Protein kinase ¢ 352, 111, 246
5’-phosphate-polyribonucleotide kinase ¢ 443
E. Alkaline protease 20

a late function
b early function
¢ partially or highly purified
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satisfying to be able to report that almost all of the enzymes listed in Table 4 have
been successfully separated from poxvirus cores and either partially or completely
purified to levels whereby assignment of specific activities to individual virus-
specific polypeptides or groups of polypeptides can be made.

Although some of the virion-associated enzymes provide functions required
during the early stages of virus penetration, before synthesis of viral DNA, several
are either synthesized or become detectable by their activities only after virus
DNA replication (i.e. they are late functions) (Table 4). The activities of some of
the late enzymes become manifest in a sequence of events temporally coordinated
with post-translational cleavage of structural proteins and differentiation of the
virion structure, implying that cleavages occur when virus cores are formed
during the process of maturation (STERN et al., 1977). In the following description
of the manner in which the core enzymes participate in synthetic events, we shall
for the sake of clarity group their activities into classes of functions, as they are
set out in Table 4.

i) Enzymes Related to DNA Transcription and Modifications of the
Polyribonucleotide Messengers (mRNA)

Following the discovery of a DNA-dependent RNA polymerase activity within
the core of vaccinia virus by KaTes and McAUSLAN (1967 a, ¢), and MUNYON et al.
(1967), a series of new observations has been published concerning mechanisms for
synthesizing, modifying, and extruding mRNA from the virus core. Attention has
been given to core-associated transcription because the poxvirus offers material
suitable for studying in great detail some mechanisms for expression of genetic
information and provides a unique model for obtaining insights into transcriptional
and post-transcriptional events of more general relevance to eukaryotic organisms.

The informational or nucleotide sequence homology contained in RNA tran-
scripts synthesized by cores ¢n vitro or within the host cell cytoplasm was first
examined by KaTes (1970). The ¢n vitro and ¢n vivo synthetic events show simi-
larities with respect to regulation of the transcription process by which defined
classes of early mRNAs are synthesized and modified post-transcriptionally. The
virion RNA polymerase, like all the other core enzymes, can be activated by
treatment of virus particles with non-ionic detergents, sometimes in conjunction
with sulfhydryl reagents such as mercaptoethanol (EASTERBROOK, 1966), to cause
the permeation or removal of the lipoprotein envelope (KATES, 1970; Poco et al.,
1971; ScawarTz and DALES, 1971). Included in the basic reaction mixture employed
in the original studies were the 4 ribonucleoside triphosphates, an ATP regenerating
system, consisting of phosphoenolpyruvate and pyruvate kinase, a buffer to
maintain the pH at ~9.0 and the divalent cation Mg++, which could be partially
replaced by Mnt+. In a more recent study, involving a vaccinia virus-induced RNA
polymerase isolated from the cytoplasm, the pH optimum of the reaction was
found to be 7.9 and an obligatory requirement for Mn*+ was reported (NEVINS
and JokLIK, 1977a). The n vitro polymerizing reaction can be maintained at a
maximum rate for longer than 2 hours, whereby large quantities of RNA may be
synthesized (KATEs, 1970; McRAE and Szipacyi, 1975). Repeated attempts in
the past to isolate and purify the RNA polymerase from virus cores have been
unsuccessful. This failure may have been due to the complex nature of this poly-
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merase, judging by the multimeric structure of the enzyme isolated from the
cytoplasm of infected HeLa cells by Nevixs and JokLik (1977a). To recover and
purify the cytoplasmic enzyme, use was made of column chromatography on
DEAE-Sephadex and phosphocellulose, followed by precipitation with ammonium
sulfate and sedimentation in isopycnic glycerol gradients. Analysis by poly-
acrylamide gels revealed the presence of 7 polypeptides of MW (a) 135K, (b) 130K,
(¢) 77K, (d) 34K, (e) 19.5K, (f) 16.5K and (g) 13.5K, respectively. These subunits
occur in equimolar ratios. Polypeptides (a), (b) and (c) are of identical MW to the
three polypeptides known to exist in the virion core and it is therefore presumed
that the other polypeptides. (d) through (g), also exist in the core. The vaccinia
RNA polymerase recently purified from virions (SPENCER et al., 1980 and BAROUDY
and Moss, 1980 appended bibliography), does indeed possess the same properties
as the enzyme isolated from infected cells. Judging by their MWs, none of the
7 polypeptides listed could be related to any of the polypeptide subunits of RNA
polymerases I or IT of the host HeLa cells, indicating that the vaccinia enzyme is
entirely virus-specified. Applying information about the amount of protein
contained in vaccinia virus RNA polymerase polypeptides (a), (b) and (c), pre-
sumed to represent 2.59, of the virion protein mass, and assuming that the
120 x 108 dalton DNA of vaccinia virus constitutes about 59, of the mass of the
virus, NEVINS and JOoKLIK (1977 a) calculated that each virus core should contain,
on the average, 150 to 200 molecules of the complete enzyme. This estimate is in
reasonably good accord with the previous estimate of 50 molecules per virion
by KaTeEs and BeEson (1970a), which was based on the rate of in wvitro tran-
scription from cores. Thus, the presence of a multitude of RNA polymerase
molecules ensures that the process of transcription is rapid and efficient during
the early phases of the infectious cycle. Calculations of abundance made on the
other core activities indicate that some enzymes may be present in only a few
copies, while others occur with a molecular frequency about as great as that of the
transcriptase.

It has been generally reported that the RNA products of in vitro transcription
from the cores have a size range of 8 to 14S. More recently it was established by
PaoLETTI (197742, b) that, immediately after short pulse-labelling, larger RNA
products of 20 to 30S are evident within the core. Upon the appropriate chase
intervals, in experiments which sometimes involved the application of analogues
of ATP to interrupt both RNA synthesis and the extrusion of mRNA, the higher
MW RNA was shown to be converted to lower MW mRNA coincident with
extrusion from the core. PAOLETTI and LipINskas (1978a) have obtained evidence
suggesting that segmentation of the precursor into smaller mRNA classes is
catalyzed by a core-associated endoribonuclease, an activity which in the solu-
bilized state can specifically cleave the 20 to 30S RNA from vaccinia cores.

The presence of polyadenylic acid [poly(A)] tracts at the 3’ ends of many
species of mRNA from the eukaryotes and their viruses is well established and the
mRNAs of the poxviruses are not excepted. The early class of 8 to 14S mRNA
transcribed from the virus core is modified at the 3’ end by covalent linkage to
poly (A) chains comprising 50 to 200 residues. These are appended to the mRNA
following a non-transcriptional synthesis (SHELDON and Kates, 1974). To
synthesize the poly(A) tracts, the core contains a riboadenylate transferase,
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termed also poly (A) polymerase (KATES and Begsow, 1970b; Moss et al., 1973;
McKay BrowN et al., 1973; Moss and RosENBLUM, 1974; SHELDON and KATES,
1974). An activity with properties very similar to those of the core-associated
enzyme has been isolated from the cytoplasm of infected HeLa cells (NEVINS and
JokLIK, 1977b). The cytoplasmic enzyme has a 57K and a 37K polypeptide,
optimum at pH 8.6, a preference for Mn*+ as the divalent cation and no homology
in terms of the MW of its subunits with corresponding nuclear or cytoplasmic
poly (A) polymerases from HeLa cells. Calculations suggest that 100 or more
molecules may be present per virion core (Moss et al., 1975).

Apart from the addition of poly(A) stretches at the 3’ end, virion-specified
mRNA is also modified by “‘capping’ at the 5’ terminus. The “caps” formed in the
tn vitro synthesized product are m?’G (5’) pppA™ or m?G (5') pppG™, in which m?’G
is 7-methylguanosine, whereas G™ and A™ are 2’-0-methylguanosine and «'-0-
methyladenosine (WEr and Moss, 1974; MARTIN et al., 1975; BOONE et al., 1977;
GErsHOWITZ and Moss, 1979). A multistep series of enzymatic reactions related to
the “capping” phenomenon has been identified in association with the virus core
by Moss, PaoLETTI and their colleagues (WEI and Moss, 1974; TuTas and Pao-
LETTI, 1977; Moss et al., 1976; BOONE et al., 1977; ENSINGER et al., 1975). The
reactions have been postulated to follow the sequence described in Fig. 9 according
to the scheme of TuTas and PAoLETTI (1977), and Moss et al. (1976):

v/8’a’ pppNpN —ﬁLﬁ'a'pprN — +7Pi

782 pppG + 8¢’ ppNpN — 2, G (5262’ ppp (5') NpN — + 7 ppi

G (5")28¢'ppp (5) NpN — + AdoMet _9, m?G (5')28'¢’ppp (5")NpN — + AdoHey
m?G(5')38'a’ppp(5")NpN — +AdoMet _‘Y, m?G(5")a8’a’ppp(5’)NpN — + AdoHey
AdoMet = S-adenosylmethionine

AdoHcy = S-adenosylhomocystene

Ll

Fig. 9. Sequence of reactions in vaccinia virus cores related to “capping’” of mRNA

Reaction (a) in the scheme utilizes polynucleotide 5'-triphosphatase. The
activity has been solubilized from cores and partially purified by means of poly (U)-
agarose affinity chromatography (TuTas and PaoLETTI, 1977). The enzyme is a
heterodimer of MW 113K, consisting of 90K and 26 K subunits. Activity depends
on the presence of a divalent metal such as Mg++ and has a pH optimum of 8.4.
The enzyme hydrolyzes the yPi on 5'-ATP or 5’-GTP-terminated heteropolymeric
RNA, but also functions on 5-ATP-terminated poly (A).

Reaction (b) involves GTP:RNA guanylyltransferase and reaction (C) the
S-adenosylmethionine : mRNA (guanine-7-)-methyltransferase, abbreviated as 7-
methyltransferase. Both activities have been solubilized (MARTIN and Moss, 1975;
MARTIN et al., 1975; BoOONE et al., 1977; Moss et al., 1976), highly purified by
Mox~roY et al. (1978a; b), and shown to reside in a complex of MW 127K which
is a heterodimer of 95K and 31 K polypeptides. Neither activity has been separated
from the other or identified with specific polypeptide species. One subunit of
the enzyme utilizes GTP as the guanylyl donor and functions specifically on
5'-triphosphate-terminated RNA chains. Both activities are apparently synthe-
sized as carly virus functions in the cytoplasm of infected HeLa cells (BoonE
et al., 1977). ‘



24 II. The Virus Particles-Elementary Bodies

Following the demonstration by WEr and Moss (1974) of methylation of
vaccinia virus mRNAs it was established that in addition to the 7’-methyl-
transferase activity, there occurs in the virion an S-adenosylmethionine: mRNA-
(nucleoside -2'-0)-methyltransferase, which catalyzes reaction (d) in Fig. 9. This
last enzyme has also been purified; it has a MW of 36 K (BarBosa and Moss,
1978). In addition, an enzyme catalyzing conversion of 5'-phosphate and 5'-
diphosphate termini of RNA to the triphosphate species has been characterized. It
has a substrate specificity for ATP and partial specificity for dATP but not for
the other nucleoside triphosphates (SPENCER et al., 1978).

In summary, mRNA synthesized in vitro by the RNA polymerase in the core
of poxviruses becomes modified at the 3’ end by the addition of covalently linked
poly(A) and by being “capped” and methylated at the 5’-terminus. Specific
enzymatic activities associated with modification of the mRNA have been
identified. The significance of these modifications will be discussed in section V.

ii) Enzymes Related to DNA of the Virion

The occurrence of two deoxyribonuclease (DN Ase) activities in the core of vaccinia
virus, first established by Poco and DaLEs (1969a), was made more general for
the poxviruses by the finding of similar activities in rabbitpox (AUBERTIN and
McAusLaN, 1972), Yaba virus (ScHWARTZ and DaLrEs, 1971), and an insect
poxvirus (Pogo et al., 1971). This implies that such DNAses have a vital role in
replicative functions. The two activities have pH optima of 4.5 and 7.8, respec-
tively (Poco and DaLEs, 1969a; Poco and O’SHEA, 1977), and specifically utilize
single-stranded (ss) DNA as substrate. The enzyme with the acidic pH optimum
is an exonuclease, the other an endonuclease. Although both enzymes are active
in the presence of the lateral bodies attached to the core (Fig.5B), controlled
proteolysis and coincident removal of the lateral bodies results in enhancement
of both activities, particulary that of the endonuclease (Poco and DALEs, 1969a).
Following disruption of cores at high salt concentration RosEMoND-HORNBEAK
et al. (1974a, b) isolated an exonuclease activity having a pH optimum of 4.4,
which also possessed a low level of endonuclease capacity. Although the exo-
nuclease activity was contained in a polypeptide of MW 50K, existence of a
dimeric structure of MW 105K was considered by RosEMOND-HORNBEAK et al.
(1974 a,b). A less drastic but more careful separation was conducted by Poco and
O’SHEA (1977), whereby attention was paid to the residual activity of the endo-
nuclease at each step of the purification scheme. Two independent activities
identical with those occurring in the virion core could be separated by electro-
focusing. These enzymes occur in two polypeptides with similar or identical MWs
of 50K as determined by PAGE, but they differ in their surface charges so that
they have different isoelectric points (PIs). It is conceivable that in the active
state the DNAses exist as a heterodimer of MW ~100K, in accord with the
suggestion 6f RosEMOND-HORNBEAK et al. (1974b). One should mention that the
presence of DNAse activities has been reported in other types of animal viruses
(ROUGET et al., 1976), but as yet it is uncertain whether these are virus- or host
cell-specified.

Suggestive evidence has been obtained concerning the functions of poxvirus
core nucleases. By analogy with other eukaryotic systems one may postulate that
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they act to introduce nicks in the DNA template. The endonuclease is capable of
specific removal of terminal cross-links between the complementary strands of the
DNA genome (see section III). The cross-links are disrupted in an in vitro reaction
with preparations of dissassembled cores (GESHELIN and BErNs, 1974), and also
(apparently in the same manner) in host cell cytoplasm following penetration of
the inoculum (Pogo, 1977, 1980b). It has additionally been observed that,
following inoculation with vaccinia virus, the DNAse-endonuclease activity
appears in the soluble fraction of the cytoplasm, presumably having been released
from the core, and it can be detected within the nucleus, where it may inhibit host
DNA replication (Poco and DALEs, 1973; Poco and DALEs, 1974 ; OLGIATI et al.,
1976).

Modifications of the poxvirus genome, in preparation for either its replication
or transcription, may also involve another core enzyme, the nicking-closing
enzyme (BAUER et al., 1977). This topoisomerase activity is capable of relaxing
both left- and right-handed superhelical DNA. The enzyme has been solubilized
and purified by chromatography on denatured DNA-cellulose columns. It appears
to be a heterodimer complex consisting of two polypeptides of MW 35K and 24K.
Of the two polypeptides, the 24 K species is basic in isoelectric point and more
abundant, constituting 79, of the virion protein mass, but it is the much less
abundant 35K protein, which represents only 0.29, of the protein of the virion,
which contains most of the nicking-closing activity. This raises the question as to
whether the smaller, basic polypeptide is a bona-fide enzyme component. BAUER
et al. (1977) offer the suggestion that association of the active 35K subunit with
the basic protein subunit may somehow be connected with regulation of the
enzymatic interaction with the DNA. If the two combined polypeptides constitute
the complete functional enzyme unit of MW ~70K, it was calculated that the
average core should contain 125 complete enzyme molecules. The virion enzyme is
distinguishable from similar host cell functions in the nucleus by differences in the
ionic strength required for optimum activity and by size, both in terms of the s
values obtained in velocity gradients and by MW determinations in PAGE.
Although the biological function of the vaccinia virus nicking-closing enzyme is
uncertain, it is suggested that the activity may have a role in transcription from
the core, although an unknown function in DNA replication has also to be consid-
ered.

iii) Nueleoside Triphosphate Phosphohydrolase

The observed requirement during im witro transcription for much greater
amounts of ATP than those strictly required for the polymerization of mRNA and
poly (A) led to the suggestion that ATP hydrolysis is obligatory for other processes,
such as the extrusion of nascent mRNA chains from cores (KATES and BEESON,
1970a). Therefore, a rationale exists for the presence of a nucleoside triphosphate
hydrolase(s) (ATPase) identified in vaccinia virions (GoLp and DALEs, 1968;
Mun~yoN et al., 1968). This activity or activities could be localized both bio-
chemically and by electron microscopic cytochemistry in the virus core (GoLp and
Davrgs, 1968), as illustrated in Fig. 10. One should recall that a phosphatase
activity was reported many years ago by SMADEL and HoacLAND (1942) in purified
vaccinia suspensions and this may, in fact, have been the ATPase now under
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Table 5. Structural or functional identity of some vaccinia virion polypeptides
Molecular Position in virion . . .
. Associated biological structure
No. weight C Inter- | .0t or function
108 daltons ore mediate | Suriace
1 ~250 +
2 ~200 +
3 158
4 145
5 138 + RNA polymerase subunit (335)
6 131 + RNA polymerase subunit (335)
7 120
8 101
9 97 guanine methyl transferase sub-
unit (65)
10 89 + polynucleotide 5’-phosphatase
subunit (470)
11 86
12 84.5 +
13 79 + RNA polymerase subunit (335)
14 76
15 75 +
16 72.5
17 70 + nucleotide phospholydrolase(s) 1
and IT (353)
18 63.5 + protein kinase
+ nucleotide phosphohydrolase(s) I
and IT (353)
19 60 + guanylytransferase with 7-methyl-
transferase (296)
20 58 + surface tubular elements (447)
21 57 + poly A polymerase subunit (336)
22 55
23 53.5
24 51 + poly A polymerase subunit ? (336)
25 50 + ss endo- and ss exonucleases
(193, 406)
26 48
27 45
28 43
29 41.5 + glycopeptide (148)
30 38 glycopeptide (148)
31 36.5 + poly A polymerase subunit ? (336)
+ RNA methylase (34, 483, 65, 311)
DNA nicking-closing enzyme (39)
32 35 + + poly A polymerase subunit ? (331)
RNA polymerase subunit
33 31 + guanine methyl transferasc sub-
unit
34 29.5
35 28.5 +
36 27.5 +
37 26.5 + polynucleotide 5’-phosphatase
subunit
38 25.5
39 24.5
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Table 5. Continuation

Molgcular Position in virion Associated biological structure
No. weight C Inter- | o ¢ or function

108 daltons ore mediate | CUrrace

40 23 DNA nicking-closing enzyme
component (39)
41 21.5
42 20
43 19.5 RNA polymerase subunit ? (335)
44 ~18 +
45 ~17 +
46 ~17 +
47 16 RNA polymerase subunit ? (335)
48 15
49 ~14 +
50 ~14 RNA polymerase subunit ? (335)
51 13
52 12
53 ~11
54 ~10.5 + phosphorylated histone-like basic
protein (392, 253)

55 ~10 +
56 <10 +

The data in this table are compiled from information derived from slab PAGE, such
as that illustrated in Fig. 7A, the analysis of SAROV and JOxLIK (416) and other
references indicated in brackets

Fig. 10. Histochemical demonstration of nucleoside triphosphatase activity (NPHase)

in whole particles of purified vaccinia virus. The reaction mixture contained ATP,

Pb(NO3)2, and Mg2+ in Tris-maleate buffer. Following incubation at 37°, the dense

lead phosphate product of the reaction (arrows) is deposited characteristically in the

vicinity of the core but the surface membrane is free of lead phosphate deposits.
X 120,000. Bar is 0.2 pm in length. From GorLp and DALESs (1968)

consideration. Among the ribonucleotides tested, the ATPase has greatest affinity
for ATP. However, the enzyme(s) appears to be even more active with deoxyri-
bonucleotides (GoLp and DALEs, 1968). In its solubilized state, the virion ATPase
functions optimally at pH 8.0 in the presence of denatured DNA, and Mg*+
(PaoLeTTI and Moss, 1972a). When cores are heated to 50° for 60 or 120 minutes
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the enzyme within them shows biphasic inactivation kinetics. In addition,
ribonucleotides, especially ATP and UTP, protect the enzyme from heat inactiva-
tion (Muxyox et al., 1970). Following solubilization and partial purification on
DNA-cellulose and Sephadex gels, two independent ATPase activities become
apparent, ATPases I and II, presumed to exist as monomeric units of MW 61K
and 68K, respectively. The ATPases are distinguishable on the basis of their heat
lability and inactivation by cupric ions (WEr and Moss, 1974; PAoLETTI and
Moss, 1974). It was calculated that on the average there are 100 to 300 ATPase
molecules per virion (PAOLETTI et al., 1974). Although the biological functions of
the ATPases have not been elucidated unequivocally, by analogy with other
systems these enzymes have possible roles in DNA strand separation, initiation of
DNA replication, transcription, extrusion of mRNAs from the core, DNA packing,
virion assembly and the nicking-closing activity described above.
iv) Kinases

Among the kinases, the core-associated 5'-phosphate-polyribonucleotide kinase
(SPENCER et al., 1978) has already been mentioned in connection with mRNA
capping.

The presence among the virion polypeptides of phosphoprotein(s) (SARov and
JOKLIK, 1972a), focuses attention on the possible functions of such polypeptides
and the mechanisms of their phosphorylation. Incubation of disrupted vaccinia
virus particles or isolated cores under suitable conditions results in transfer of 32P
from v32-ATP to a virion acceptor protein (PAOLETTI and Moss, 1972b; DOwNER
et al., 1973; KLEIMAN and Moss, 1973). The virion protein shown to be phos-
phorylated in the ¢n wvitro reaction is not, however, the major 11—12K phos-
phoprotein labeled in vivo (SAROV and JOKLIK, 1972; Pogo et al., 1975). A vaccinia
virus protein kinase of MW 63K has been solubilized and shown to consist of heat
labile and heat stable components. Following addition of the latter component to
the reaction mixture, the kinase activity is greatly enhanced. The enzyme has a
dependence on Mg*+ and can be stimulated by the presence of basic proteins in the
reaction (KLEIMAN and Moss, 1973). The time-course of tn vivo phosphorylation
of the histone-like 11—12K basic protein suggests that phosphate groups are
transferred by the protein kinase to threonine and serine residues in this and
perhaps other less abundant basic polypeptides (Poco et al., 1975).

v) Alkaline Protease
A core activity of uncertain specificity and function was recently identified in
vaccinia virions (ARZOGLOU et al., 1979). It remains to be established whether this
alkaline protease is involved in post-translational cleavage related to the matura-
tion of the virion.

H. Relationship of Virus Proteins and Funetions

The complement of individual vaccinia virus polypeptides, as revealed by
PAGE analysis, is illustrated in Fig. 7A, B. In Table 5, the number assigned to
each band corresponds to the polypeptide identified by its estimated molecular
weight, position within the virion and, whenever possible, association with a
particular function(s).
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III. Organization and Replication of the Genome

A. Organization

As might be anticipated from the complexity of their architecture and poly-
peptide content, the poxviruses contain a large molecular weight genome. By
direct visualization after spreading on protein films by the Kleinschmidt procedure
or by physical-chemical determinations, it is evident that the genomes exist as
double stranded linear DNA molecules about 45 to 60 pm long, (Fig.11A)
(RANDALL et al., 1966; HYDE et al., 1967 ; GAFFORD and RANDALL, 1967 ; GAFFORD
et al., 1978; Arrr, 1976; GESHELIN and BERNS, 1974). A presumed detection of
single stranded DNA within the virion (PFau and McCrEA, 1962a, b) has not been
substantiated and this result could, conceivably, have been obtained artifactually
as a consequence of the extraction method employed, which produces fragments
of denatured DNA.

Table 6. Physical-chemical properties of DNA genomes

Unde-
Mole_cular Buoyant nai}ured References
Virus t weight | 4o it (p)® sedlmen- as listed in Year
ype : nsity (p
in dal- in gm/cm? tation Bibliography reported
tons x 108 value,
S20w
Vaccinia, cowpox 160-170 | 1.691-1.695 200, 201, 337| 1962, 1965,
rabbitpox (63-68) 195, 161 1967, 1968
Vaccinia, rabbitpox 118-130 61.4-72 | 72, 146, 196,/ 1970, 1974,
180,161,133,| 1976, 1977
53, 154, 135
Avian e.g. fowlpox 200-240 | 1.695-1.689  78-82 | 145,400,185, 1966, 1967,
(65) 145a, 324 1970
Avian, e.g. fowlpox 140-188 69-72 | 146 1977
Molluscum contagiosum 118 361 1977
Shope fibroma 153 1.700 195 1972
(60)
Entomopox 132-142 1.685 16 1976
(73-75)

a2 Values in brackets are the percentage content of A+ T

Although the base composition and hence buoyant density (p) and MW values
vary from one poxvirus group to another, the range of values, shown in Table 6,
is relatively narrow (N1sHIMURA, 1965). The fraction of A4+T (Table 6) is higher
than the average content found in eukaryotic nuclear DNA, being closer to that
present in prokaryotes. In the case of parapoxviruses, not listed in Table 6, the
G—+C fraction is 639, (WITTEK et al., 1979). The presence of minor bases in the
DNA has not been reported. Recent improvements in methods for estimating
MWs of DNA have necessitated the downward revision of the MWs of vaccinia
and other poxviruses, as shown by the data presented in Table 6. It has been
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appreciated for some years that unless precautions are taken to avoid shear of the
intact genomes during preparation, fragmentation into molecules of about half
the normal length or less can occur readily (JOKLIK and BECKER, 1964; JAQUE-
MONT et al., 1972). Improved, new procedures for extracting molecules from virions
rapidly and in high yield have been developed (PARKHURST and HEIDELBERGER,
1976). These procedures utilize detergents, reducing agents such as mercapto-
ethanol and either high concentrations of urea (HoLowczAk, 1976) or concentrated
NaCl solutions to release the genome. The freed DNA may be concentrated into a
band in diatrizoate (iodinated salt) or other types of density gradient (EsposiTo
et al., 1978), or it may be purified by ion exchange chromatography on hydroxy-
apatite columns (CABRERA and ESTEBAN, 1978).

Nucleic acid hybridization analyses have shown that the poxvirus genome
contains predominantly unique DNA sequences. However, by utilizing DNA-DNA
reassociation kinetics it became evident that 4 to 7%, of the genome, representing
1.1 to 1.85x 105 base pairs, consists of repeated sequences. Furthermore, among
the reiterated DN A segments, a sequence of 1.3 X 103 base pairs occurs as a multi-
copy repeat (PEDRALI-NoY and WEIssBAcH, 1977; GraDY and PaoLETTI, 1977).
The terminal sequence is most probably the one in which numerous repetitions are
organized in tandem (WITTEK and Moss, 1980, appended bibliography).

When isolated vaccinia virus DNA is denatured by sedimentation through
alkaline sucrose gradients, properties anomalous to linear dsDNA molecules
become apparent (BERNS and SILVERMAN, 1970; GESHELIN and BERNS, 1974). The
denatured molecules undergo rapid renaturation when returned to solutions at
neutral pH, implying that, despite rupture of hydrogen bonding, the sister strands
remain attached to each other. This attachment was shown to occur in the form
of two covalent nucleotide phosphodiester links, positioned at or near each
terminus of the genome (GESHELIN and BERNS, 1974). Genomes of poxviruses other
than vaccinia virus were also shown to possess similar interstrand links (GAFFORD
et al., 1978; JAUREGUIBERRY, 1977 ; MCCARRON ef al., 1978; WITTEK et al., 1978a;
Pagr et al., 1977; DEF1LIPPES, 1976). It has recently been demonstrated that DNA
crosslinking may be a more general feature, as suggested by observations made on
chromosomal DNA from yeast nuclei (ForTE and FanemaN, 1976). Denatured
vaccinia virus DNA observed by electron microscopy of spread molecules on
protein films is circular (GEsHELIN and BERNS, 1974; Horowozak, 1976), as
shown in Fig. 11B, confirming that the separated DNA strands are physically
joined near the ends of the molecule. Evidence for the phosphodiester nature of
the cross-links was obtained by exposing the native viral genomes to controlled
hydrolysis by the virion-associated endo-DNAse, which brought about their
elimination (GESHELIN and BERNs, 1974). The hypothesis that the cross-links
may have a function in circularization of the genome for the purpose of replication
of the DNA has been suggested on the basis of experimental data (Poco, 1977;
ESTEBAN et al., 1977; McFappEN and Davrgs, 1979). Termini of the genome
containing the cross-links have been isolated by means of hydrolysis with restric-
tion endonucleases, followed by electrophoresis through agarose to separate the
discrete DNA fragments (JAUREGUIBERRY, 1977; McCARRON ef al., 1978; WITTEK
et al., 1977). More detailed information concerning the nature of crosslinks, their
position in the genome and function in DNA replication can be anticipated in the
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near future. It has already been shown that the two DNA fragments of the opposite
termini in the rabbitpox genome contain sequence homology (WITTEK et al., 1977).

Thus, two technological developments, rapid isolation in high yield of pure,
intact poxvirus genomes and the use of a large variety of bacterial restriction endo-
nucleases to generate specific cleavage fragments of DNA, presage the accumula-
tion of much information providing insights into the nature of the poxvirus
genome. By employing the endonucleases, it is now feasible to construct “‘restric-
tion” maps on which an orderly positioning of specific mRNA functions can be
made, as already evident in the work of WITTEK ef al. (1977, 1980b) and CABRERA

Fig. 11. A A single molecule of vaccinia virus DNA genome spread on a thin film of
protein and stained with uranyl acetate. The distance between the free ends of this
molecule (arrows) is equivalent to a molecular weight of approximately 120 X 108.
The image was printed in reverse to enhance contrast (x 13,000). (K. L. EGGEN and
S. DALES, unbublished)
B A similar preparation to that in A4, illustrating a vaccinia virus DNA molecule
following controlled denaturation at elevated temperature. Note that the thread of
ssDNA is finer and more flexible than that shown in panel A and the molecule is in a
closed, circular configuration. X 16,000. (From GESHELIN and BERNS, 1974.) Bars are
1 ym in length
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and colleagues (1978). Use of endonucleases allows the determination of genetic
relatedness between various groups of ortho- and parapoxviruses (ARCHARD and
MackEeTT, 1979; WITTEK et al., 1977 ; Esposrtto et al., 1978; WITTEK et al., 1980a),
and can also reveal the most minute genetic change within a particular locus on
the map (Fig. 12) (McFADDEN et al., 1980; SCHUMPERLI et al., 1980). A comparison
of the homology among the internally positioned endonuclease fragments from
ortho- and parapoxviruses has already shown extensive homology in the informa-
tional content among the agents within each group. Further analysis of cross-
linked or “snap-back’ terminal fragments with respect to their base sequence
reveals that there has been an evolutionary conservation among orthopoxviruses
in this portion of the virus genome (WITTEK et al., 1978a, b; MULLER et al., 1977,
WITTEK et al., 1977 ; MENNA and WYLER, 1977; GARON et al., 1978; MENNA et al.,
1979).

Genomes of DNA viruses, as they exist within virus cores, are complexed with
specific proteins of host or virus derivation. This has been shown with the papova-
virus group, as well as with adenoviruses and herpesviruses. In the case of the
poxviruses all polypeptides identified as a complex with the DNA, whether
obtained from virions or from cytoplasmic “fractions’, appear to be virus-specified.
The question, however, remains as to which among these polypeptides are specifi-
cally attached to the DNA and function in the manner of chromatin-associated
proteins. Nucleoprotein complexes obtained from the cytoplasm of cells in which
vaccinia virus replication is in progress contain either several (Porisky and
KatEs, 1976), or many (SOLOSKI et al., 1978; McFADDEN and DaLEs, 1980)
DNA-binding proteins of heterogeneous MWs, ranging from 12.5 to 90 K. Some of
these proteins must be complexed to the DNA via ionic bonds, as evident by the
ability to dissociate them in a reversible manner by the addition or removal of
2 M NaCl (Porisky and KaTEs, 1976). In the nucleoprotein complexes may be
included the acidic 28 K polypeptide and the phosphorylated, basic and lysine-rich
34K polypeptides (NOWAKOWSKI et al., 1978), which might be constituents of the
DNA topoisomerase or nicking-closing enzymatic activity identified in vaccinia
cores (BAUER et al., 1977). A very basic, phosphorylated 10—11K polypeptide,
presumably identical with the one present in large amounts within virion cores

Fig. 12. Agarose gel electrophoresis of EcoRI-digested DNA from a wild-type vac-
cinia virus mutant, ts9251, and four spontaneous ¢s+ revertants of 9251. Virus stocks
were prepared, viral DNA was extracted on lysis gradients, and the purified DNA
was digested with EcoRI endonuclease as described by McFApDEN and Davres (1979).
Electrophoresis was performed for 16 hours at 50 V in 0.79%, agarose and the DNA
was visualized with 1 pg/ml ethidium bromide. Molecular weight markers were the
products of A plac 5 digested with EcoRI or Hind III. In the diagram above is drawn
the map position of the newly acquired EcoRI restriction site of #s9251. Top: Hind ITI
restriction map of rabbit poxvirus DNA drawn according to WITTEK et al. (1977).
In vaccinia THD-W, fragments B and C are reversed. Middle: EcoRI restriction map
of HindITT fragment A. Bottom: Enlarged representation of EcoRI fragment D of
rabbit poxvirus DNA or vaccinia IHD-W denoting the novel EcoRI site of ¢s9251.
Segments marked ( X ) have not been mapped precisely to date. KpnI endonuclease site
in fragment D is also indicated

Virol. Monogr. 18 3
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(Poco et al., 1975), is also found in the cytoplasmic complexes. This histone-like
material has been postulated to bind preferentially to superhelically coiled DNA
(NowarowskI et al., 1978). Although both spermine and spermidine have been
shown to occur in vaccinia virus cores (LANZER and HoLowczaAk, 1975), it remains
uncertain whether either of these two polyamines is directly bound to the
DNA.

Based on autoradiographic and biochemical evidence it has long been recog-
nized that replication of poxvirus DNA occurs in the cytoplasmic matrix (HAR-
FORD et al., 1966; KATo et al., 1963b, 1962b; KAJIOKA et al., 1964; MAGEE and
SAcIK, 1959; MAGEE et al., 1960; SHEEK and MAGEE, 1961; Cairns, 1960). The
cytoplasmic factories where the DNA is synthesized were shown to be the foci in
which uncoated parental genomes are concentrated (DALEs, 1963). Although it is
the generally accepted view that host DNA is not involved in virus DNA replica-
tion, it was suggested that infection of HeLa cells causes hydrolysis and subsequent
reutilization of host DNA as a substrate for vaccinia DNA synthesis (OKi1 et al.,
1971). This idea could not, however, be substantiated by later work from the same
laboratory (PARKHURST et al., 1973). Likewise the notion that vaccinia virus DNA
replication is not confined exclusively to the cytoplasmic compartment (La Corra
and WEISSBACH, 1975) and somehow involves the nucleus has been revised recently
(BOLDEN et al., 1979), thereby minimizing even further the possibility that the
nucleus is an alternative site of poxvirus DNA synthesis. On the contrary, there
is good evidence that the host-cell nucleus is most probably not involved. A case
in point is the capability of vaccinia virus DNA to replicate in the cytoplasm of
cells pretreated with the antibiotic mitomycin C, which modifies host DNA by
crosslinking and abrogates its template functions (KaJioka et al., 1974; MAGEE
and MILLER, 1962). Furthermore, the ability of cytoplasts, created by means of
enucleation with cytochalasin B, to synthesize functional vaccinia virus DNA after
infection is additional proof that the poxvirus genome exercises autonomy in its
own replication (PENNINGTON and FoLLET, 1974; PrRESCOTT ef al., 1971).

Studies in several laboratories have demonstrated that among the poxviruses
the process of genome duplication follows the semiconservative, symmetrical
pattern (Poco and O’SHEA, 1978 ; HorLowczAk and DiamMoxD, 1976; LAMBERT and
MacEeE, 1977; EstEBaNn and Horowczak, 1977a, b, ¢). In systems that are
amenable to synchronous infection, biochemical and autoradiographic analyses
reveal that the bulk of the DNA is synthesized in a wave of relatively short
duration. For example, in cultured cells infected by vaccinia virus, the duration of
DNA synthesis is only about 120 minutes, commencing at 1.5 hours and subsiding
by 3.5 to 4 hours post inoculation (JOKLIK and BECKER, 1964; SHEEK and MAGEE,
1961; Cairns, 1960). When infection by more slowly multiplying agents such as
Yaba and rabbit fibroma viruses is analysed, the intervals during which DNA is
produced may extend for 12 hours or longer (YoHN ef al., 1970; EwToN and
Hobgs, 1967). Inoculation of defined tissues, such as the skin or scalp of chickens,
with fowlpox virus elicits enhanced ¢n vivo DNA synthesis, some of which may
initially be host-related, but which later becomes virus specified, continuing for
24 hours or longer (CHEEVERS and RANDALL, 1968).

With all poxviruses examined, there is an obligatory requirement for protein
synthesis preceding the onset of DNA replication. This is evident even after the
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uncoating stage has been passed (JOKLIK and BECKER, 1964), suggesting that
enzymatic activities required for DNA formation must be acquired. Among these
enzymes which appear in the cytoplasm of infected cells are a DNA-dependent
DNA polymerase, deoxyribonucleotide kinase(s) (BERNS et al., 1969; CHALBERG
and ENGLUND, 1979; JOoKLIK, 1962a, JUNGWIRTH and JOKLIK, 1965; GREEN and
Pina, 1962 ; MAGEE, 1962; MAGEE and MILLER, 1967 ; ERoN and MCAUSLAN, 1966;
CITARELLA et al., 1972 ; BERGER et al., 1978), and the DN Ase which acts on double
stranded DNA at an alkaline pH (McAusLAN, 1965). The DNA polymerase
becomes manifest coincidentally with commencement of virus DNA formation,
rises to a maximum by 4 hours and retains high activity for several more hours,
even after shut-off of DNA synthesis (JUNGWIRTH and JOKLIK, 1965; GREEN and
Pixa, 1962). Identification of the cytoplasmic DNA polymerase as a virus-
specified function has been established by several criteria, including differences
from host DNA polymerases with respect to responses to primers, activity at
elevated pH, thermolability, requirements for divalent cations, inactivation by
enzyme poisons and by specific antibody (BERNS et al., 1969; MAGEE and MILLER,
1967). The virus-related DNA polymerase has been recovered from the cytoplasm of
infected cells and purified to homogeneity (CHALBERG and ENGLUND, 1979). The
activity occurs in a single polypeptide of MW 110—115K, and is intimately linked
to an exoDNAse (CHALBERG and ENGLUND, 1979), implying an essential function
for this nuclease during duplication of the genome.

Synthesis of stoichiometric amounts of other virus-specified proteins related to
the DNA, including a DNA polymerase and DNA ligase (MAGEE, 1962 ; SAMBROOK
and SHATKIN, 1969), appears to be required throughout the period of genome
duplication (KaTEs and MCAUSLAN, 1967 b; BEDsON, 1968). One of these proteins
participates in the insertion of covalent cross-links at genome termini (vide infra,
EstEBAN and HoLowcezak, 1978; Poco, 1979, 1980a).

While synthesis of poxvirus DNA conforms in many respects to semiconservative
replication patterns established for entities ranging from the bacteriophages to
eukaryotic cells, unique features peculiar to the duplication of poxvirus genomes
have also been recognized. The most notable among these features is the presence
of the aforementioned terminal cross-links (BErNS and SILVERMAN, 1979).
Existence of such interstrand connections presumably imposes constraints on
genome replication, necessitating their removal to permit initiation of the strand
copying process. It has, in fact, been observed that following uncoating of the
parental genome in the cytoplasmic matrix, the molecule undergoes rapid modifi-
cation by elimination of the cross-links. This change becomes evident from
sedimentation analysis in alkaline and neutral sucrose gradients which can reveal
formation of genome-length single-stranded DNA (Poco, 1977). Removal of
cross-links can also be accomplished by exposing intact vaccinia virus genomes
either to cytosol from recently inoculated cells (Poco, 1977), or to ss endoDNAse
partially purified (GESHELIN et al., 1974) from vaccinia virus cores (Poco and
DaALEs, 1969a, Poco and O’SHEA, 1977). Taken together, these observations offer
evidence for the role of the virion endonuclease in modification of the genome
before replication can begin. The cross-links are reinserted into progeny genomes
during terminal stages of genome formation (Horowczak and Diamonp, 1976;
Poco and O’SHEA, 1978; Poco, 1979).

3%
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B. Replication

Replication of the genome is a multi-step process involving initially the
synthesis of small 10 to 12§ single-stranded DNA fragments which are covalently
linked with RNA primer sequences (Poco and O’SHEA, 1978; HoLowczak and
Dramonp, 1976). The short segments become assembled into an intermediate
double-stranded DNA structure of 70S unit length (Poco and O’SuEa, 1978) and
finally the genome molecules. Concatameric structures or ‘“rolling circles”” such as
exist with other viruses, have not been identified as intermediates in the poxvirus
replication process and probably do not exist ¥ vivo under normal conditions.

A recent model for vaccinia virus DNA synthesis has been proposed (ESTEBAN
et al., 1977), which is derived from an assumption that duplication and elongation
are initiated at one end of a circular DNA structure. However, the existence of
inverted terminal repeat sequences makes a model for initiation at a particular end
less likely. This idea is further discounted by the discovery of spontaneously
occurring non-lethal, terminal, mirror-image deletions (McFADDEN and DALES,
1979), indicating that genome replication most probably involves a circular
structure. Evidence for circularity of replicating vaccinia virus DNA is also
provided by sedimentation data employing alkaline sucrose gradients. When
genomes isolated at the time of duplication are analysed by this means, it becomes
evident that in addition to the mature, cross-linked DNA strands there exist
molecules which have properties of open-circular structures as determined by the
rate of sedimentation and partial binding of ethidium bromide (ARCHARD, 1979).
Such partially circular molecules contain all sequences encoded in the virus
genome. In a recent study, replicating molecules were annealed to isolated strands
of vaccinia virus DNA and after hybridization the double stranded DNA thus
created was subjected to restriction endonucleases (this procedure makes it
possible to ascertain the specific activity of nascent DNA present in the annealed
fragments). The data obtained indicate that initiation and termination of DNA
synthesis occur bidirectionally, commencing at both ends of the genome by a
process similar to that described for adenovirus DNA replication. The possibility
that the displaced parental strand can undergo circularization has also been
considered (PoGgo and O’SHEA, 1979).

Vaccinia virus DNA replication has also recently been achieved in an in vitro
system. Cytoplasmic fractions containing factories from infected cells are able to
catalyze the incorporation of deoxyribonucleotides into DNA in a reaction which
is dependent upon the presence of all four deoxyribonucleoside triphosphates and
is enhanced by addition of ribonucleoside triphosphates, suggesting that the latter
are involved in a priming reaction (LAMBERT and MAGEE, 1977; ESTEBAN and
Horowczaxk, 1977b). The product appears in the form of short 108 chains which,
in time, become elongated to ~70S DNA (LAMBERT and MAGEE, 1977; ESTEBAN
and Horowczak, 1977a, b, ¢). The virus DNA polymerase involved has been
isolated from such cytoplasmic fractions, partially purified and characterized
(MAGEE and MILLER, 1967 ; BERNS ef al., 1969; CITARELLA et al., 1972; CHALBERG
and ExcLUND, 1979). The presence of an associated exonuclease activity was also
reported in the most recent studies cited.
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IV. Events During Penetration

A. Adsorption

The efficiency of poxvirus attachment to the host cell, as with any virus,
depends directly on its collision frequency with the cellular surface. The probability
of a collision increases as virion concentration goes up or it may be enhanced by
the application of centrifugal force (SHARP and Smrrm, 1960). However, the
observed rates of attachment fail to reach values predicted from theoretical
calculations (SMiTH and SHARP, 1960; DUMBELL ef al., 1957 ; ALLISON and VALEN-
TINE, 1960a). Perhaps this is a consequence of an instability in the initial cell-virus
association, which appears to involve electrostatic forces between the predomi-
nantly acidic groups on the host and basic residues on the virus (ALLISON and
VALENTINE, 1960b). While this notion that binding involves primarily electro-
static forces might be an oversimplification, at least it accounts in part for the
ability of vaccinia virus and other poxviruses to become adsorbed to a broad
spectrum of cell types and suitably charged non-biological materials, among them
glass and mctallic surfaces. Very little information is presently available concern-
ing the next stage, when specific, irreversible binding between virus ligands and
host receptors occurs, although receptors for vaccinia virus and related serotypes
are ubiquitous among a great variety of mammalian and avian cells, bringing into
question the nature and specificity of such receptors. Agents of the parapox group
likewise demonstrate tropism for a wide range of mammalian species, as exempli-
fied by viruses from goats and sheep such as Orf virus which can replicate in cells
of the human epidermis or in culture (ANDREWES and PEREIRA, 1972). By con-
trast, Molluscum contagiosum, a human orthopoxvirus unrelated to vaccinia virus,
is avidly adsorbed in vitro to freshly explanted or established lines of primate cells
and to freshly explanted embryonic avian and murine fibroblasts (RoBINSON
et al., 1969; PoSTLETHWAITE and WATT, 1967), but is attached inefficiently to
transformed mouse fibroblasts (McFADDEN et al., 1979). These observations imply
that specific receptors for this virus may generally exist on cells of primate species
and species of lower homoiotherms while these cells are in an embryonic state.
Sometimes receptors occur on specialized regions of the plasma membrane, such
as those for insect poxviruses located on microvilli of intestinal epithelial cells
lining the gut (Fig. 13, GraNADOS, 1973 b).

The virion component involved in specific attachment to the cell surface has
not been identified, but at least in the case of vaccinia virus, it may be connected
with the STE (Fig. 2), as suggested by data showing that monospecific antibody
to STE also possesses virus neutralizing activity (STERN and DaLEks, 1976b). It
must, however, be pointed out that, unlike the situation with viruses like influenza
virus and polio virus (DALES, 1973), which cannot be adsorbed by cells after
complexing with antibody, antibody-neutralized vaccinia virus does become
attached to cells, albeit at 30 to 509, reduced efficiently, perhaps because some
adsorption sites on the very large virus surface escape binding of antibody. Since
virions enclosed in host-derived wrapping membranes can also become adsorbed
to cells and initiate infectivity, effective attachment is not limited to interactions
with the envelope of the naked particle (PAYNE and NorrsBy, 1978).
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Fig. 13. Penetration of Amsacta moorei pox into a microvillus of an intestinal epi-

thelium cell of an Estigmene acrea larva. Fusion between the virion and plasma

membrane must have occurred prior to release of the core (C) and separation of a

lateral body (L). (Photomicrograph courtesy of R. R. GRaNaDOs.) Inset illustrates

phagocytosis of vaccinia virus by a murine L cell fibroblast. x 85,000. Bar is 0.2 pm
in length
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When it is desired to synchronize the infectious process in work with in wvitro
systems, the quantity of inoculum added must be adequate to infect all cells in a
culture. Although the concentration of infectious virus can be determined accu-
rately by the pock or plaque assay and by other standard procedures, the concen-
tration of infectious units does not provide a measure of the total virions partici-
pating. As discussed earlier, ratios of physical to infectious units can vary widely
depending on the source of the virus, procedures used for isolation and purifica-
tion, as well as susceptibility of a given host cell (OvErMaN and Tamm, 1957;
DUuMBELL et al., 1957). In the usual experiments involving the standard in vitro
one-step growth cycle, adsorption is allowed to take place at 0° to 4° when virus
added at a multiplicity of 3 to 100 PFU per cell (representing 10 to 10,000 virions)
is continuously mixed with 108 to 107 cells per ml in either stationary or suspension
cultures. If the attachment occurs efficiently, over 809, of the inoculum can be
adsorbed within 30 minutes and more than 909, within 60 minutes (DALES, 1963),
although lower rates have also been measured (Smrre and SHARP, 1960). Following
adsorption at low temperature, penetration of the cell membrane by the inoculum
is initiated by warning the cultures to 37° C (DALES, 1973). Correlations have been
established between the PFU’s adsorbed and virus particles attached at the cell
surface by comparing disappearance of inoculum PFU’s from suspension with the
number of attached inoculum virions enumerated by electron microscopy (DALES,

1963).
B. Penetration from the Surface

During penetration, the structure of poxviruses mandates that, as the mem-
brane barrier is traversed, the virion envelope is removed so as to create a passage
into the cytoplasmic matrix for the genome-carrying virus core. Passage through
the plasma membrane is achieved at the point of cell-virus contact, which becomes
the site of envelope fusion. Fusion may occur either externally, at the surface, or
following engulfment of the inoculum inside a vacuole formed by invagination of
the plasma membrane. This latter process is termed viropexis. There is, however,
no fundamental difference between the two routes of penetration, since both
require fusion between the lipoprotein barriers of the host and virus (Figs. 14 A—C).
Electron microscopic data from both in vivo and in vitro experiments designed to
trace the fate of inoculum virions reveal that viropexis is the more common route
of entry into mammalian and avian cells (DALEs and SiMmiNovITCH, 1961; DALES,
1963; DarLes and KaJiora, 1964; RoBINSON et al., 1969; SHAND et al., 1976;
VREESWIJK et al., 1976, 1977 ; PROSE et al., 1969). However, in the case of vaccinia
virus, at least, fusion at the surface clearly can occur (DALES, 1973; ARMSTRONG
et al., 1973 ; DALES et al., 1976). Studies on insect poxviruses infecting their larval
hosts reveal that penetration occurs by surface fusion at microvilli of intestinal
epithelial cells (GrRaNADOS, 1973), whereas viropexis is the preferred pathway when
circulating hemocytes are infected (DUVAUCHELLE et al., 1971).

Under some circumstances, progeny virions are released from host cells in an
orderly process involving wrapping by Golgi membranes (DALES, 1963). When
such virions possessing the extra shroud constitute the inoculum for in witro
studies of penetration, it has been reported that penetration is more efficient than
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with naked virions (PAYNE and NorrBY, 1978). However, the mechanism of this
mode of penetration has not been elucidated.

Following fusion of virus with the cell plasma membrane, antigenic components
of the vaccinia virus envelope are rapidly and widely dispersed within the plane
of the cell membrane, as revealed by immunoferritin tagging (Caaxe and METz,
1976). The ultimate fate of these antigens is obscure. However, in the case of
phospholipids of the virion inoculum it has been shown that 32PO4 in the phos-
pholipids is rapidly and efficiently solubilized and released to the extracellular
maliew (JOKLIK, 1964 a).

Fig. 14. Three examples of vaccinia virus penetration into host cells observed by means
of thin sections. A Stationary cultures of HeLa cells were inoculated, sampled 10 min
later, and prepared for electron microscopy without disturbing the in vivo relationships.
An extracellular virion and a fused particle are evident in this example. B and C Strain
L cells in suspension were sampled 20 min after initiating the infection. The long
arrows indicate a region of lysis whereby the core(s) can be moved into the cytoplasmic
matrix. The short arrows in 4 point toward membrane segments of the phagocytic
vacuole and virus envelope remaining deep in the cytoplasm after fusion and lysis
have occurred. B The virion envelope became fused with the cell membrane before
phagocytosis could occur. It should be noted that in each case the lateral bodies (L)
are separated from the core (C) and remain attached to the envelope. 4 X 95,000;
B x128,000; C x 107,000. (From DALES et al., 1976.) Bars are 0.1 pum in length

The simultaneous fusion of virus and cell membranes is undoubtedly under the
control of an external component on the virion, perhaps associated with the STE.
This idea stems from the finding that monospecific anti-STE antibody interferes
with virus penetration (STERN and DarLgs, 1976b). The fusion-controlling factor
is heat labile, because heating for 30 minutes to 56—60° also suppresses the fusion
event (DALES and KAJIOKA, 1964). Both heat-denatured and antibody-neutralized
vaccinia virus can adsorb to cells and become phagocytized, but in each case the
virus fails to enter the cytoplasm from the enclosing vacuole by the normal route.
Instead, the inactive virus is carried within vacuoles directly into lysosomes, where
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complete dismemberment and hydrolysis of its protein and DNA occur (Fig. 15
and Table 7). This heterophagic process within the ‘“garbage-disposal” lysosomal
organelles should be viewed as a manifestation of a generalized defense mechanism
for eliminating infectious agents. In the normal infectious process with poxviruses,
this mechanism does not operate, because the undenatured inoculum is routed
through the cell membrane by means of lysis directly into the cytoplasmic matrix.

Fig. 15. Selected area of an L strain mouse fibroblast illustrates the nucleus and cyto-
plasm containing a lysosome filled with tightly packed inoculum vaccinia virus parti-
cles. Heat-denatured or antibody-neutralized inoculum particles fail to penetrate by
simultaneous lysis of the cell membrane with the virus envelope, but instead are car-
ried into lysosomes where the virions become degraded. X 60,000. (From DALEs, 1969)

C. The Phenomenon of Unecoating

The uncoating process represents the terminal stage in the release of the viral
genome from its protecting core. This process can be visualized by electron
microscopy (Figs. 16 A—C) and monitored biochemically, in terms of the quantity
of DNA in the inoculum which becomes accessible to DNAse hydrolysis. It might
be surmised that agents as complex as poxviruses would exercise some direct
control over the uncoating process. The first evidence for the notion that the
incoming virion somehow triggers its own replicative process in the cytoplasm
originated from the analysis of CAIrNs (1960). He pointed out clearly that when a
particular host cell has been permeated by several infectious vaccinia particles,
each with a capacity to establish an independent cytoplasmic center or factory
for DNA synthesis, the multiple factories are turned on simultaneously, as if by
some critical, initiating event. In fact, the lag period to DNA synthesis can be
curtailed by increasing the inoculum multiplicity and the lag is virtually abolished
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for a superinfecting inoculum that is added after the time interval normally
occupied by the lag period (Jokuik, 1964). Evidence for a spatial-temporal
relationship between the activation of virus synthetic foci and uncoating was
obtained by tracing the fate of 3H-thymidine labelled inoculum from the surface
into the cytoplasm by means of light and electron microscopy combined with
autoradiography (DaLEs, 1963). These studies revealed that the release of DNA
occurs synchronously from a multiplicity of cores present in any given cell inocu-
lated with an average multiplicity of 10 or more infectious units per cell. This
finding may be related to the critical event required for switching on the factories
(Catrns, 1960). The viral DNA, presumably complexed with a specific set of
internal proteins, passes through clear-cut breaks in the proteinaceous core coat

Fig. 16. Intracytoplasmic uncoating of vaccinia virus cores. 4 the thick membrane
of the dense core is covered by fine projections. B and C release of material from cores
into the cytoplasmic matrix. Puddles of dense fibrous material accumulate in the
vicinity of shells (i.e. remnants of cores), frequently on the side facing a break in the
thick membrane (arrows). The autoradiogram (C) reveals that DNA passes out of
cores during uncoating and is concentrated in the fibrous matrices. Single cores or
groups are uncoated simultaneously in any one cell, presumably after synthesis of the
uncoating factor. 4 and B, x110,000; C, x 90,000. (4 from DarLes and KAJI0KA,
1964; B from DALEs, 1965a; C from DALEs, 1965b)
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(Dargs, 1965a), leaving behind the empty cores, termed shells (Figs.16B, C)
(DaLEs and KaJ10KA4, 1964). Under circumstances involving cooperative uncoating
of several or many cores in a restricted region of the cytoplasm, it is found that
the breaks develop characteristically on the side facing the pools of discharged
genome material (Fig. 16 B, C) (DALEs, 1964Db), as if rupture occurs as a specific
response generated by adjacent virions. Following uncoating, the labelled DNA
from the inoculum is conserved within the “factories” throughout the replicative
cycle (Fig. 17, Table 7), and occasionally it may even pass into progeny virions
(DALESs, 1965a). It is, however, not known whether the conserved DNA is all or
only part of each genome.

Fig. 17. Electron micrograph of a typical factory in the cytoplasm of a mouse fibro-

blast sampled 6 hours post inoculation with vaccinia virus. The autoradiogram reveals

the presence of labeled DNA from the inoculum within the viroplasmic matrix or

“factory”’ inside of which developmental stages of progeny virus are evident.
N nucleus, m mitochondria X 17,000. (From DALEs, 1965b)

Inoculum particles undergoing controlled, sequential dismemberment during
penetration have also been characterized morphologically and biochemically after
recovery from cell fractions (Jorrik, 1964; HorLowczAk, 1972). These studies
support and supplement the electron microscopic observations discussed above.
In particular, studies by JoKLIK with vaccinia virions radiolabelled in the DNA
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and protein moieties have shown that the bulk of the protein remains in the form
of large particulates although most of the DNA becomes amenable to DNAse
during uncoating, in excellent agreement with the cytological evidence for
conversion of cores to shells (DaLEs, 1965b). Complementary studies, using
inhibitors of transcription and translation, which block release of DNA from cores,
led JOKLIK (1964) to conclude correctly that ongoing mRNA and protein syntheses
are required for poxvirus uncoating. However, the idea that synthesis of an
uncoating factor is under the direct control of the host genome has not been
substantiated. Instead the critical discovery by KaTeEs and McAusLAN (1967 a)
and MuNYoON et al. (1967), of a DNA-dependent RNA polymerase in the virion core
provided a basis for explaining how poxviruses may control their own uncoating.
The initial and subsequent studies (KATEs and BEESoN, 1970a, b) clearly demon-
strated that poxvirus cores in their coated state are able to transcribe the genomes
within them, suggesting that the core is where the mRNA specifying the uncoating
protein originates. This idea is further supported by the findings that suppression
of host-specified transcription by pretreatment with actinomycin D does not
prevent uncoating (MAGEE and MILLER, 1968), but application of the antiviral
substance interferon does (MAGEE et al., 1968; LEVINE et al., 1967), presumably
because a virus-specified function provided by transcripts from cores is repressed
in the latter instance (BraLy and CorLBY, 1972).

Treatment of cells for 2 or 3 hours with rapidly acting inhibitors of protein
synthesis during virus penetration irreversibly prevents DNA uncoating of
vaccinia virus cores (DALEs, 1965c¢; Moss and FiLLER, 1970), indicating that the
nascent mRNA for the uncoating protein may have a relatively short half-life.
One study has provided pertinent, but so far unsubstantiated data purporting to
show induction within infected cells of an ¢n vitro “decoating’ enzymatic activity
with a half life of only a few hours (ABEL, 1963). It is worth mentioning that under
some circumstances, as with Molluscum contagiosum infections of primate cells,
although there is transcription in inoculum cores, uncoating does not occur for
reasons that remain obscure (MCFADDEN et al., 1979).

Our current ideas about poxvirus uncoating conceptualized in terms of molecu-
lar biology provide satisfactory explanations for genetic phenomena associated
with recombination, marker rescue and the reactivation initially described by
BErRrY and DEDRICH (1936). With respect to reactivation involving poxviruses of
different serotypes, although one partner in the dual infection is thermally in-
activated and the genome of the other is rendered incapable of replication by
treatment with nitrogen mustard or by limited ultraviolet irradiation (JoKLIK
et al., 1960a, b), replication of the genome of the heat-treated virus occurs. One
may now suppose that transcription from the partner with an impaired genome
provides mRNA for uncoating the heat-denatured companion poxvirus.

V. Transcription and Translation

Unique features in the replication scheme of poxviruses, exemplified by vaccinia
virus, which include cytoplasmic DNA replication and involvement of core
enzymes, have generated wide interest in these agents as models for investigating
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phenomena of transcription and translation pertinent to the eukaryotes and their
viruses. Such research activities are reflected in numerous publications from
which a fairly clear and detailed understanding of RNA and protein syntheses has
emerged.

Transcription and translation are generally divisible among DNA agents with
respect to DNA replication into prereplicative or early and postreplicative, late
phases. These broad divisions have been subdivided further into a class of imme-
diate-early functions related to transcription from the core, early functions ex-
pressed after uncoating, late ones related to materials involved in virion assembly
and maturation and late-late functions. The last class is associated with virus-
specified products, such as the hemagglutinin, which are not components of the
virion itself, but are controlled in a manner that brings about their transcription
and translation into polypeptides or glycoproteins after virion maturation is
already well underway (Icuraasut and DALES, 1973).

A. Early Transeription

The significance of data suggesting that transcription may occur in the virion
core (MunyoN and K1, 1966) was clarified by the discovery of a DNA-dependent
RNA polymerase in cores of vaccinia virus by KaTes and McAusLaN (1967a), and
Mux~yoN et al. (1967), which was corroborated later (KaTEs, 1970; WooDsoN,
1967). Subsequent detailed investigations demonstrated that transcription from
the core involves the simultaneous initiation of about 50 to 100 RNA chains and
their extrusion through the proteinaceous coat of the core by an ATP-dependent
process (KATEs and BEEsSON, 1970a, b); PAOLETTI and Lipinskas, 1978b). Since
each mRNA chain has a stretch of 50 to 200 polyadenylate [poly(A)] residues
covalently linked with it (KATEs and BEEsoN, 1970b), it was initially presumed
that poly(A) was the transcript of poly(dT) sequences in the vaccinia genome.
However, studies that followed showed that poly (A) is added to the 3" end of the
mRNA chain (SHELDON et al., 1972; NEvINS and JOKLIK, 1975) only after tran-
scription has been terminated (SHELDON, and KATEs 1974), in a reaction catalyzed
by a terminal riboadenylate-transferase or poly(A) polymerase activity (Moss
et al., 1975; Moss and RoseEnBLuM, 1974). Thus, mRNA synthesis and polyadeny-
lation utilize independent activities, both of which have been isolated and purified
to varying degrees (BAROUDY and Moss, 1979; SPENCER et al., 1979; NEVINS and
JOKLIK, 1975). Each activity possesses the same physical, chemical and biological
characteristics, including its polypeptide constitution, whether it is derived from
cores of vaccinia or from cytoplasmic extracts of infected cells (NEVINS and
JOKLIK, 1977 a, b). Some concern remains, however, as to the native state of these
polymerases following isolation, because the enzymes, while still in the core,
function optimally with Mg++, while after isolation they act maximally in the
presence of Mn+*+. However, the overall impression remains that the synthesis
of both immediate-early mRNA arising from cores and early mRNA produced
following uncoating in the cytoplasm is catalysed by the same enzyme originating
from the inoculum.

Another feature common to the mRNA molecules of eukaryotes and their
viruses is modification at the 5'-end, in the form of methylated caps. The enzymatic
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activities involved in capping of immediate early transcripts have been identified
in cores of vaccinia and characterized, as described in section II.G. Commencing
with the original discovery by URrIisHIBA ef al. (1975), the sequence of steps in the
capping process and enzymatic activities involved have been elucidated (WEr and
Moss, 1974 ; TuTas and PAOLETTI, 1977 ; Moss et al., 1976 ; BooNE and Moss, 1977;
Nuss and PAoLETTI, 1977; BOSSART ef al., 1978b). Nascent 8 to 12s molecules
emerging from the core bear the capped structures m?G(5') pppN1™@—Nzm, in
which Am and G™ predominante at position N1 (WEI and Moss, 1975). In compar-
ing caps on early and late mRNA it was found that the early species contain more
Gm than A™ and m6A™ at the N; position and overall are methylated more
extensively at N than the late species. The significance of these findings in terms
of regulatory mechanisms remains to be determined.

Concerning the existence of higher molecular weight mRNA precursors, large
transcripts of 20 to 30s have been identified in vaccinia cores and shown by
appropriate hybridization-competition experiments to be precursors of the 8 to
12s extruded mRNAs (PAoLETTI, 1977a, b). Supporting evidence comes from
experiments utilizing analogues of ATP, in the presence of which preformed
20 to 30s RNA is neither cleaved nor transferred from the core. Similar inhibition
of vaccinia virus mRNA processing is observed during hyperthermia, although
capping and polyadenylation occur normally at 55 to 57° (HARPER ef al., 1978).
The precursor molecules are methylated but not polyadenylated and apparently
are devoid of non-informational sequences or ‘introns’ related to the splicing
process. One might, therefore, conclude that during immediate-early transcription,
polycistronic RNA molecules are produced which become simultaneously cleaved,
polydenylated and extruded from the core as functional, monocistronic mRNAs
(PaorETTI and LipiNskas, 1978). However, UV transcriptional mapping (BossarT
et al., 1978b) suggests that only a single message is encoded in each 20 to 30s
precursor (see section V.C.).

B. Early vs Late Transcription

As was to be anticipated from the observed rapid shut-off of host protein
synthesis, the polyribosomes formed after vaccinia infection contain virus-
specified mRNA, identified initially by base-composition analysis (BECKER and
JoKLIK, 1964), and originating undoubtedly from the wvirosomes or cytoplasmic
“factories” (DAHL and KaTEs, 1970). Inhibitors of transcription, such as actinomy-
cin D, bring about dispersal of such polyribosomes, thereby causing at least a
fraction of the rapidly turning-over nascent mRNA (SHATKIN, 1963) to remain
linked to monoribosomes or to the smaller ribosome subunit (SHATKIN ef al., 1965).

Analyses by hybridization-competition or by hybridization kinetics revealed
the occurrence of temporally separated early and late mRNA sequences (Opa and
JOKLIK, 1967; DaHL and KaTgs, 1970). The switchover from early to late mRNA
is never complete and it is highly variable in extent depending on the host cell
involved. For example, switchover from early to late gene expression appears to
be regulated more precisely in HeLa cells than in mouse L strain fibroblasts (Opa
and JOKLIK, 1967). Perturbations caused by physical agents, such as elevated
temperatures (STEVENIN et al., 1969) or sonic oscillations (BooNE and Moss, 1978)
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may cause slackening of transcriptional controls, whereas agents inhibiting
uncoating, such as cycloheximide, or inhibiting DNA replication, such as cytosine
arabinoside, prevent synthesis of late mRNA (Opa and Joxwrik, 1967; KAVERIN
et al., 1975).

Another mechanism for controlling transcription involves regulation of the
quantities of various mRNA classes produced at different periods of the replication
cycle. During normal conditions prevailing ¢n wvivo, the early mRNA sequences
expressed account for about 209, of the information content of the vaccinia virus
genome, whereas late mRNA represents almost 509, of the genome (KAVERIN
et al., 1975; PaoLETTI and GrADY, 1977; BooNE and Moss, 1978). The mRNA
arising by in vitro transcription from cores includes small quantities of late species
complementary to 30%, of the genome, implying that, in the immediate-early
class of mRNA produced in vitro more sequences are represented than appear
during transcription ¢n vivo (PAoLETTI and GrADY, 1977). Therefore, transcrip-
tional regulation ¢n vitro must be less precisely controlled.

The class of early mRNA comprises molecules that are generally smaller than
those representative of late mRNA (Opa and JoxLik, 1967; ATHERTON and
DARrBY, 1974), but polyadenylation and capping occur in both classes to about the
same extent (ATHERTON and DArBY, 1974; NEVINS and JOKLIK, 1975; BOONE
and Moss, 1977). The early class of transcripts produced during in wvitro tran-
scription from cores is also of low molecular weight and is capped and poly-
adenylated. The relative complexity of the sequences represented among these
RNAs suggests the presence of a large number of efficient promoters throughout
the genome (PAOLETTI et al., 1980).

The variety of different mRNA species accumulating during various phases of
transcription is ascertained by analysing the coding complexity reflected in the
transcripts. Some sequences may be 11 to 43 times more abundant in late mRNA
classes compared to early mRNA. Moreover, within the early mRNA species
certain sequences may occur in great molar excess (PAoLETTI and GrADY, 1977).
Undoubtedly, mapping of poxvirus genomes by restriction endonucleases and
localization of the so-called “R’ loops by electron microscopy will continue to
provide further insights into temporally related regulation of early or late tran-
scription in different segments of the DNA genome. To date BARBOsA ef al. (1979),
and WITTEK et al. (1980b), have demonstrated that inverted, terminal repetitions
each ~7x 106 in MW, contain information coding for early mRNAs of vaccinia
virus.

A somewhat puzzling but reproducible finding concerns formation of small
quantities of double-stranded (ds) RNA molecules at least 1000 base pairs long as a
product of infection. Following denaturation, this dsSRNA was shown to be encoded
by sequences equivalent to about 14 of the genome, whereas total late vaccinia
mRNA is homologous to almost 1 of the genome (CoLBY and DUESBERG, 1969).
However, information encoded in the dsRNA represents transcripts of each of the
DNA fragments created by restriction with the enzyme HindIII, implying that
symmetrical transcription can occur along the entire genome, and is not confined
only to the terminally-situated repetitions (BOoONE ef al., 1979 ; VARIcH et al., 1979).

Although regulation of vaccinia virus transcription and translation appears to
occur in enucleated cells or cytoplasts, evidence has been published implicating a
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function for the nucleus in vaccinia virus-specified mRNA synthesis (BOLDEN et al.,
1979; Kir et al., 1964). These data, coupled with the observation that virion
assembly in cytoplasts is very inefficient, although expression of early functions
and DNA replication appear to progress normally (PENNINGTON and FOLLETT,
1974), imply that a host-related nuclear function is essential for replication of
poxviruses. Such a function is most probably related to RNA polymerase II
(pol. II) of the host as implied by effects produced with «-amanitin (HRUBY ef al.,
1979; SILVER et al., 1979). This toadstool toxin, at appropriately low concentra-
tions, specifically inhibits transcription by pol. I in mammalian cells. Contrary to
previous findings, recent evidence shows that «-amanitin interferes with the
formation of infectious vaccinia virus progeny when host cells contain pol.II
sensitive to the drug (SILVER et al., 1979), but interference is not observed in a
mutant cell which possesses a pol. IT resistant to the toxin. Concerning intranuclear
transcription from the host genome, circumstantial evidence indicates that
y-irradiation prior to infection, sufficiently intense to make the host nucleus
transcriptionally dysfunctional, fails to reduce vaccinia virus replication (SILVER
et al., 1979). This information, coupled with the reported formation of a few mature
progeny vaccinia virions in cytoplasts, leads one to hypothesize that pol.Il
participates either alone or complexed with virus transcriptase to generate late
transcripts from the vaccinia virus genome. This is in contrast with expression of
early functions, which are catalyzed exclusively by the virion transcriptase
introduced with the inoculum.

C. Translation

The capacity of poxviruses, exemplified by vaccinia virus, to inhibit host-
specified protein synthesis rapidly and efficiently offers important advantages for
studies of virus-related translation and its control. The production of large pools
of nascent virus protein within 15 to 60 minutes after penetration can be related
to the prior appearance of new polyribosomes which contain viral nRNA (BECKER
and JOKLIK, 1964), and which are actively engaged in translation, as demonstrated
by immunoprecipitation employing suitable antiviral antisera. The products of
translation accumulate within factories of CAtrNS (1960) which are also termed
viroplasmic foci.

To initiate translation, the mRNA engages the smaller ribosomal subunit, in
accord with the classical sequence applicable to the eukaryotes (METz et al., 1975a;
JokLIK and BECKER, 1965; SCHARFF et al., 1963). Virus-specified protein factors
involved in assembly and functioning of poxvirus-related polyribosome complexes
remain to be discovered.

The significance of the modifications present at the 3'- and 5’-ends of the mRNA
has been the subject of numerous investigations employing cell-free translation,
usually with extracts of either wheat germ or reticulocytes. In such systems, the
role of poly (As) at the 3’ end remains enigmatic. Their presence on the mRNAs,
whether as full length or short chains or, indeed, their absence altogether does not
appear to affect the rate of translation (NEVINS and JokLIK, 1975). By contrast,
methylation and capping at the 5 end were shown to be obligatory for the efficient
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translation of vaccinia virus mRNA (WEBER et al., 1977; BossARrT et al., 1978a).
The critical role of the caps in binding of mRNA to the 40s ribosomal subunit was
demonstrated by the ability of a capped high MW RNA precursor derived from
virion cores to bind to this subunit, although less efficiently than the 8 to 12s
extruded mRNA (BOSSART et al., 1978a).

Further information about the specificity and control of virus translation in
vitro comes from numerous studies (JAUREGUIBERRY et al., 1975), some involving
cell-free systems in which transcription is coupled with translation in a single
reaction mixture (PELHAM, 1977). If isolated virus cores are placed into wheat
germ or reticulocyte extracts containing the appropriate metabolites, nascent
mRNA is synthesized from the cores and thereupon immediately translated
(Coorer and Moss, 1978, 1979). In one study, the coupled system synthesized
over 20 polypeptides authenticated as belonging to vaccinia virus-specified early
functions by comparisons of tryptic peptide band patterns with the patterns of
selected proteins made in vivo.

To ascertain whether the frequency of capping can be equated with the number
of promoters occurring on vaccinia mRNA, one study employed the so-called
“UV transcription mapping”’ procedure (BosSART et al., 1978b) whereby the
target size of the DNA template for an mRNA is estimated from the UV dose
required to eliminate the protein product of the mRNA in a translation system.
Data from this investigation suggest that only a single promoter is involved in the
formation of the high MW 20 to 30s precursors in the vaccinia core, although this
RNA does not appear to function as a polycistronic message. Therefore, molecules
of the extruded 8 to 12s mRNAs, which function as monocistronic messages, appear
to be formed by cleavage of the 20 to 30s precursor and capping as well as poly-
adenylation of each fragment arising therefrom (CooPEr and Moss, 1978).

It is reassuring to find that the appearance of defined classes of poxvirus
mRNAs in a temporal sequence can be matched with the synthesis of defined
groups of proteins (EsTEBAN and METz, 1973; Bobpo et al., 1972; BAGLIONI et al.,
1978). Such nascent proteins are readily identifiable by immunoprecipitation
(Moss and SALzMAN, 1968 ; Moss and KaTz, 1969 ; KaTz and Moss, 1969; SALZMAN
and SEBRING, 1967; ConEn and WiLcox, 1966, 1968), immunofluorescence (Lo
and Rieas, 1961), or polyacrylamide gel electrophoresis (PAGE) coupled with
autoradiography. Rapid cessation of host translation, irrespective of viral DNA
replication (Moss and SarzmaN, 1968; EsTeEBaN and METz, 1973), enhances the
sensitivity of these analyses. Polypeptides characterized also as antigens of both
the early and late varieties become concentrated in the factories (ESTEBAN and
METz, 1973; KATZ et al., 1974). Analysis by one-dimensional PAGE could detect
about 30 early and 50 late proteins in such factories (PENNINGTON, 1974). To
ascertain the positions on the vaccinia virus map of the individual functions,
isolated EcoRI or HindIII restriction fragments of the genome were cloned for
the purpose of hybrid selection of individual mRNAs which the fragments encode,
i.e. transcriptional mapping. The selected mRNAs forming hybrids with about
509, of the genome were employed in an in vitro translation system and shown
to encode over 70 early and more than 40 late polypeptides (MorGAN and ROBERTS,
1980; MaHR and RoBERTS, 1980; BELLE ISLE et al., 1980; all in appended biblio-

graphy).
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The usual switch from synthesis of early to late polypeptides associated with
the normal cycle of vaccinia virus production may be interrupted by inhibitors of
DNA replication such as cytosine arabinoside or hydroxyurea, resulting in an
indefinite prolongation of the synthesis of many early proteins (PENNINGTON,
1974). Similarly, when virus DNA is synthesized in the presence of analogues and
contains substituted halogenated bases such as bromodeoxyuridine, normal
expression of the polypeptide spectrum is disrupted without affecting specifically
the synthesis of all late proteins (PENNINGTON, 1976).

In the category of virus-coded non-virion materials are products of both early
and late functions. Among the former is an antigen(s) associated with the plasma
membrane (UEDA et al., 1969; BarLr and MEDZON, 1976), perhaps relevant to
virus-induced alteration in permeability properties of that membrane (BALL and
MEebpzon, 1973). The late-late functions comprise another membrane-associated
antigen, the hemagglutinating glycoprotein (WEINTRAUB and DaLEs, 1974), as
well as a cytoplasmic polypeptide that accumulates into the large aggregates,
termed A-type inclusions (ATI), of cowpox infected cells (IcHrHASHI and DALES,
1973). The ATI are formed by a unique translation scheme in which polyribosomes
encrusting the surface of the inclusion probably synthesize the protein out
of which a continuously increasing mass of ATI is formed, as illustrated in
Fig. 23A.

Interferon, one of the naturally occurring cellular factors induced by poxvirus
infection, can interrupt translation. In cells treated with interferon, vaccinia
virus-specified translation is blocked. Coincidentally, the polyribosomes become
dispersed (METZz et al., 1975; JokLik and MERRIGAN, 1966; KERR et al., 1974;
Bopo et al., 1972) and initiation steps involving binding of mRNA to the 40s
ribosomal subunit fail to occur, both in vivo (METZ et al., 1975), and in a cell-free
system (KERR ef al., 1974). Accumulation of dsRNA synthesized by symmetrical
transcription of the viral genome might provide the induction mechanism for inter-
feron production (CorLBY and DUESBERG, 1969). Since, however, interferon exerts
its influence at the external cell surface, the factor(s) disrupting translation of viral
proteins in the original infected cell cannot be interferon itself. One presumption
is that the dsRNA influences translation directly, by interfering with binding of
formyl-methionine-transfer RNA (tRNA) to the mRNA, as demonstrable in the
wheat germ cell-free translation system (BAGLIONI ef al., 1978 ; METZ et al., 1975).
Coincidentally, a virus-specified protein kinase may bring about phosphorylation
of serine and threonine residues in polypeptides S2 and S16 of the 40s ribosomal
subunit. This protein kinase could be brought into the host along with the inoculum
as a component of the core. This notion stems from the observation that virus-
induced ribosome protein phosphorylation can occur following UV irradiation of
the virus inoculum or even after uncoating of the penetrating inoculum is blocked
with cycloheximide (KAERLEIN and Horaxk, 1976, 1978).

By manipulating the critical concentration of essential basic amino acids, such
as arginine, ARCHARD and WiLLiaMsoN (1971) elucidated the control and ex-
pression of the synthesis of early or late virus-specific basic polypeptides and
polyamines. One major component, which accounts for about 109, of the virion
mass and which requires arginine, is a histone-like protein of 10—11K MW,
containing phosphorylated serine and threonine residues (Poco et al., 1975;
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unpublished data). Synthesis of this polypeptide is coordinated with DNA
replication, placing it in a class intermediate between early and late proteins.

Synthesis of the polyamines, among them the virus-specified spermidine
(WiLLIaAMSON, 1976), which associate intimately with the DNA, neutralizing its
acidic charge, also depends upon the availability of relatively high arginine
concentrations. Induction of a vaccinia virus-specified enzyme, arginino-synthe-
tase lyase, catalysing the conversion of citrulline into arginine, may be an essential
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Fig. 18. The effect of actinomycin D on TdR kinase synthesis of CP infected cells.
A the effect of different concentrations of actinomycin added at 3 hours after virus
infection. e No actinomycin added. o———o 0.25 pg actinomycin per ml;
A a 1.0 pg actinomycin per ml; © ® 5.0 pg actinomycin per ml; — — — un-
infected cells plus 5 ug actinomycin per ml. B The effect of adding actinomycin
(5 wg/ml) at various times after infection. e e No actinomycin added; — — —
actinomycin added at the time of infection; o o actinomycin added at 1 hour
after infection; © ® actinomycin added at 2, 3, or 4 hours after infection.
(From McAUSLAN, 1963)
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step in spermidine synthesis (WiLLiamson and CooxE, 1973). Formation of
putrescine, an intermediate in polyamine synthesis, requires induction of another
enzyme, ornithine decarboxylase, which participates in the ornithine-citrulline
synthetic cycle (HopasoN and WILLIAMSON, 1975). After early induction, there is
a late repression of this enzyme following DNA replication. However, the late
repression control is abolished in the absence of DNA synthesis, causing an over-
production of the enzyme. A similar type of regulation pertains to another early
enzyme, thymidine kinase (K1t et al., 1963d, 1964), which presumably represents
one of the immediate-early functions expressed by transcription from the core.
This enzyme participates in the scavenger pathway of DNA synthesis, converting
deoxyribonucleosides into the respective triphosphates (MCAUSLAN and JOKLIK,
1962; McAusLAN, 1963a). Induction of thymidine kinase after vaccinia virus
infection is evident within 2 hours and repression occurs by 6 hours, unless late
mRNA transcription is suppressed by inhibitors such as actinomycin D (Fig. 18).
A similar regulation prevails when this enzyme is induced by Shope fibroma virus
infection (BARBANTI-BRODANO et al., 1968). The mRNA for thymidine kinase is
stable for at least 18 hours under conditions blocking repression (McCAUSLAN,
1963 b). Virus specification of the thymidine kinase is shown by the characteristics
of the MW of the polypeptide (KT et al., 1977), antigenic specificity, lower
themosensitivity and lower Km, all of which are different from those of similar
host enzymes.

Poxvirus-specified enzymes that function in the synthesis, modification or
hydrolysis of DNA are represented among both early and late functions (Eron
and McAusLAN, 1966). The DNA polymerase and polynucleotide ligase activities
might be placed in a temporally intermediate class of functions because their
induction occurs at the time of DNA replication (SAMBROOK and SHATKIN, 1969;
MacEE and MILLER, 1967 ; KaTES and MCAUSLAN, 1967b). An alkaline exonuclease
with specificity for dsDNA appears as an early function (EroN and MCAUSLAN,
1966), while the core-associated endonuclease with a neutral pH optimum, and an
acidic exonuclease, both with specificity for ssDNA templates, belong in the late
category (Poco and DarLes, 1969b; McAusraN and KaTEes, 1967; SanUu and
MixocHA, 1974). The virion-associated RNA polymerase, although involved in
both immediate-early and early transcription, is induced late, at the time of virus
assembly and maturation (KATES ef al., 1968; PITRANEN et al., 1968; NacavAMA
et al., 1970). Another activity present in the core, the nucleotide phosphohydrolase,
is also expressed as a late function (Pogo and DALES, 1969b). However, some other
core enzymes involved in the methylation and capping of mRNA, including
polynucleotide 5’ phosphatase (TuTas and PaorerTI, 1978), mRNA guanylyl
transferase and mRNA methyl transferase(s) (BooNE et al., 1977), are apparently
induced as early functions. Thus, enzymes of the virus core which act soon after
penetration, during the early stages of the replication cycle, are synthesized either
early or late after infection.

The existence of tight transcriptional control of the poxvirus genome is
evidently fundamental to the orderly appearance of structural and functional
polypeptides required for the replicative process.
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VI. Assembly and Morphogenesis

The temporal sequence of events in poxvirus morphogenesis can be correlated
with the appearance of early and late classes of virus polypeptides as characterized
by their PAGE gel profiles (Moss and SarzmAN, 1968; PENNINGTON, 1974) and
their antigenic properties (Lon and Ricas, 1961; SALzMAN and SEBRING, 1967;
WiLcox and CoHEN, 1967; ConENn and WiLcox, 1968). The virions are assembled
in specific cytoplasmic foci of viroplasm out of pools of viral DNA, the requisite
virus-specified proteins and host-derived lipids (Cairxs, 1960; Lon and Ricaes,
1961). The reconstructed sequence of assembly stages is based upon numerous
complementary biochemical, genetic and structural studies (Figs. 19 A—1I), carried
out mainly with the prototype vaccinia virus. However, the scheme most probably
represents a basic pattern pertinent to all viruses in this Family.

A. The Envelope

Poxvirus envelopes are external lipoprotein teguments organized into the
classical 50 to 55nm bilayer-membrane form, which initially surround spherical
immature particles and later enclose mature progeny virions (DALES, 1963; DALES
and MosBacH, 1968). During a synchronized one-step growth cycle the envelopes
are the first identifiable virion structures assembled within factories, in line with
suggestive data from the initial electron microscopic studies obtained with
vaceinia virus (DALES, 1963 ; GAYLORD and MELNICK, 1954; MORGAN et al., 1954 ;
VALLEJO-FREIRE et al., 1957/58), and subsequently with other orthopoxviruses
(BERGOIN et al., 1969; DaLEs and BErGOIN, 1971; GraNADOS, 1973; GRANADOS
and RoBERTS, 1970; STorz and SUMMERS, 1972 ; TSUHURA, 1971 ; TSURUHARA and

Fig. 19. Selected examples of vaccinia virus morphogenesis in relation to the self-
assembly and modifications of the envelope. A Early in development where the unit
membrane is coated by a well defined external layer of spicules (arrows). The segment
of curved envelope appears rigid, but in the absence of spicules it is flexible. x 225,000.
(From ScawARTZ and DALES, unpublished.) B A complete, spherical envelope encloses
the nucleoprotein fibrous matrix of an immature virion. X 80,000. C and D Immature
particles contain dense, DNA nucleoids. x 90,000. (From KAJIOKA et al., 1964.)
E Transitional stage of development when internal reorganization is evident. x 90,000.
F Maturing or mature virion contains two lateral bodies and a core enclosed by a thick
membrane. The envelope is devoid of spicules. Such particles are usually evident
4 to 5 hours post inoculation. X 90,000. (From DALEs and MosBAcH, 1968.) G An un-
usual configuration of envelopes in early development. The presence of spicules on
both faces of adjacent membrane bilayers may have caused a constraint of the normal
curvature of the envelope. X 120,000. (DALES, unpublished.) H Developmental defects
in the case of mutant £s6757 result in self-assembly of very long segments of spicule-
coated envelope (arrows), which frequently become folded into multilayers. Such
envelopes are spatially independent of the DNA-protein matrix synthesized by this
mutant. X 123,000. (From DALES et al., 1978.) I Resculpturing of the envelope during
maturation. When differentiation into a core and lateral bodies is evident, the spicules
(long arrows) are removed or lost from the external envelope (short arrows), usually
on the surface opposite from the “factory’’. Such transitional forms in vaccinia virus
development are encountered rarely with wild type virus, but accumulate in large
number in the case of a slowly maturing mutant like ts1911. X 142,000. (From DArLES
et al., 1978)
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TSURUHARA, 1973). When rapidly acting metabolic inhibitors are employed, it can
be shown that the formation of envelopes around immature vaccinia virions is
dependent on transeription at 2 to 2.5 hours and translation at 3 to 3.5 hours post
inoculation. These envelopes are assembled sequentially into uniform, spherical
particles and the rigidity of their form depends upon an external backing of
spicules (DALEs and MosBacH, 1968) (Figs. 19A—E). When these spicules are
missing from the bilayer, particularly as evident after treatment during vaccinia
virus infection with the antibiotic rifampicin or in the case of some conditional-
lethal assembly mutants of vaccinia virus, the envelope retains its flexibility and
pleomorphism (Fig. 19A) (Dares and MosBacH, 1968; Nacavama et al., 1970;
GRIMLEY et al., 1970). Therefore, the curvature required to produce a spherical
envelope must be controlled by a precise attachment of spicules. It is noteworthy
that, when two spicule-backed envelope segments become closely apposed by
chance, the tendency to adopt curvature is counteracted (Fig. 19G). Abnormally
developing envelopes sometimes fail to become sealed into spheres enclosing
material of the viroplasm and are instead assembled into long sheets tightly wound
into a multilayered form (Fig. 19H), as evident with other conditional-lethal, ¢s
mutants of vaccinia virus (DALES et al., 1978).

The spicule-backed envelopes are produced as early functions, and can,
therefore, be assembled to enclose immature particles lacking viral DNA, when
DNA replication is prevented by drugs or nucleoside analogues such as hydroxy-
urea, fluorodeoxyuridine and cytosine arabinoside (KAJ10KA et al., 1964 ; ROSEN-
KRANZ et al., 1966 ; Poco and DaLEs, 1971). However, if envelopes are formed in
the absence of coordinate DNA and late protein synthesis, they most probably
cannot subsequently participate in the assembly of mature progeny virions after
inhibition of DNA synthesis is reversed. On the other hand, malformed envelopes,
assembled around quanta of viroplasmic matrix synthesized during treatment
with rifampicin, appear to undergo “repair’’ after the drug is washed out and they
are subsequently utilized in the formation of mature progeny virions (STERN and
Davrgs, 1967a; Nacayama et al., 1970). These observations indicate that, during
normal virus development, envelopes are assembled to enclose the DNA plus
early and late proteins constituting the mature virion.

The structure of the external surface of the envelope undergoes specific
modification which is temporally connected with conversion of the immature virion
into a mature particle, characteristically associated with internal differentiation
of the particle and its migration out of the viroplasmic matrix. These modifications
involve replacement of the spicule layer by surface tubular elements (STE) and
internal assembly of the core with its lateral bodies (STERN and DALES, 1976b).
The first step in late morphogenesis appears to include dissociation of spicules
from the bilayer, restoring flexibility to the envelope and thus allowing the change
in shape from the spherical immature particle to the brick-shaped mature virus.
Transitional stages of envelope modification are particularly clear in the case of an
insect poxvirus (SToLTz and SUMMERS, 1972) and with vaccinia virus ¢s mutants
blocked at a step in maturation (STERN et al., 1977) (Fig. 191). The STE on mature
virions have been isolated in a pure state (Fig. 8), and shown to be comprised of
a single 58K polypeptide species by one-dimensional PAGE. This protein elicits
avid neutralizing antibody in rabbits (STERN and DaArEs, 1976b). Pulse-chase
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experiments using isotopically labelled amino acids reveal that during vaccinia
virus assembly, STE protein is among the last components to be incorporated into
virions (STERN and DALES, 1976a), a finding consistent with the idea that the
spicules are displaced during maturation (SAROV and JokLIK, 1973).

The lipids which are completely extractable from the surface of mature pox-
viruses by detergent undoubtedly also exist as a component of the bilayer structure
of immature virus envelopes. Experiments utilizing suitable radioactive precursors,
such as glycerol, acetate, 32P-PO4 and fatty acids, show that developing particles
of vaccinia virus acquire phospholipids of the envelope indiscriminately from both
preexisting and nascent molecules synthesized after infection (STERN and DALES,
1974 ; DaLEs and MosBAcH, 1968). These data, which include all the species of
phospholipid, demonstrate that their synthesis is entirely under host control.
However, the proportions of phospholipid species in virion envelopes is somewhat
different from their proportions in host cell membranes. For example, the relative
concentration of phosphatidylethanolamine is significantly reduced in virus
envelopes, and a substance tentatively identified as acylphosphatidylglycerol is
present there in several times greater abundance (STERN and DALES, 1974). These
findings suggest that virus envelope proteins might control the phospholipid
composition during envelope formation. Poxvirus envelopes are assembled within
the cytoplasm de novo, in contrast to the envelopes of “budding” viruses which are
continuous with host cell membranes during development. There must, therefore,
exist a mechanism for transferring phospholipids from cellular membranes to
nascent envelopes developing inside the factories. Whether such transfer depends
upon specific catalytic carriers, termed phospholipid exchange proteins, as sugge-
sted by preliminary evidence (STERN and DALES, 1974), or on some other mecha-
nism, remains to be established.

Glycolipids, when quantified relative to amounts of prevailing phospholipid,
exist in the vaccinia virus envelope in the same molar ratios as in host membranes
(AnDERsSON and DaLEs, 1978), implying that glycolipids of cellular origin are
incorporated into the unique vaccinia envelope without the type of discrimination
evident with phospholipids. However, vaccinia virus infection does cause profound
alterations in host glycolipid composition, namely, large increases of the least
complex mono- and dihexosylceramides and commensurate reduction in the more
complex glycolipids and gangliosides (ANDERSON and DaLrks, 1978). From this
evidence, it can be deduced that rapid changes in glycolipid composition of the
host are immediately reflected in the virus progeny, indicating that nascent
glycolipids become incorporated into the envelopes of vaccinia virions.

B. Differentiation into Mature Virions

While conversion of spherical immature forms into brick-shaped, infectious
virions requires the resculpting of the external surface of the envelope, it also
involves the interior conversion of an undifferentiated viroplasmic matrix material
into the characteristic core and lateral bodies (Figs. 5, 19F, I). The pattern of
development evident with vaccinia virus is quite similar for all orthopox viruses
examined to date (BERGOIN and DALES, 1971; DALES, 1963 ; SToLTZ and SUMMERS,
1972); TsurvuHARA and TSURUHARA, 1973). Intermediate stages in the differentia-



58 VI. Assembly and Morphogenesis

tion process have been identified by electron microscopy (DaLEs and MosBach,
1968), and are especially clear when defects in development become evident
among ts mutants of vaccinia virus (DALES et al., 1978; LAKE et al., 1979). Both
DNA replication and expression of late functions are mandatory for the occurrence
of internal differentiation, as shown with appropriate metabolic inhibitors
(KaJ10KA et al., 1964 ; ROSENKRANTZ et al., 1966; Poco and DaLES, 1971; DALES
and MosBacH, 1968). It is, therefore, noteworthy that blocking transcription at
3 to 3.5 hours and translation at 3.5 to 4 hours, i.e., a time after the bulk of
vaccinia virus DNA has been synthesized, does not prevent assembly of immature
particles but does inhibit differentiation into mature virions (DALES and MoSBACH,
1968). Two basic models may be considered to explain the interrelationship
between formation of the vaccinia virus envelope and the maturation process.
According to the first model, the lipoprotein envelopes surrounding immature
particles are assembled first and the late polypeptides required for maturation are
inserted through them. The second model predicts that only after all requisite
components have been incorporated prior to completion and final sealing of the
envelope can the assembly and differentiation into mature virions proceed. We
shall now consider the evidence favouring the latter alternative.

Fig. 20. Section of cytoplasm from a vacecinia virus-infected cell examined histo-

chemically for nucleotide phosphohydrolase. The reaction was carried out as described

in Fig. 10. Note the dense lead phosphate product within immature forms of progeny
virus and its absence from the envelope. X 100,000. (From GoLp and DALESs, 1968)

Since the major envelope polypeptides are among the last to be incorporated
during vaccinia virus assembly, envelopment most probably occurs late in the
sequence of development (STERN and DALES, 1976a). This view is consistent with
evidence showing that envelopes of immature forms assembled during treatment
with hydroxyurea to arrest synthesis of DNA and late polypeptides do not
participate in the formation of mature progeny after reversal of the block. Follow-
ing removal of hydroxyurea, DNA synthesis occurs rapidly and is followed by
highly synchronous formation of new immature and mature progeny (Poco and
DaLES, 1971; MorcaN, 1976a, b). Appearance of mature progeny under these
circumstances is temporally related to the synthesis of the enzymatic activities of
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the core (GoLp and DarEs, 1968; Poco and DaLgs, 1969b; Poco and O’SHEA,
1977), including the RN A polymerase, nucleotide phosphohydrolase (NTPase) and
two DN Ases shown to be late functions (Poco and DaLEs, 1971). It can be demon-
strated cytochemically (Fig. 20) that one of these enzymes, the NTPase, exists
within the immature form of vaccinia virus even before the internal reorganization
into a core and lateral bodies has been completed (GoLD and DALES, 1968).

It is now evident that, in addition to replication of DNA and appearance of late
proteins, specific posttranslational cleavages of these proteins, termed ‘‘process-
ing”’, must occur for completion of virion maturation. During maturation, several
precursor polypeptides are simultaneously processed (STERN et al., 1977). They are
two major core components, one of which is the 94K precursor which is cleaved
to a 62K product and the other a 65K precursor processed into a 60K product
(Moss and RoSENBLUM, 1973). The role of protein processing in poxvirus morpho-
genesis was initially demonstrated by treatment with 8-isatin thiosemicarbazone
(EASTERBROOK, 1962), and rifampicin (PENNINGTON, 1973; KaTtz and Moss,
19704, b). The latter antibiotic also interrupts (a) attachment of spicules to the
bilayer of the envelope (NAGAYAMA et al., 1970 ; PENNINGTON et al., 1970; GRIMLEY
et al., 1970), (b) maturation (NAGAYAMA et al., 1970; GRIMLEY et al., 1970) and (c)
induction of core-associated late enzymatic activities, including the RNA poly-
merase, 2 DNAses and NTPase (Nacavama et al., 1970), but it does not affect
synthesis of DNA or most of the early and late proteins. Evidence that the effects
on development observed are at least partly independent of the transcription-
inhibiting influence of rifampicin stems from electron microscopic studies of virus
assembly (SUBAR-SHARPE ef al., 1969; NacavaMA et al., 1970). Interruption of the
developmental process is also brought about by elevated temperature, as shown
in the case of variola virus infecting chick embryo fibroblasts (CooPER and
BEeDSON, 1973). At high temperature, viral DNA and some late proteins are made,
but induction of the virion RNA polymerase and maturation are blocked. These
observations reveal that structural and functional changes associated with pox-
virus development and maturation involve closely interrelated events occurring
within enveloped virions. This notion is further supported by experiments using
a group of vaccinia virus ¢és mutants (DALES ef al., 1978; LAKE et al., 1979; STERN
et al., 1977), which mimic almost exactly the above mentioned (a)—/(c) effects
produced by rifampicin treatment. Upon shift-down of the temperature from 40°
to 33°, normal development is restored in the manner evident after washing out
rifampicin.

. After reversal of rifampicin inhibition or upon shift-down to the permissive
temperatures in the case of s mutants, additional transcription and translation
are required for processing of viral proteins, induction of core enzymes and
occurrence of morphological differentiation. However, application of RNA and
protein synthesis inhibitors prior to drug or temperature reversal does not affect
attachment of spicules and change to the spherical conformation of envelopes
(NAGAYAMA et al., 1970; STERN et al., 1977). This finding implies that a pool of
spicules exists under non-permissive conditions and envelope self-assembly does
not require the prior induction of a nascent protease or factor connected with
proteolysis. Since, however, an association between the envelope and spicules,
followed by dissociation of spicules from the bilayer, must precede all phenomena
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connected with differentiation and maturation, it can be assumed that events
connected with envelope self-assembly are paramount during the morphogenetic
cycle of poxvirus development. The protease(s) active in vaccinia virus formation
has a chymotryptic specificity, judging by the fact that protease inhibitors like
TPCK and ZPCK block processing of vaccinia preproteins and virus maturation
(SILvER and DALES, unpublished). It is uncertain at the time of writing whether
the alkaline protease identified in virion cores (ARzOGLOU et al., 1979), is connected
with processing phenomena and development.

In summary, the best evidence from the many correlative biochemical and
cytological investigations cited above strongly indicates that envelopment, post-
translational processing, induction of several late core enzymes, internal re-
organization of structure, resculpting of the external surface, and maturation into
infectious progeny are interrelated processes in vaccinia virus self-assembly which
must occur in a tightly-coupled functional and temporal order.

Fig. 21. Section through an invagination near the cell surface of a mouse L strain fibro-

blast sampled 24 hours after inoculation with vaccinia virus. Numerous microvilli

projecting into the luminal surface bear virus progeny. X 12,000. (From DALEs and
SimiNovITCH, 1961)
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VII. Dissemination from Host Cells

Poxviruses, like certain other animal viruses, have evolved various alternative
schemes for efficiently disseminating their progeny which utilize the membrane
network of the host, or which depend upon the formation of specific containers in
the form of proteinaceous cytoplasmic inclusions.

A. Involvement of Cell Membranes

When cellular membranes are utilized, the mature virions undergo orderly
transfer towards and then through the plasma membrane. In the least complex
and most direct process, virions migrate through the cytoplasmic matrix towards
the cell periphery. After reaching the cell surface, individual progeny particles
may become positioned at the tips of long microvilli-like extensions, which are
evident by both light and electron microscopy (Fig. 21) (RoBixow, 1950; DALES
and SIMINOVITCH, 1961 ; STOKES, 1976). Most probably, release to the extracellular
milieu occurs by breakdown of the extensions at their tips. Immunocytochemical
studies indicate that cytoskeletal elements may be involved in egress through
microvilli (HILLER ef al., 1979). In the case of certain insect orthopoxviruses,
release by an analogous type of budding may occur, although by short evaginations
of the plasma membrane, instead of through defined microvilli (GRaANADOS, 1973 ;
Storz and SUMMERS, 1972).

Vectorial transfer of mature progeny of vertebrate poxviruses may also occur
by a more elaborate mechanism, whereby membranes of the Golgi complex are
utilized for intracytoplasmic wrapping of individual virions (MORGAN, 1976a;
Icurmasnr et al., 1971). The illustrated sequence in Fig. 22A—D of wrapping
followed by release at the surface reveals the intricacy of the process. Initially,
several Golgi vesicles make contact via the cytoplasmic faces of their membranes
with the envelope surfaces of mature virions. This interaction presumably involves
specific molecular signals of recognition. Fusion or coalescence between the Golgi
vesicles ensues to form a continuous sac or cisterna investing individual virions.
This fusion process may be controlled by a component of the virion. The wrapped
virus particles then migrate to the cell surface where apposition between the outer
cisternal membrane and the plasma membrane elicits membrane to membrane
fusion at the point of contact, exposing the inner cisternal membrane to the cell
exterior. In some instances, membranes on the cytoplasmic side of the cisterna
possess dense regions, like those associated with coated vesicles containing the
substance clathrin. Such vesicles are believed to participate in the shuttling of
materials between the Golgi complex and the cell surface. Thus, when fusion
between the smooth and coated vesicles occurs to form a continuous wrapping
membrane, a marker becomes available to follow the origin and disposition of the
cisternal membranes. During the last stage of egress, the virion is externalized
while still enclosed within the residual inner cisternal membrane. This membrane
often remains intact after release, but sometimes it becomes ruptured (ICHIHASHI
et al., 1971; DaLEs, 1971; MorcaAN, 1976; PAYNE and NoORRBY, 1976; PAYNE,
1978). Analyses by PAGE and immunological methods reveal that wrapping
membranes derived from the Golgi are modified following infection with vaccinia
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virus by addition to them of eight or more virus-specified proteins and glyco-
peptides, none of which is like any species found in the virion (APPLEYARD et al.,
1971; Pavy~NE and NORRBY, 1976; Pay~NE, 1978, 1979). Among vertebrate pox-
viruses, efficiency of egress by means of Golgi cisternae may be controlled primarily
by the type of host cell (PAYNE, 1979), but the virus strain involved is also a
determining factor. Dissemination by wrapping has not been documented among
insect poxviruses. After wrapping has ceased during late phases of the replication
cycle, or in circumstances not conducive to budding via microvilli, the progeny
accumulate in large numbers throughout the cytoplasm as naked virions devoid
of a host membrane integument, frequently becoming lodged at the periphery
subjacent to the cell surface. Such particles become attached to the plasma
membrane itself, as evident after isolation of the virus-membrane complex
(Fig. 23) (WEINTRAUB and DALEs, 1974). The trapped naked particles usually
constitute the major fraction of progeny but, to be unmasked as infectious units,
they must be liberated by mechanical disruption of the host cells (APPLEYARD
et al., 1971 ; BouLTER and APPLEYARD, 1973 ; EASTERBROOK, 1961).
Virus-controlled modifications of cell membranes, exemplified by induction of
the hemagglutinin (HA) glycopeptide synthesized as a late-late function and

Fig. 22. Selected examples show wrapping of mature vaccinia-virus progeny within
Golgi vesicle membranes. 4 All of the vesicles have not fused into a continuous cis-
terna. B A virion, completely enclosed in a double-membrane cisterna, has migrated
to the vicinity of the plasma membrane. C An extracellular particle is enclosed within
the remaining inner membrane of the cisterna. The outer membrane coalesces or fuses
with the plasma membrane during egress. D The inner wrapping membrane on the
extracellular virion has become ruptured. X 120,000. (From DALEs, 1971)
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attached externally to the plasma membrane (BrackmaN and BUBEL, 1972;
WEINTRAUB and DALES, 1974; IcHrHASHI and DaLgs, 1971; IcHIHASHI ef al.,
1973), may also influence the cell-to-cell spread of progeny. However, spontaneous
variants of vaccinia and variola viruses arising in animals and in culture, which are
designated HA- because of their inability to induce HA, have been identified
repeatedly (IcHrHASHI ef al., 1971; KAkU and KamMaHORA, 1964; CASSEL and
FaTER, 1958; TsucHivA and Tacaya, 1972). In each instance, the HA~ trait is
correlated with the capacity to cause cell-to-cell fusion or polykaryocytosis,
identifying these mutants as fusion positive (F+). In some exceptional cases, as
with HA+ and F+ cowpox, formation of small polykaryocytes may occur, because
the HA is produced,__more gradually than in the case of H+*F~ vaccinia virus
(IcumasHI and DALES, 1971).

Table 8. Effect of rifampicin and hydroxyurea (HU ) on production of hemagglutinin and
polykaryocytosis in singly and mixedly infected cells®

Controls Rifampicin® added HU added

Virus type . HA ) HA ) HA

Fusion . Fusion . Fusion .

formation formation formation

Vaccinia IHD-W + — — — — —
Vaccinia THD-J — + — + — —
Vaccinia NRg4e¢ + — -+ — — —
Cowpox CP 58 + + — + — —
IHD-W + IHD-J — + — + — —
NR4 -+ IHD-J — + —_ + — —

a From IcHIHASHI et al., 1971.
b Rifampicin was present at 80 pug/ml and HU at 10-5 m.
¢ Rifampicin resistant mutant of THD-W.

Syncytiogenesis is related to intercellular spread of progeny and is contingent
upon migration of mature virions to the cell surface (IcHIHASHI €f al., 1971). Since
expression of both HA and fusing capacity depends on whether glycosylation of
virus-specified, membrane-associated polypeptides occurs (WEINTRAUB and
DaLEs, 1974; WEINTRAUB ef al., 1977; PaAYNE, 1979), it has been suggested that
the HA- mutants induce synthesis of a polypeptide moiety which does not
become glycosylated (WEINTRAUB and DALEs, 1974). In dual infections with
HA+and HA- poxviruses, the HA+ phenotype is dominant over the F+ phenotype
(Table 8) (IcrraASHI and DALES, 1971), in line with the view that the presence of
HA and polykaryocytosis are mutually exclusive. This notion is supported by
experiments with inhibitors of glycosylation which simultaneously block HA
synthesis and allow some syncytiogenesis in infections with HA+, F+ vaccinia
virus. Therefore, a frequently arising spontaneous genetic defect related to HA
synthesis can profoundly influence the mechanism for spread of the progeny. This
implies that cell to cell dissemination with the HA~ strains, which takes place in
cell culture despite the presence of neutralizing antibody in the overlay medium
(N1sum1 and KELLER, 1962), might also occur in animals despite induction of
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humoral immunity, permitting an intercellular spread of infection both within and
between different tissues and organs of the body. By contrast, when HA is present
on the wrapping membranes of virions or on membranes of cells containing trapped
progeny (IcHIHASHI et al., 1971; Pay~NE, 1979), neutralization and disposal of
infectious particles could be subject to humoral or cellular immune surveillance.
For example, attachment and complexing of HA-positive membranes with
circulating erythrocytes might facilitate elimination of infected cell-virus com-
plexes by means of the phagocytes.

Fig. 23. Selected area of a thin section made from a pellet of purified plasma mem-

branes isolated from HeLa cells 18 hours after inoculation with vaccinia virus. Mature

virions attached to the inner face of the membrane are indicated by arrows. x 39,000.
(WEINTRAUB and DALES, 1974)

B. Ocelusion in Proteinaceous Capsules

Formation of the acidophilic dense cytoplasmic inclusions termed currently
“A”-type, which were named initially after their discoverers as BoLLINGER (1873),
MarcHAL (1930), or DownIE (1939) bodies, is evident during replication of various
strains of cowpox, ectromelia and fowlpox viruses. Such inclusions are absent
after infection with other vertebrate poxviruses (Karo and KamaHORA, 1962).
These inclusions have been termed “A”-type by Karo and colleagues to distin-
guish them from Guarnieri bodies, synonymous with the term factories adopted
here, which were designated as ‘“B’’-type inclusions. Indeed, comprehensive cyto-
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chemical studies (KATo and KAMAHORA, 1962; KATO ef al., 1962a, b), revealed the
proteinaceous composition of ““A”-type inclusions (ATI) and showed convincingly
that they are distinctive from the factories. The role of ATI in dissemination of
progeny virus, suggested by studies with the light microscope (KaTo et al.,
1962a, b), became clear following the electron microscopic demonstration by
Marsumoro (1956), and IcHrHAsHI and MaTsuMoTo (1968a), of occluded mature
virions within the proteinaceous matrix. Subsequent investigations from the same
and other laboratories revealed that variants of cowpox and ectromelia viruses
can be selected which, although they induce ATI, fail to cause virion occlusion
(IcurHASHI et al., 1971 ; KATO et al., 1963 a; IcHTHASHI and MATSUMOTO, 1968 a, b).
One prerequisite for occlusion is the ability of progeny virions to migrate out of
the factories. However, assembly into mature virions is not obligatory, as evident
from the finding that cowpox virions arrested at the spherical, immature stage of
development can become occluded in ATI (IcuraasuI and DArEs, 1971). The
factor for occlusion (VO) is present on the surface of virions (IcHrHAsHI and
MarsumoTo, 1968b) and is integrated in virus particles from a pool of soluble
material a short time before occlusion takes place (SHIDA ef al., 1977). Cowpox
strains which can become occluded are designated as V+, while those which
cannot, as V. In dual infections, the presence of the dominant V+ strain provides
the V0 factor for integrating V- virions into the ATI (IcuraAsHI and MATSUMOTO,
1968a; IcurHasHI and DALES, 1971). Related strains of poxviruses, including the
IHD-strains of vaccinia virus, which themselves cannot induce ATI, are never-
theless, V*, express the VO factor, and rescue the deficiency for occlusion of V-
cowpox strains (IcHIHASHI and MATsuMoOTO, 19684, b).

The unusual translation complexes that carry out rapid synthesis of large pools
of the single species of ATI protein comprise numerous, very long polyribosomes,
which are somehow bound to the periphery of the ATI (Fig. 24 A, B). Using a
combination of biochemical, immunological and cytological procedures, in
conjunction with specific inhibitors of RNA and protein synthesis, it was estab-
lished that (1) ATI are expressed as a late-late cowpox virus function, (2) the
associated polyribosomes contain mRNA transcribed from genome sequences
specific to cowpox virus and absent from vaccinia virus, (3) the length of poly-
ribosomes is appropriate for synthesis of the ATI polypeptide of MW 200K
according to recent analysis (SHIDA and MATSUMOTO, personal communication),
(4) the polyribosomes are engaged in translation, and (5) occlusion of mature
virions is progressive during growth of the ATI (Fig. 24) (IcutaasHT and DALES,
1973).

Although evidence for the role of ATI in maintaining the viability of vertebrate
poxviruses and their spread between animal hosts is only circumstantial, experi-
mental data regarding the function of similar inclusions in the survival and
dissemination of insect agents is more direct. Inclusions synthesized under the
control of insect poxviruses have been termed spherules because of their quasi-
spherical shapes (BErcOIN et al., 1971). They are constituted from protein(s)
which are organized to form an orderly crystalline lattice (Fig. 25) (BErRGOIN and
Darzss, 1971; GraNaDOs and RoBERTS, 1970; BERGOIN ef al., 1971; BERGOIN
et al., 1969; StorTz and SuMMERS, 1972; RoBERTS and GRANADOS, 1968;
McCarTHY et al., 1974; MLNER and BEATON, 1979). Spherules which usually
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Fig. 24. Selected areas of a HeLa cell sampled 24 hours after inoculation with cowpox

virus strain CP58. 4 The dense A-type inclusion occupying the center of the field is

permeated by mature progeny virions. B The edge of an inclusion shown to illustrate

encrustation by numerous, very long polyribosomes (arrows). Available evidence

suggests that such attached polyribosomes (arrows) are engaged in translation of

mRNA for A-type protein. N nucleus; m mitrochondrion. 4 X 35,000; B X 44,000.
(From IcHIHASHI et al., 1971)
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number one or two per cell appear to develop by accretion of protein and simul-
taneous integration of virions. Occasionally, individual spherules may attain a
diameter of almost 25 pm and enclose several hundred virions. The spherules are
liberated into the soil following death and decomposition of infected larvae,
thereby providing reservoirs of the agent for spread of the infection (BERGOIN
et al., 1971). The incidence of infection may reach 1009, in mature larvae of some
insect populations (MILNErR and BEeaTON, 1979), testifying to the protective
function of the crystalline inclusions for maintaining viability of the virus and
facilitating its spread. Upon reinfection of a new host, after ingestion of spherules,

Fig. 25. Thin section of a developing spherule or A-type inclusion of Melolontha pox-
virus. The mature virions are in the process of being occluded within a proteinaceous,
crystalline matrix. X 77,000. (From BERGOIN et al., 1969b)

the occluded virions are freed within the larval gut by dissolution of the crystalline
matrix, which is favoured by the prevalence of a high pH in the gut lumen. The
liberated virions may then pass through the gut epithelium and invade the body
cavity. In vitro solubilization of spherules at high pH may be due to activation of
a latent protease in them (Brmimoria and ArIr, 1979). Under these conditions,
there is a very rapid release of occluded virions, simulating the » vivo phenomenon
which takes place in the alkaline environment of the intestinal tract of susceptible
insect hosts (McCARTHY et al., 1974; MILNER and BEAaTON, 1979).

5*
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VIIL Pathology and Disease

A. Events at the Cell Surface

With the notable exception of the agent of Molluscum contagiosum (MC), which
fails to replicate in any in vitro system of primate and nonprimate mammalian
cells so far tested, the poxviruses of warm blooded vertebrates generally cross
species barriers, infecting a broad spectrum of avian and mammalian cell cultures
(FENNER ef al., 1974; Cro and WENNER, 1973). It is not surprising, therefore, to
find that several mammals, including rabbits, mice and the African rodent
Mastomys natalensis, are infectible with monkeypox virus (MARENNIKOVA and
SELUHINA, 1976; KiTAMURA and OcATa, 1979). Accidental infections of man and
animals in zoological gardens, including cheetahs (Acinonyxr jubatus) and other
carnivores of the family Felidae and elephants with cowpox or cowpox-like
agent(s) (BAXBY ef al., 1979; MARENNIKOVA et al., 1977; BAXBY and GHABOOSI,
1977), and of rhinoceroses with fowlpox virus (MAYR and MAHNEL, 1970), have
been documented recently.

The in vitro cytopathology (CPE), which develops as a result of these infections
is generally quite uniform, evolving from an early cell rounding (APPLEYARD et al.,
1962; BABLANIAN ef al., 1978Db), to the appearance of massive cytoplasmic inclu-
sions (‘“factories”), followed by the development of extensive granularity, loss of cell
membrane integrity and, finally by cell death and detachment. The interval to
cell killing is highly variable, depending on the type of poxvirus and the host cell
infected, but it can be as rapid as 10 to 12 hours in the case of virulent strains of
variola and vaccinia viruses or killing may occur after several days, as is the case
with avian pox, Yaba and rabbit fibroma viruses, which infect the epidermis
(Cuo and WENNER, 1973). Early cell rounding, evident within 30 to 60 minutes
postinoculation, has been correlated with virus-specified protein synthesis, as
evident from the application of appropriate metabolic inhibitors (BABLANIAN,
1968 ; BABLANIAN et al., 1978a; APPLEYARD ef al., 1962). In the case of MC, only
the early genome functions originating from the coated core are expressed during
the tn vitro infection (SHAND et al., 1976 ; MCFADDEN et al., 1979; LA Praca et al.,
1967 ; BARBANTI-BRODANO et al., 1974; LA Praca, 1966). The appearance of early
virus surface antigen(s) induced by different poxviruses has also been correlated
with cell rounding (McFADDEN et al., 1979; UEDA ef al., 1969) and an increase in
cell volume and a proportional decrease in cell density, as ascertained by centrif-
ugation through Ficoll gradients (BaLr and MEpzown, 1973). The role of such
antigens in early CPE is substantiated by mutants of cowpox, variola, monkey
pox and vaccinia viruses which are unable to cause cell rounding and which are
defective for early antigen production (ITo and BARRON, 1972; AMaNoO et al., 1979).
The early CPE has also been ascribed to soluble cytotoxic factor(s) produced as
late functions in the infectious cycle (WOLSTENHOLME ef al., 1977), and to leakage
of hydrolases from lysosomes (SCHUMPERLI et al., 1978).

Among the polypeptides implicated in early cytopathology is the component
of surface tubular elements (BuUrRGOYNE and STEPHEN, 1979; MBUY and BUBEL,
1978) originally isolated and characterized by STERN and DaLes (1976b). STE
were shown to enhance cell agglutinability by concanavalin A in the same manner
as inoculation with whole virus, implying that, upon normal interaction with the
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cell membrane, the STE migrate from the inoculum virions and become widely
dispersed within the plane of the membrane, accounting for early changes in cell
form and increase in agglutinability (MBUY and BusgL, 1978). During productive
infection or when more extensive expression of virus functions occurs, the early
cell-rounding phenomenon leads to irreversible and profound disturbances in host
cell structure and funtion. By contrast, the abortive infection of primate cells with
MC virus ¢n vitro is characterized by only a transitory cell rounding. This CPE is
reversed in 1 to 3 days, at the time the early surface antigen(s) becomes dissipated
and the host cells resume their normal morphology (McFADDEN ef al., 1979).

Among several late antigens which appear at the cell surface is the nonvirion
hemagglutinin (HA) of vaccinia, cowpox and other orthopoxviruses which is
expressed as a late-late dominant (i.e. HA*) function (IcHrHASHI and DALES,
1971). The spontaneous appearance in infected animals of vaccinia virus mutants
which fail to induce HA (i.e. are HA-) has been correlated with both an absence
of glycosylation of the HA polypeptide (WEINTRAUB and DALEs, 1974), and
acquisition of the capacity to induce cell-cell fusion. Syncytiogenesis appears to
require the movement towards and eventual presence at the host cell surface of
mature virus progeny (IcHrHASHI and DALES, 1974). The fact that specific anti-
body to STE suppresses syncytiogenesis (STERN and DALEs, 1976b), implies that
a component of the STE may control this intercellular fusion process and thereby
permit a direct intercellular spread of virus, obviating the usual extracellular
phase. Furthermore, one might speculate that the outcome of the disease in vivo
might be profoundly influenced if infected leukocytes, presumed to be involved
in the systemic spread of vaccinia infection, were HA~ at their surface, whereby
agglutination with circulating erythrocytes would fail to occur (WEINTRAUB and
DaLEs, 1974). This speculation is based on the reported weak hemagglutination of
some mammalian erythrocytes, including human erythrocytes, by vaccinia
virus infected cells (CLARK and NAGLER, 1943). Another late antigen is manifested
at the cell surface in benign tumors of rabbits inoculated with Shope virus; this
antigen elicits a specific antibody response (ToMPKINS ef al., 1970¢). It is note-
worthy that introduction of both early and late poxvirus antigens into the plasma
membrane is not accompanied by a displacement of preexisting host proteins and
glycoproteins, or by an obliteration of certain cellular biological functions, among
them the Na+- and K+-dependent ATPase and polio virus receptors (WEINTRAUB
and DALES, 1974). Apart from the appearance during infection of glycosylated and
nonglycosylated poxvirus-specified proteins at the plasma membrane, other early
and late polypeptides, some of which are modified by glycosylation and sulfation,
accumulate in the extracellular miliew (MCCrRAE and PENNINGTON, 1978). The
function, if any, of such secreted molecules in relation to the infection remains
obscure at this time.

No specific cause has been ascertained to explain the profound disorganization
of cellular architecture, loss of control over permeability and ultimate cell death
observed during the later stages of infection. However, suggestive evidence has
been provided implicating leakage of lysosomal enzymes, due to membrane
fragility ensuing from infection by Shope fibroma or rabbit poxvirus, with
lethality. A decrease of the intracellular activities of specific lysosomal and
nonlysosomal enzymes, among them lactic dehydrogenase, acid phosphatase and
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B glucuronidase, is concomitant with an extracellular increase of the same
enzymes within 10 hours postinoculation (SCHUMPERLI et al., 1978; OGIER, 1974),
implying that pathogenesis is related to enzyme leakage.

B. Hyperplastic Response

Those poxviruses which replicate primarily in the epidermal layers of skin,
such as fowlpox virus (CHEEVERS et al., 1968), Yaba virus associated with benign
histiocytomas in primates (M1Lo and Youx, 1975), MC virus of man (VREESWIJK
et al., 1977; VREESWIJK et al., 1976, La Praca et al., 1967), and Shope rabbit
fibroma virus (ANDREWES and AHLSTROM, 1938; FENNER ef al., 1974), all may
stimulate cell proliferation and hyperplasia rather than causing rapid cell destruc-
tion of the type characteristic of vaccinia virus infection. Consequently, nodules
or benign tumor-like growths may appear which are usually self limiting in size,
because, with time, an immune response is evoked and virus dissemination is
suppressed. In some individuals, the MC nodules become widely disseminated to
all areas of the body except the palms of the hands and the soles of the feet. These
nodules may fail to regress for prolonged periods of time, perhaps because of a
deficient immune response to this agent. The occasional appearance of MC lesions
in the vicinity of female genitalia suggests that a venereal transmission of the
disease may also occur (WILKIN, 1977). In vitro inoculation of susceptible cells in
monolayer culture with MC, Yaba or fibroma viruses may result in a loss of contact
inhibition coincident with the appearance of foci of piled up cells termed ‘“micro
tumors”’ (SCHWARTZ and DALES, 1971 ; BARBANTI-BRODANO et al., 1974 ; TOMPKINS
et al., 1969 ; MiLo and Yonn, 1975; YOHN et al., 1970; CroucH and HiNzg, 1977),
simulating the in vivo pathological picture evident in the epidermis (PROSE et al.,
1969). Although the poxviruses per se are not known to cause malignant trans-
formation, they may act as co-carcinogens. This phenomenon has been demon-
strated by inoculating vaccinia virus into mice the skin of which had been painted
with methylcholanthrene (DURAN-REYNALS and STANLEY, 1961), or by inoculating
Shope fibroma virus into rabbits simultaneously painted with coal tar (ANDREWES
and AHLSTROM, 1938).

C. Metabolic Derangements

Infection by poxviruses usually results in profound dysfunction of host cell
metabolism. These disturbances may occur as a consequence of the introduction
of specific proteins as components of the inoculum, as exemplified by a rapid
inhibition of cell DNA replication produced by active and UV-killed vaccinia
virus (KaTo ef al., 1962b, 1943b; MAGEE et al., 1960; KT and Dusss, 1963 ; KiT
and DusBBs, 1962a; Poco and DALES, 1973; Poco and DALEs, 1974; Moss, 1974),
or Shope fibroma (CHAN and Hopzs, 1973) and MC viruses. This effect may be due
to hydrolysis of the nascent, rapidly labelled 4s short cellular ssDNA fragments
by the pH 7.8 nuclease released in the cytoplasmic matrix from inoculum virus
cores, which migrates into the nuclear compartment (OLGIATI et al., 1976; Poco
and DALES, 1973 ; Poco and DALES, 1974). By contrast, the preformed host dsDNA
is essentially unaffected (OLGIATI et al., 1976; Poco and DALES, 1974; KiT and
Dusss, 1962b). When poxviruses initially elicit proliferative responses in the
epidermis, as in the case of fowlpox, Shope fibroma and Yaba viruses, host nuclear
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DNA synthesis is actually stimulated prior to the onset of cytoplasmic virus-
related DNA replication (CHEEVERS et al., 1968; TompKINS et al., 1969). With
epidermal MC infection, commencement of virus-related cytoplasmic DNA
replication coincides with the onset of a decline in host DNA synthesis (TANTIGAKI
and Karo, 1967).

Unlike the case with some DNA bacteriophages, the host DNA in poxvirus-
infected cells is not converted to reutilizable acid soluble products (SHEEK and
MAGEE, 1961). More recently, PARKHURST ef al. (1973), have clearly shown that
although host DNA does not become a substrate for the synthesis of the vaccinia
virus genome, limited DNA breakage occurs within 90 minutes postinfection. This
cleavage is dependent upon the multiplicity of the inoculum employed. These
observations support the evidence of Poco and DaLEs (1973, 1974), who demon-
strated migration of the core pH 7.8 endonuclease from inoculum virions into
nuclei. Coincidentally, host nuclear DNA polymerase activity, assayed in vitro,
was found to be inhibited.

Inhibition of host-specified RNA synthesis occurs less rapidly (K1t and Dusss,
1962a), beginning with mRNA within 3 hours and causing an almost complete
cessation of all cellular RNA formation by 7 hours postinfection (BECKER and
JokLIK, 1964). It has been suggested that the decline in host RNA synthesis may
be functionally related to a profound decrease of the enzyme uridine kinase, which
is observed following vaccinia virus infection (Kt ef al., 1964). However, the
actual mechanisms responsible for cessation of host RNA formation have not as
yet been satisfactorily elucidated.

Suppression of RNA formation is evident between 4 to 6 hours into the vaccinia
virus replication cycle (BECKER and JOKLIK, 1964). Transport of mRNA into the
cytoplasm and processing of ribosomal RNA precursors is blocked 2 to 3 hours
after infection. Unlike the inhibition of host DNA and protein formation, suppres-
sion of host RNA production requires synthesis of virus-specific DNA and protein
(BARLEY, Poco and DALES, unpublished results). A possible target is the host
aggregate RNA polymerase activity, perhaps affected by the accumulation of a
basic viral protein. An unpublished study (BARLEY, Poco and DaLEs) of the
nuclear DNA-dependent RNA polymerases was conducted, taking advantage of
the possibility of testing nuclear enzymes in situ by means of activating cations
and specific inhibitors. The data indicate that, at 4 hours postinfection, o-amani-
tin-sensitive host RNA polymerase II becomes inhibited by 509,, and later, at
8 hours postinfection, activity of RNA polymerase I is also suppressed. The latter
effect may be related to a block of host protein formation because polymerase I
activity is more sensitive to disruption of protein synthesis. The decrease in RNA
polymerase II activity at the earlier time point is unlikely to be due to a soluble
inhibitor appearing after infection, as shown by mixing nuclei from control and
infected cells. It remains possible that RNA polymerase II leaks out of infected
nuclei, and is engaged in transcription of vaccinia virus DNA in the cytoplasm,
because our findings demonstrated that this host cell enzyme is required to
transcribe genes involved in late stages of vaccinia virus maturation (SILVER ef al.,
1979).

Numerous studies have shown that repression of host-specified protein synthesis
occurs as rapidly as the inhibition of cellular DNA synthesis. These effects are
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initiated within 20 minutes after inoculation with vaccinia virus, and are almost
complete within 1 to 4 hours, depending upon the multiplicity of infection (Moss,
1968). The roles of virus-specified transcription and translation in this repression
are as yet unclear, and evidence has been presented implicating either translation
(DRILLIEN ef al., 1978), or transcription (BABLANIAN ef al., 1978 a; KiT and DuBss,
1962a). Contradictory evidence has, however, also been provided to show that
vaccinia virus cores interrupt translation directly in an in vitro system (BEN-
Hamipa and BeaUD, 1978), and inoculum vaccinia made nonfunctional by ultra-
violet irradiation is capable by itself of shutting off protein synthesis (Moss, 1968).
This has been ascribed to the STE component, since purified STE alone can
rapidly and specifically block host protein synthesis, presumably by affecting the
initiation of translation directly, as indicated also by STE effects on the reti-
culocyte cell-free system (MBUY et al., personal communication). Another recent
study suggests the possibility that initiation of translation is influenced by some
early transcription product of vaccinia virus (ScHROM and BABLANIAN, 1979),
since the short poly(A) chains synthesized under the direction of the virus core
enzyme poly(A)-polymerase are able to compete with and displace host mRNA
engaged in in vitro translation (RoseMoND-HORNBEAK and Moss, 1975).

Despite the suppression of host protein synthesis, the formation of arginine by
anabolism of citrulline is enhanced after infection, presumably to fulfill the high
requirement for arginine in rabbitpox virus and vaccinia virus replication (OBERT
et al., 1971; CookE and WILLIAMSON, 1973). Some evidence is at hand that such
enhanced arginine synthesis may, in fact, be under viral rather than host direction
(WiLLiamson and Cooke, 1973; HopesoN and WiLLiamsox, 1975).

Although infection with various poxviruses generally causes an overall inhibi-
tion of host metabolism, there may exist an obligatory requirement for selected
synthetic activities of the host cell, because inoculation of human peripheral blood
leukocytes with vaccinia virus does not result in a productive virus cycle unless
these cells are also transformed (i.e., induced into DNA synthesis and transcrip-
tion) by a mitogenic inducer such as phytohemagglutinin (MiLLER and ENDERS,
1968).

In the short term, suppression of host-related DNA, RNA and protein syntheses
resulting from infection by a poxvirus does not appear to influence significantly
either the synthesis or composition of cellular phospholipids (STERN and DALES,
1974; GausH and YOUNGNER, 1963), but the glycolipids are altered profoundly.
The least complex of these, the ceramide monohexoside, becomes markedly
elevated, whereas there are concomitant reductions in the amounts of the more
complex ceramide trihexoside and the predominant gangliosides (ANDERSON and
DaLgs, 1978). Such changes are most probably the consequence of virus-mediated
inhibition of host protein synthesis, because addition of protein synthesis inhibitors
to uninfected cells alters glycolipid composition in a similar manner (ANDERSON
and DaLEs, 1978).

D. Systemic Infections

The most detailed earlier studies on poxvirus dissemination throughout an
animal, resulting in a generalized infection, were carried out by Mims (1959, 1964),
on mice inoculated with ectromelia or vaccinia viruses. This series of investigations
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revealed that when massive inocula are injected intravenously, virus particles are
cleared from the blood stream within a few minutes by macrophages lining the
liver sinusoids. Evidently, not all of the inoculum is eliminated by the macro-
phages, because residual virus may be found associated with circulating platelets
and leukocytes. M1mMs, employing immunofluorescence labelling for light microscopy,
showed that replication can be initiated within macrophages of both mice and
rabbits, despite the role this cell type plays in the primary defense against infect-
ing pathogens. In the case of myxoma virus, a poxvirus virulent for rabbits, spread
from liver sinusoids to parenchymal cells takes place during more advanced stages
of the disease. Parallel observations were made on ectromelia and vaccinia virus
infections in mice. When smaller virus inocula are administered to suckling mice
via the intracerebral route, replication occurs in cells of the upper respiratory
tract, but fails to be manifested in liver parenchymal cells.

By contrast with the fate of inocula containing infectious virus, killed poxvirus
particles injected into mice can be shown, by means of the immunofluorescence
procedure, to undergo destruction following their uptake into macrophages. Data
from in vivo studies are closely analogous to the results of ¢n vitro experiments
which demonstrate that heat inactivated and antibody-neutralized inoculum
vaccinia virus is shunted into lysosomes of L cells, where virions are dismembered
(Table 7; Fig. 15) (DALEs and KaJ1okA, 1964).

The lymphatic system is also involved in the infectious process, as is evident
following subcutaneous or intravenous inoculation of mice with ectromelia virus.
Upon reaching the spleen, this virus is taken up by macrophages lining the
splenic sinusoids, commencing replication in a few cells within 7 hours after
inoculation (Mims, 1959; 1964). Virus may also be introduced into the spleen and
other lymphatic tissue via circulating, infected lymphoid cells.

If an active process of virus replication is initiated in the spleen, evidence of
extensive destruction of splenic follicles can be observed within 24 hours. The
interval required for the appearance of ectromelia virus in local lymph nodes is
related to the size of the inoculum, being only a few minutes after subcutaneous
injection of a large virus dose but occurring much later, at about 24 hours, when
only 100 PFU are injected, implying that in the latter situation virus is carried
into the lymph nodes by circulating cells originating from another site of infection.
Infection arising from exposure of mice to an aerosol containing ectromelia virus
becomes localized in pulmonary lymph nodes by the 3rd day after infection. This
finding is in line with the assumption that poxviruses, whether acquired by the
intranasal or subcutaneous routes, gain access indirectly to the vascular system
and hence the visceral organs via the lymphatic system. However, it is possible
that virus which is propagated initially at the site of injection in the epidermal or
subcutaneous tissue can also enter directly into the blood without necessarily
having to pass first through the lymph nodes.

A poxvirus inoculum introduced into the peritoneal cavity is able to replicate
in both the free macrophages and those attached to mesenteries and it also infects
lymphocytes situated in this body compartment. The intraperitoneal route may
cause the most lethal disease produced by ectromelia virus in mice, because it
provides direct access to organs located in the abdomen, consequently compro-
mising the immune response.
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Concerning invasion of connective tissue by poxviruses, the macrophage is the
only available cell type of the reticuloendothelial system capable of disposing of
the inoculum and it may be the cell which initially becomes infected after subcuta-
neous inoculation of mice with ectromelia and vaccinia viruses and rabbits with
myxoma virus. Presumably, further virus spread and development of a generalized
infection might be arrested at this stage if macrophages of the subcutaneous
connective tissue, “‘primed” by a previous exposure to the infecting agent, are
able to eliminate the inoculum virions completely.

Aerosol-borne infection of mice with ectromelia virus is likely to become
localized in the lung, where macrophages and susceptible alveolar cells of the
mucosa are the targets. In this location, replication may occur in the mucosal
cells, but macrophages carrying the sequestered inoculum are likely to transfer
it to the mucociliary region in the lower respiratory tract, from where the virus
can enter the pulmonary lymph nodes and, perhaps, also the spleen. It thus
appears that when the respiratory tract is the portal of entry, a vascular spread of
the infection may initially involve alveolar macrophages.

Intracerebral inoculation with vaccinia, ectromelia or rabbitpox viruses leads
to virus replication in cells lining the cerebrospinal fluid spaces, causing meningitis
and ependymitis (Mims, 1964). There is no clear-cut evidence that these agents
can infect the neurons (Mims, 1960). However, dissemination of virus has been
traced from the brain to the thoracic and abdominal viscera and a correlation has
been established between virus titres in the blood and the extent of mononuclear
cell infection (GINSBERG and JOHNSON, 1976). The quantity of free virus recover-
able from the organs tested decreases in relation to the potency of neutralizing
antibody appearing in the circulation. Of course, dissemination of poxviruses into
the central nervous system compartment after establishment of a primary
infection elsewhere results in a secondary encephalitis of the type known in man as
postvaccinial encephalitis, a rare complication of vaccination against smallpox.

From the above considerations the importance of macrophages in the patho-
genesis of poxvirus disease becomes clear. The cells are disposed at surfaces of
tissues and compartments in the body where they can control the susceptibility
of target organs in an animal to virus infections or the induction of immune
responses. Disease and pathology similar to the processes seen in poxvirus infec-
tions of mice and rabbits is manifest also when Cynomolgus monkeys are injected
intramuscularly with monkeypox virus (CHO and WENNER, 1973), an agent
highly virulent for this primate. Spread of monkey pox in its host, illustrated in
Fig. 26, gives a picture that is closely analogous to smallpox produced by variola
virus in man.

Intrathalamic inoculation of vaccinia virus into Cynomolgus monkeys causes
widespread inflammation in the meninges and choroid plexus which can be
directly ascribed to virus replication (MoRr1TaA et al., 1977). However, involvement
of brain parenchymal tissue (encephalopathy), which occurs during the terminal
stages of the disease, is thought to be the consequence of an interruption of blood
flow to the CNS rather than a direct effect of monkeypox virus on the brain itself
(GHENDON et al., 1973).

The orthopoxviruses are highly variable in neurovirulence. When several
variants of the prototype vaccinia virus were tested, it was shown that some
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strains, including CV-1 and Ikeda, may cause 1009, mortality, even in small
doses. But other variants, among them a temperature-sensitive variant, L.C-16,
derived from the Lister vaccine strain and a small pock isolate, VI, originating
from the Dairen-I strain, fail to kill test animals even when 100 times greater
inocula are injected.

PATHOGENESIS OF MONKEYPOX

Days Associated Responses
Infection |~0 Primary site of infection
1 Local virus multiplication :I Local inflammation
1
Lymphatics Blood stream 1

(127Y viremic phase)

Virus release

Incubation -5 Draining lymph nodes Spleen, tonsils

Febrile response
Systemic lymph nodes

‘e

Lymphoid hyperplasia

N
AN /
Blood stream
-10 (22" viremic phase)
Clinical Skin and other organs Mucocu.tarreous .le‘swns
disease (33" target organs) Systemic tissue injury

Antibody formation

Fig. 26. Model for the pathogenesis of monkeypox. The model is based on data derived
from MPV infected intramuscularly in Cynomolgus monkeys. (From Cao and WENNER,
1973)

E. Infection and the Immune System

Both humoral and cellular immune responses to poxviruses generally conform
to patterns of response evoked by most other infectious agents. Hemagglutination-
inhibiting (HI) and neutralizing antibodies are detectable within 8 days after
infection of Cynomolgus monkeys with monkeypox virus, almost coincident in
time with the first appearance of skin eruptions (CHo and WENNER, 1973). These
types of antibodies reach peak titers between the 3rd and 6th week and thereafter
slowly decline.

Complement-fixing (CF) antibody generally follows the pattern of appearance
and decline observed with the above classes of antibody, but its initial formation
occurs about one week later. The potency of antibodies made in response to
monkeypox virus infection depends to some degree upon the quantity of virus
inoculated. The presence of common orthopox virus antigens in monkey pox,
variola and vaccinia virions, among them the STE (STERN and DALES, 1976b), is
the basis for the ability of vaccinia virus, the least virulent of the three, to serve
as an effective immunogen against the other two agents. Vaccinia virus does not,
however, confer immunity against unrelated Yaba monkey virus, presumably
because this agent does not possess any common antigens (CHO and WENNER,
1973). In the case of another virus, MC, virions associated with epidermal nodules
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can elicit a lifelong humoral immunity in man manifested by continued presence
of agglutinating and neutralizing serum antibodies following the initial infection
and nodule development (POSTLETHWAITE, 1970).

It is known that peripheral blood leukocytes isolated from vaccinated individ-
uals can be infected in vifro by vaccinia virus (MILLER and ENDERs, 1968),
suggesting that following their removal from the animal the leukocytes are left
unprotected either by a lack of serum antibodies or because vaccination does not
activate cytotoxic lymphocytes, which may also be instrumental in protection.
The role of cellular immunity in protection against poxviruses was demonstrated
in monkeys by administering anti-lymphocyte serum to immunized animals. The
disease then progressed, despite the continued presence of humoral antibodies.
Development of cellular immunity resulting from vaccination in the human can be
demonstrated by the presence of cytotoxic peripheral blood lymphocytes capable
of killing target cells bearing vaccinia virus antigen(s) at their surface. This type
of immune lysis is apparently not influenced by the presence or absence of HLA-A
or HLA-B compatibility between effector and the target cells (PERRIN et al., 1978;
DonEerTY and BENNICK, 1979), implying that killing in this case may be due to a
variant or non-T-lymphocyte cell-type acting without HLA restriction. By
contrast, in the mouse, immune lysis by cytotoxic lymphocytes is restricted by
the H-2 determinants (VALDIMARSSON et al., 1975), in a type of interaction that
is probably dependent on the recognition by the lymphocyte of a complex structure
consisting of both virus and H-2 determinants and, thus, may involve an immunol-
ogical surveillance against self components. This is suggested because application
of anti-H-2 serum to the virus-induced target cells in vitro blocks or reduces their
lysis, implying that there exists a topological interrelationship between the H-2
and vaccinia antigens at the target cell surface (DoHERTY and BENNICK, 1979;
VALDIMARSSON et al., 1975).

In recognizing the prominence of cellular immunity in control of poxvirus
infections, key roles have been assigned to macrophages and lymphocytes (Tomp-
KINS ef al., 1970a; KELLER ef al., 1979). Restriction, when it occurs, may operate
at the cell surface, since the virus inoculum can become attached to the cell
membrane without being internalized (AviLa et al., 1972; ToMPKINS et al., 19704,
b). Upon inoculation into either non-immune mice or rabbits, vaccinia virus or
Shope fibroma virus is able to multiply in peritoneal macrophages (TOMPKINS
etal., 1970b; KoszINOWSKI et al., 1975). By contrast, peritoneal macrophages from
immune animals are entirely non-permissive (ToMPKINS et al., 1970a, b; Tomp-
KINs and Rama Rao, 1978; KoszINOWSKI ef al., 1975), but alveolar macrophages
in the rabbit remain susceptible to vaccinia virus. Restriction following immunity
does not appear to operate as a universal phenomenon because myxoma virus is
able to multiply in macrophages from immune rabbits (ToMPKINS ef al., 1970a).
In the case of Shope fibroma virus, infection results in the formation of epidermal
nodules which appear in about 3 days after inoculation of adult rabbits and regress
by the 9th to 21st day, when the immune responses come into play (TOMPKINS
and Rama Rao, 1978). However, if fibromas are induced in newborn rabbits, their
growth is not limited for 4 to 5 weeks and complete regression may not be evident
until the 8th week, although occasionally animals succumb to the disease before
the anti-tumor response becomes effective (TOMPKINS e al., 1973). Not until 15 to



A. Introduction 717

21 days after fibromas appear, do macrophages obtained from rabbits infected at
birth become refractory to in vitro infection, implying that such delay in resistance
may facilitate tumor development. Lymphocytes, which also fulfill essential
functions in cellular immunity, likewise exhibit greater anti-tumor cytotoxicity
when taken from adult tumor-bearing rabbits than do lymphocytes originating
from young tumor-bearing animals inoculated at birth (ToMPKINS et al., 1973).

Sera from rabbits in which fibromas had regressed and sera from young animals
bearing growing tumors both contained antibody highly cytotoxic for cultured
cells infected in vitro with Shope fibroma virus (TomPkINS and ScHULTZ, 1972).
But in such sera, specific antibodies directed against non-virion antigen(s) on
tumor cells are only weakly active. These findings suggest that Shope virus-
specified antigens which become fully expressed in adult animals are somehow
modified or masked during the proliferative phase of tumor formation in young
animals, despite the presence of some cytotoxic anti-tumor cell antibodies,
accounting for the delay in regression of the fibromas (TomPKINS and SCHULTZ,
1972).

There exists a voluminous literature dealing with humoral immunity in various
models involving poxvirus infection of mammals. Thus, neutralizing antibody
appears in serum within one week after intradermal inoculation of either vaccinia,
cowpox or monkeypox viruses (SOEKAWA et al., 1977). Similarly, inoculation of
adult rabbits with Shope fibroma virus elicits circulating antibody, detectable at
first within 7 days, which reaches a peak by the 23rd day and remains elevated
until at least the 50th day (SINGH ef al., 1972). The antibody classes evident in the
rabbit fibroma virus infection include IgM, which peaks by the 13th day, then
declines to zero by the 17th day and IgG which accumulates less rapidly, not
peaking until the 23rd day, then remaining at high level for several weeks or
longer. Some of the cytotoxic antibodies may be formed in response to non-virion
functions appearing at the cell surface, such as the HA (BAXBY et al., 1979) and
fibroma tumor antigen(s) (SINGH ef al., 1972). The virus-neutralizing antibodies
may be directed against virion surface components, such as the STE located on
“naked” particles (STERN and DaLEs, 1976b), or non-virion proteins and glyco-
proteins present on the wrapping membranes (see Figs. 22A—D), (APPLEYARD
et al., 1971; BALACHANDRAN et al., 1979), derived from modified vesicles of the
host’s Golgi apparatus (IcHIHASHI and DALES, 1971). These virion and non-virion
antigens must serve as powerful immunogens, because, after convalescence from
a natural cowpox infection the anti-HA antibody may persist for more than
6 months and the virus-neutralizing antibody is found in the serum for at least
2 years (BaxBY and OsBORNE, 1979).

IX. Genetics

A. Introduetion

The occurrence of both minor and gross mutational changes in the genomes of
poxviruses has been linked with alterations in host range or in the disease
manifested in either the natural or laboratory setting. The effects of such muta-
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tions on the infectious processes are amenable to careful analyses, using procedures
to evaluate a variety of phenotypic markers, such as the degree of virulence,
thermosensitivity, pock or plaque type, serological relatedness, capacity for
complementation or recombination, host restriction and defectiveness in virus-
specified metabolic processes or virion assembly. New techniques of exquisite
sensitivity, utilizing restriction endonucleases, ‘“‘Southern-transfer”’ (CoopPer and
Moss, 1978), and R-loop mapping make it possible to pinpoint individual muta-
tions due even to single base alterations (McFADDEN ef al., 1980, SCHUMPERLI ef al.,
1980) and to identify the outcome of such mutations by characterizing changes in
single polypeptides by means of O’FARRELL’s two-dimensional PAGE (Essant and
Dawgs, 1979; McFADDEN et al., 1980). In the case of the orthopoxviruses, studies
to date reveal that spontaneous mutations can frequently arise in the form of
deletions which may be relatively minor, involving fewer than 250 base pairs
(McFADDEN and DALES, 1979), or deletions can be more extensive, encompassing
a loss of several thousand bases (ARCHARD and MACKETT, 1979; MoYER and
RoTtHER, 1980). Both types of excision occur in the vicinity of the terminal cross-
links in the genome and involve the inverted terminal repetition sequences
(DE FrLipPES, 1976 ; MACKETT and ARCHARD, 1979; WITTEK et al., 1978a; GARON
et al., 1978).

We shall now consider in some detail our knowledge of the molecular and
biological aspects of poxvirus genetics, placing special emphasis on the heritable
changes among these agents that emanate from natural animal reservoirs as well
as those pertaining to extensively studied laboratory prototypes.

B. Spontaneous Genetic Variability

Numerous investigations of the orthopoxviruses in man and other mammals
have revealed the existence of a close interrelationship among them (EsposiTro
et al., 1977Db, ¢), as well as much genetic variability. This variability is seen
principally in certain specific and crossreacting antigens of the virion or in certain
virus-induced early and late antigens such as the hemagglutinin (HA), which
appear at the host cell membranes. Other parameters associated with spontaneous
variability among orthopoxviruses, in natural reservoirs or in laboratory-adapted
strains, include manifestations of cytopathology, evident as either the plaque- or
pock-type formed in terms of degree of virulence and mortality. Even defined
vaccinia virus stocks originating from cloned isolates propagated in tissue culture
(SHARP and McGUIRE, 1970) have been shown to consist of particles possessing a
great deal of variability in structure and infectiousness. This finding should be
examined in the light of evidence of genome length heterogeneity among labora-
tory stocks, which was demonstrated by restriction endonuclease mapping to occur
at the inverted terminal repeat segments (WITTEK et al., 1977; WITTEK et al.,
1978b). It is quite plausible that differences in the lengths of terminal sequences
may arise from non-lethal minor mirror-image deletions, such as those appearing
spontaneously in stocks of IHD-W vaccinia virus (McFADDEN and Dargs, 1979).
Of greater evolutionary significance may be the terminal length differences which
are characteristic of each genome type among sero-related variola, vaccinia,
cowpox, ectromelia, and rabbit pox group of viruses (MULLER et al., 1977; Espo-
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SITO ef al., 1978). By contrast with terminal variability, the internal sequences,
equivalent to about 759, of the genome, are highly conserved among this group
of orthopoxviruses (Fig. 28), implying that evolutionary changes both gross and
minor are primarily confined to the inverted terminal repeat segments. However,
some homology occurs near the ends, since these agents were also shown to contain
a short segment of common or related base sequences 6 x 106 daltons in length at
or near the termini containing the cross-linked, inverted terminal repetitions
(WITTEK etal., 1977 ; MACKETT and ARCHARD, 1979; ARcHARD and MACKETT, 1979).

Patterns of polypeptide and antigenic modulation generally reflect the findings
of analyses of genome homology. Use of one-dimensional PAGE has shown the
existence of many identical and some distinctive polypeptides among orthopox-
viruses related to the group of which vaccinia virus is a prototype (EsposiTo et al.,
1977 a; HARPER ef al., 1979 ; TURNER and BAXBY, 1979). From the data already at
hand (Essant and DALEs, 1979), it is to be expected that future application of
two-dimensional PAGE to studies of polypeptide variability among poxviruses
will provide a very sensitive analytical method for detecting and evaluating
phenotypic expressions of mutations related to alterations in specific polypeptides.
In this regard, a correlation between a base alteration affecting an Eco RI nuclease
restriction site in the vaccinia virus genome and a simultaneous alteration in the
charge of core-associated polypeptide has already been demonstrated (McFADDEN
et al., 1980).

The application of serotyping to numerous orthopoxvirus isolates, whether
originating from man or animals or as spontaneous pock and plaque variants
appearing in the laboratory, if conducted with carefully selected antisera, has
proved extremely useful in rapid screening of related poxviruses and for distin-
guishing the group specific crossreacting antigens from those specific to each type
or subtype. This method of analysis is of particular value to the epidemiologist
interested in following the dissemination of human disease in simian and other
vectors, because it permits the identification of and distinction between vaccinia, -
variola and monkeypox viruses by means of diagnostic antisera (GISPEN and
BrAND-SAATHOF, 1974 ; EsposiTo ef al., 1977b; MARENNIKOVA et al., 1978). More
elaborate schemes for typing individual isolates from among 18 or more different
serotypes have proved invaluable in diagnosis of outbreaks of poxvirus diseases
among domesticated animals and wild animals in captivity (MAHNEL, 1974;
MARY et al., 1972). These procedures employ not only serology for identification
but also characteristics of plaque or pock type, the nature of cutaneous lesions in
rabbits and near feather follicles, pathological changes in embryonated eggs,
virulence, and other criteria (BAXBY, 1975; MAYR et al., 1972; MAHNEL, 1974).

Correlations between changes in molecular organization of the genome and
phenotypic expression in terms of biological functions have provided new insights
into the generation of spontaneous variants. Thus, monkey pox, which usually
produces an ulcerative (U+) or hemorrhagic red pock on the chick choriallantoic
membrane, mutates abruptly at fairly high frequency into a type causing non-
hemorrhagic “white”” (U) pocks (SAMBROOK et al., 1969; MARENNIKOVA, 1979).
Associated with such an abrupt shift in phenotype is the occurrence of major
terminal deletions which can be 119, of the length of the DNA molecule (ARCHARD
and MACKETT, 1979), once again emphasizing the plasticity of the orthopoxvirus
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genome at its termini. Other characteristics which may be altered spontaneously,
in relation to or independent of the pock type, include virulence (BAXxBY, 1975;
MAYR et al., 1978 ; SHELUKHINA ef al., 1979), host range (FENNER and SAMBROOK,
1966 ; SAMBROOK et al., 1965; MAYR et al., 1978), thermosensitivity (SHELUKHINA
et al., 1979), the expression of early antigen(s) (UEDA et al., 1969; ITo and BARRON,
1972), and the appearance of hemagglutinin (HA) at the host cell surface (WEIN-
TRAUB and DALES, 1974 ; IcHraAsHI and DALEs, 1971; CHo and WENNER, 1973;
DaLEs ef al., 1976; HANAFUSA ef al., 1959). Vaccinia vicrus variants which fail to
express HA (HA-), presumably reflecting a defect in glycosylation of the HA
polypeptide (DALES et al., 1976), have been isolated repeatedly from infected
animals, implying that they arise frequently in nature. Laboratory identification
of vaccinia virus variants possessing traits deemed appropriate for vaccine strains,
such as low virulence, restricted host range and thermosensitivity, has favoured
the selection of numerous isolates suitable for use as human vaccines (MAYR et al.,
1978).

C. Indueced Genetic Variability

As might be expected from the similar sizes of their genomes, the poxviruses
are closely analogous in terms of their biological complexity to the tailed T-even
bacteriophages. It is, therefore, not surprising that, as a consequence of recent
inventions of exquisitely sensitive procedures useful for analysing eukaryotic
materials, investigators have turned their attention to vaccinia virus as a proto-
type for systematic genetic analysis of complex animal viruses. The Australian
group of virologists, particularly F. FENNER, W. K. JoKLIK and J. SAMBROOK,
were the first to describe procedures using chemical mutagenesis with bromode-
oxyuridine (BUdR) for inducing and isolating a group of conditional-lethal,
temperature-sensitive (fs) mutants of rabbitpox virus (SAMBROOK et al., 1966). The
desirable criteria which sister mutants should possess were set out by SAMBROOK
and colleagues, and include a) the presence of a unique defect in each isolate,
b) absence of double or multiple mutations, ¢) a random distribution of individual
mutations on the genetic map. Complementation and recombination analyses of
the 26 ts mutants obtained in Australia fulfilled Sambrook’s criteria. Another
group of ts mutants induced by several chemical mutagens and selected by
defectiveness in plaque-enlargement at the elevated temperature was reported
subsequently (CHERNOS et al., 1978). A third group of about 90 s mutants was
isolated by DALES et al. (1978), using a selection procedure patterned after that of
SamMBRrOOK et al. (1966). However, mutagenesis of stock IHD-W vaccinia virus
was done in this case with N,-Nl.dimethyl nitrosoguanidine rather than with
BUdR. In this group of mutants, phenotypic characterization by means of electron
microscopy revealed defects in assembly among the individual isolates. These
defects could be grouped into 17 classes according to a scheme of ascending
progression of development into mature virions (DALES ef al., 1978). These
vaccinia virus ts mutants were also shown, using complementation and recombina-
tion analyses, to contain single mutations (LAKE et al., 1979; McFADDEN and
Dares, 1980). Substantiation for the occurence of point mutations came from
investigating one class of 5 mutants. Although all 5 were phenotypically identical
in their manner of mimicking membrane assembly defects produced by the drug
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rifampicin, each defect must be in a different function, since all were able to
complement and recombine with one another. Further proof that, in the entire
group of over 90 mutants, each carries an alteration in only a single gene, comes
from analyses of mutants belonging to the other 17 classes and the discovery of a
specific base alteration at one site (Fig. 12), susceptible to cleavage by EcoRI
endonuclease in a mutant designated as ¢s 9251 (MCFADDEN et al., 1980; ScHUM-
PERLI et al., 1980). This particular alteration is accompanied by a change in the
migration of a 37K core polypeptide detectable by isoelectric focussing. The
difference in charge of the protein may be due to a substitution of an amino acid
residue.

The recombination frequencies (9,1f) of poxviruses are generally rather high.
For example, the usual values reported for vaccinia and rabbitpox viruses range
from <19, to >50%,, depending on the particular mutant pair used in the cross
(PApGeETT and TomPKINS, 1968; CHERNOS ef al., 1978; M. ENSINGER, personal
communication; GHENDON, 1972). Although in one study much lower 9,rf was
reported for one class of vaccinia virus s assembly mutants (LAKE et al., 1978),
subsequent, more careful analyses of the same group gave 9,rf values like those
usually obtained by others. Despite an overall greater recombination efficiency
recorded in our later experiments, assignments of gene sequence were unchanged
(Essant and DALES, in preparation). Information already at hand makes it evident
that close clustering of mutations on the genetic map does not occur even when
the mutations are associated with a functionally related class of defects, such as
those pertaining to DNA synthesis (McFADDEN and DArEs, 1980), or virion
membrane assembly (LAKE et al., 1978).

Apart from articles dealing with systematic isolation and characterization of
groups of mutants, sporadic reports have appeared in which single vaccinia virus
isolates are characterized. Among them is one conditionally defective in assembly
(DRILLIEN et al., 1977), another fails to induce the virus-specified DNA dependent
RNA polymerase at elevated temperature (BasiLico and JoxkLik, 1968), and a
third is defective for induction of uridine and thymidine kinases (DuBBs and Kir,
1964 ; Kir et al., 1963 a—c). Other mutants have been isolated which are resistant
to or even dependent upon specific drugs interfering with assembly and matura-
tion, such as rifampicin (SUBAK SHARPE et al., 1969a, b; Moss et al., 1971 ; NAGA-
YAMA et al., 1970), and isatin-B thiosemicarbazone (IBT) (KATz et al., 1973a, b;
APPLEYARD and Way, 1966).

Abrupt changes in pock type from the hemorrhagic (u*) to “white” pock (u)
trait in rabbitpox (FENNER and SAMBROOK, 1966) have been shown to be accom-
panied by a non-lethal deletion of a major terminal segment of the genome
(Moyer and RoTHER, 1980), and in some cases also by a profound alteration of
the virus host range (SAMBROOK et al., 1966). For example, among 17 rabbitpox
isolates converted from u+ to u, 6 lost the ability to induce most viral functions in
porcine kidney (PK-2a) cells and 3 lost the capacity to replicate in L929 mouse
fibroblasts, although such variants can complete the infectious cycle in chick
embryo fibroblasts (McCra1N, 1965). Other host-restricted replication defects have
been documented (DRILLIEN et al., 1978).

The relative paucity of useful mutants and the availability of only fragmentary
information regarding the mutant phenotypes makes it unlikely that the type of

Virol. Monogr. 18 6
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detailed genetic map constructed by means of recombination analysis for certain
bacteria and bacteriophages will become available in the near future for a pox-
virus.

D. Rescue and Reactivation Phenomena

The commonly observed inability of rabbitpox u mutants to complement or
recombine with one another is most probably due to excision of a major terminal
segment which is associated with this phenotype (FENNER and SAMBROOK, 1966
MovEr and RoTHER, 1980). Another aspect of host range variability relates to the
capacity of one strain of poxvirus to rescue the multiplication of an unrelated one
in a non-permissive host. Efficient rescue in Jinet cells of rabbit pox by Yaba
virus, even after partial U.V. inactivation, is one example. However, using the
same pair of virus types, the rescue of rabbit poxvirus in the PK-15 cell line is
very inefficient (TsucHIva and Tacaya, 1977). The reason for this type of host-
mediated restriction is at present unknown.

In conditions permissive for marker rescue, the dominant rabbitpox RPut
partner can be reactivated, even following partial U.V. inactivation, after coinfec-
tion with RPu variant. Multiplicity reactivation of U.V.-irradiated aggregates of
RPut is also possible (ABEL, 1962a). In both conditions resulting in restoration of
virus infectiousness, efficiency of the rescue process was enhanced when carried
out in cells with small cytoplasmic space, as in the case of chick embryo fibroblasts,
presumably allowing for more frequent interaction between virus genomes. When
cells of the KB line, possessing cytoplasmic volumes ten-fold greater than chick
fibroblasts were used, marker-rescue was less frequent (ABEL, 1962b).

In addition to the usual interactions associated with recombination phenomena,
the poxviruses have the ability to undergo non-genetic reactivation by the
so-called Berry-Dedrick phenomenon (BERrRY and DEDRICK, 1936). The original
study demonstrated that rabbits inoculated with heat-inactivated preparations of
myxoma virus would develop the lethal myxomatous disease if they were co-
infected with rabbit fibroma virus. Subsequently, the possibility of a similar type
of rescue of one virus strain by another was demonstrated in cell culture (KiLpam
etal., 1958 ; HANAFUSA et al., 1959 ; JOKLIK et al., 1960 a; FENNER and WOODROOFE,
1960; JoxrLIK et al., 1960b; JokLIK, 1962b), thereby pinpointing the Berry-
Dedrick phenomenon as an intracellular event. In vitro reactivation of vaccinia
virus by cell extracts has also been claimed, but not substantiated (ABEL, 1963).
Whenever the genome of the reactivable virus remains viable, as after protein
denaturation by heating or exposure to concentrated urea solution, the genome of
the rescuing partner may undergo limited inactivation by exposure to U.V. light
or nitrogen mustard without losing the capacity to effect reactivation (JorLik
et al., 1960a; FENNER and WoODROOFE, 1960; JOKLIK ef al., 1960b). The rescue
process does not require simultaneous infection, as evident when the two partners
are inoculated into rabbits or tissue cultures at intervals 1 to 3 days apart (JOKLIK
et al., 1960a; TsucHIYA and Tacava, 1979). The reactivating capability presum-
ably resides in the virus core. It is, therefore, reasonable to assume that tran-
scription of mRNA that specifies the “uncoating factor” and other critical
functions are provided by the reactivating partner on behalf of the reactivable
virus, the enzymatic proteins of which were denatured.
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E. Concerning a Natural Reservoir of Poxviruses: Can Genetic Variability
Lead to Reemergence of Smallpox ?

Abrupt major changes in the physical organization of the genome among
naturally occuring orthopoxviruses, which become evident in altered pock and
host range phenotype, have already been discussed. The host can also fundamen-
tally modulate the nature of the disease produced by a given poxvirus strain, as is
admirably illustrated in the case of the myxoma-fibroma interconversion involving
European and South American rabbits of different species (FENNER, 1959). A
fibroma virus infecting its original South American host, Sylvilagus brasiliensts,
produces a benign self-limiting, cutaneous tumor. By contrast, the same agent,
infecting its new European host, Oryctolagus cuniculus, causes a generalized lethal
myxomatosis (FENNER et al., 1974). Following an adaptation period of the myxo-
matosis virus in the widely spread population of Australian wild rabbits, which
became established successfully from imported European rabbit stock, the agent
underwent a selection towards a virus type that exists enzootically and causes the
more benign fibromatous disease pattern. Several virus substrains differing in
degree of virulence have been isolated from Australian rabbits. The reversion from
myxoma to fibroma observed in a wild setting reveals the operation of a natural
selection process culminating in the establishment of a less virulent agent benefit-
ing the perpetuation of both the virus and its host (FENNER ef al., 1974). Similar
examples of natural selection by adaptation, involving defined tissue culture
systems, have been documented in the laboratory setting. Thus, repeated passage
of a cloned stock of WR vaccinia virus through a restrictive host results in selection
of variants which have an extended range of host species (GANGEMI and SHARP,
1976).

From the above, it is not difficult to imagine that a poxvirus producing an
inapparent or mild animal disease might, after being subjected to the appropriate
selection pressure, become adapted to replication in the human, so as to cause a
virulent disease like smallpox. The prime candidate virus for conversion from an
animal to a human disease appears to be monkey pox. The plausibility of such an
interconversion may become more credible following our review of existing
knowledge about animal reservoirs of agents related to variola-virus.

The vigorous, systematic programme of the World Health Organization
initiated in 1967 for global eradication of smallpox*, has culminated in the entirely
successful interruption by 1976 of man-to-man transmission of the disease, when
the last case was documented (ArITA and HENDERSON, 1976; ARITA, 1979). During
repeated smallpox epidemics occurring previous to 1976, over 600 variola virus
isolates were assembled. In this collection there are substrains encompassing
intermediate grades between extremes in virulence from variola major at one end
to wvariola minor at the other end of the spectrum. Therefore, the individual
isolates in this variola virus repertoire exhibit the phenotypes of not only 2 major
virus strains, but of a wide variety of subtypes. It is instructive that isolates made
from patients were occasionally typed not as variola virus but as vaccinia virus.
Presumably, the illness in these individuals was a generalized postvaccination

* Progress in smallpox eradication. W.H.O. Chronicle 28, 359—363 (1974). Small-
pox surveillance. Wkly. Epid. Rec. 54, 137—144 (1979).

6*
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infection. In one instance, a 1969 isolate termed ‘‘Lenny” virus was characterized
as a recombinant between variola and vaccinia viruses (AriTa, 1979; BaXBY,
1977). There are at present no firm data to indicate that a natural pool of variola
virus exists in areas of Africa and Asia where frequent smallpox epidemics were
located in this century. However, abundant evidence has been obtained indicating
the existence of a natural pool of monkeypox virus, particularly in an area of the
tropical rain forest of Central West Africa where most of the 36 sporadic cases of
human infection have been documented since 1970. Human infection with monkey-
pox virus simulates symptoms produced by variola virus and, on occasion, may
be fatal, but unlike smallpox, monkeypox usually is not transferred between
humans. In the two exceptional familial cases involving more than one individual,
there may have been a simultaneous but independent infection (ArITA, 1979).
Extensive screening of monkeys, rodents and birds indigenous to areas where
human infections occur revealed an occasional animal sero-positive for monkeypox
infection (KiTAMURA and OsaTa, 1979). Attempts at deliberate virus isolation
from tissues of wild animals proved to be successful, once in the case of a rodent
species and another time with kidney tissue from a Chimpanzee captured in Zaire.
In other instances, culturing kidney cells of Asian monkeys (BAxBY, 1975; ARITA
and HENDERSON, 1976), and a Cynomolgus monkey (CHo and WENNER, 1973), led
to the isolation of monkey pox. Some of the above isolates produced the non-
hemorrhagic u or ‘“white’” type pocks upon inoculation onto chick chorioallantoic
membranes, but serological tests confirmed the virus to be bona-fide monkeypox
virus (BaxBY, 1975; GisPEN and BRAND-SaaTHOF, 1974). During an isolated
episode, 3 African monkeys which had been held in captivity for 3.5 to 4 years
developed a smallpox-like disease but their convalescent sera were positive for
monkeypox antibodies. Similar serological findings were reported for 3 individuals
convalescencing from human monkeypox disease (GISPEN et al., 1976). The above
information taken as a whole reveals that a natural reservoir of monkeypox must
exist in certain regions of Asia and Africa and that man is a susceptible host for
the virus:

It is now known that both fresh human isolates and laboratory passaged stocks
of variola virus induce exclusively ‘“white’’ pocks on the chorioallantoic membrane,
so that the term ‘“white poxvirus” has become applied to this agent. The other
orthopoxviruses, including rabbitpox, cowpox, ectromelia and monkeypox
viruses usually produce the ut pocks, but occasionally develop spontaneous
mutants which yield u type pocks, referred to appropriately as ‘“white” pock
variants. The u variants are serologically indistinguishable from the parental wild
type virus (BaxBy, 1975; FENNER, 1979). However, recent reports suggesting
that “white”” variants originating from a stock of monkeypox virus acquired the
markers associated with “white poxvirus” raised the serious possibility that
monkeypox virus can be changed by an abrupt mutagenic shift into variola
virus (MARRENIKOVA et al., 1978; MARRENIKOVA and SHELUKHINA, 1978; MARRE-
NIKOVA et al., 1979). Although this suggestion has by no means been proved
rigorously (ZuckERMAN and RoNDLE, 1978), the possibility remains that a variola-
like variant of monkeypox virus might arise in nature. With this idea in mind, it is
worthwhile to recapitulate the following recent salient information about vari-
ability among the poxviruses: a) several members belonging to a group which
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includes vaccinia, variola, monkeypox, rabbitpox, ectromelia and cowpox viruses are
serologically closely related, yet distinguishable antigenically from one another;
b) members of this group are readily able to cross species barriers to infect other
mammals including man (MARRENIKOVA and SHELUKHINA, 1976; MaYR and
MaHNEL, 1970; MARRENIKOVA ef al., 1977; BaXBY et al., 1979; BAXBY and
GHABOOSI, 1977); c) judging by restriction endonuclease analysis, the genomes of
these agents are virtually homologous along 25 to 629, of the length of internal
segments (Fig. 27) (ARCHARD and MACKETT, 1979 ; MAckKETT and ARCHARD, 1979),
while nucleotide sequence homology of the internal segments may be 73 to 959,
(MULLER ef al., 1977); d) the greatest variability in genome length occurs at the
inverted terminal repeat sequences (MACKETT and ARCHARD, 1979), in the region
where either minor spontaneous deletions occur frequently, as shown with vaccinia
virus (McFADDEN and DALES, 1979), or where major terminal deletions occur by
excision of 3 to 20 x 108 daltons of DNA in the case of cowpox (ARCHARD and
MackerT, 1979), and rabbitpox (MoYER and ROTHE, 1980). Such major deletions
are invariably accompanied by a shift from the u* to the u ‘“white’” pock pheno-
type; e) different isolates of variola virus all have the shortest genome in this
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Fig. 27. Physical map locations of HindIII or Smal restriction fragments of DNA
from rabbitpox strain Utrecht (RP); vaccinia strains (DIE), Hall Institute (HI),
Lister (LS), or Western Reserve (W R ) ; monkeypox strains Congo (M PC ), Denmark
(MPD), or Espaila (MPE); variola strains Butler (BUT) or Harvey (HAR),
cowpox red strains Austria (AR), Brighton (BR), Ruthin (RR) or Daisy (DR);
and ectromelia strains Hampstead (EH ) or Moscow (EM ). Map locations of Hind ITI
restriction fragments of DNA from rabbitpox or vaccinia strain Lister are from data
of WITTEK et al. (1977). (From MACKETT and ARCHARD, 1979)
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poxvirus group, presumably as a consequence of having suffered deletion of a
segment from one specific end of the chromosome in the region of the terminally
repeated sequences (Fig. 27) (MACKETT and ARCHARD, 1979).

It now seems entirely plausible that an agent such as monkeypox virus,
endowed with a genome which is inherently plastic at its termini, might, under
appropriate selective pressure during multiple replication cycles in a human host,
incur non-lethal excision(s), such as those apparent in the DNA of variola virus
(MackeTT and ARCHARD, 1979). The spontaneous elimination of a major segment
of genome in the emerging variant could then be phenotypically expressed in
terms of an increased virulence and altered tropism, facilitating the dissemination
of the new virus between humans. It is, therefore, gratifying to report that the
W.H.O. authorities, who fully appreciate the existence of a natural poxvirus with
a theoretical potential for mutation into a smallpox-like new virus, are carefully
monitoring all sporadic cases of human monkey pox and the geographic regions
where a reservoir of this virus exists.
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