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Foreword

The time seems ripe for a critical compendium of that segment of
the biological universe we call viruses. Virology, as a science, having
only recently passed through its descriptive phase of naming and num-
bering, has probably reached that stage at which relatively few new—
truly new—uviruses will be discovered. Triggered by the intellectual
probes and techniques of molecular biology, genetics, biochemical
cytology, and high-resolution microscopy and spectroscopy, the field
has experienced a genuine information explosion.

Few serious attempts have so far been made to chronicle these
events. This comprehensive series, which will comprise some 6000
pages in a total of about 22 volumes, represents a commitment by a
large group of active investigators to analyze, digest, and expostulate
on the great mass of data relating to viruses, much of which is now
amorphous and disjointed and scattered throughout a wide literature.
In this way, we hope to place the entire field in perspective as well as to
develop an invaluable reference and sourcebook for researchers and
students at all levels. This series is designed as a continuum that can be
entered anywhere but which also provides a logical progression of
developing facts and integrated concepts.

The first volume contains an alphabetical catalogue of almost all
viruses of vertebrates, insects, plants, and protists, describing them in
general terms. Volumes 2-5 deal primarily, though not exclusively,
with the processes of infection and reproduction of the major groups of
viruses in their hosts. Volume 2 deals with the simple RNA viruses of
bacteria, plants, and animals; the togaviruses (formerly called
arboviruses), which share with these only the feature that the virion’s
RNA is able to act as messenger RNA in the host cell; and the
reoviruses of animals and plants, which all share several structurally
singular features, the most important being the double-strandedness of
their multiple RNA molecules. This grouping, of course, has only
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viii Foreword

slightly more in its favor than others that could have been or indeed
were considered.

Volume 3 addresses itself to the reproduction of all DNA-
containing viruses of vertebrates, a seemingly simple act of classifi-
cation, even though the field encompasses the smallest and the largest
viruses known.

The reproduction of the larger and more complex RNA viruses
represents the subject matter of Volume 4. These share the property of
lipid-rich envelopes with the togaviruses included in Volume 2. They
share as a group, and with the reoviruses, the presence of enzymes in
their virions and the need for their RNA to become transcribed before
it can serve messenger functions.

Volume 5 attends to the reproduction of DNA viruses in bacteria,
again ranging from small and simple to large and complex.

Aspects of virion structure and assembly of many of these viruses
will be dealt with in the following series of volumes, while their
genetics, the regulation of their development, viroids, and coviruses
will be discussed in subsequently published series. The last volumes will
concentrate on host-virus interactions, and on the effects of chemicals
and radiation on viruses and their components. At this juncture in the
planning of Comprehensive Virology, we cannot foresee whether
certain topics will become important aspects of the field by the time
the final volumes go to press. We envisage the possibility of including
volumes on such topics if the need arises.

It is hoped to keep the series at all times up to date by prompt and
rapid publication of all contributions, and by encouraging the authors
to update their chapters by additions or corrections whenever a volume
is reprinted.



Contents

Chapter |
Reproduction of Rhabdoviruses

Robert R. Wagner

1. Descriptive Biology ............. ... ... ... ........ 1

1.1 Definition ............ ... ... . . 1

1.2. Morphology ........ ... ... . 3

1.3. Classification of Rhabdoviruses ............... 9

1.4. Some Genetic Considerations ................. 13

2. Structural Components and Their Functions .......... 18

2.1. Chemical Composition of Virions .............. 18
2.2. Structure-Function Relationships of Virion

Components ..............ccovuiiniinnnn... 27

3. Replication ....... e e e 41

3.1. Physiology ......... ... .. ... .. 41

32. RNA Synthesis ........... ... ... ... ... .... 50

3.3. Protein Synthesis and Maturation ............. 63

3.4. Cellular Reactions to Infection ................ 76

3.5. Inhibitionof Growth ......................... 78

4. References ............ .. .. . i, 80

Chapter 2

Reproduction of Paramyxoviruses

Purnell W. Choppin and Richard W. Compans

I. Introduction ............. ... . ... ..., 95
1.1. Members of the Paramyxovirus Group ......... 95
1.2. General Biological Properties ................. 97

ix



X Contents
2.0 VIMONS oo 98
2.1. Morphology ........ ... ... ... L. 98
2.2, Composition ..............ii 100
2.3. Fine Structure and Arrangement of Virion
Components ................cciiiininin.. 108
3. Replication ............... .. .. 119
3.1. General Comments .......................... 119
32. Adsorption ................ ... 121
3.3. Penetration and Uncoating ................... 124
3.4. Biosynthesis ............... ... ... ... ... 126
35. Assembly ... 140
4. Defective Virus and Viral Interference ............... 149
4.1. Defective Virions ............................ 149
4.2. Effect of Host Cell .......................... 150
4.3. Interference by Defective Virions .............. 151
4.4. Other Forms of Interference .................. 152
5. Cytopathic Effects of Paramyxoviruses .............. 153
6. Alterations in Cellular Macromolecular Synthesis . . ... 155
6.1. Nucleic Acid and Protein Synthesis ............ 155
6.2. Cellular Lipid and Carbohydrate Synthesis ...... 156
6.3. Cell Fusion ................................. 157
6.4. Agglutinability of Infected Cells by Plant Lectins 158
7. Persistent Infections .............................. 158
7.1. InCulturedCells ............................ 158
7.2. Persistent Infection in the Whole Animal ....... 160
8. GENELICS ...ttt 161
9. References .............. ... i 161
Chapter 3

Reproduction of Myxoviruses
Richard W. Compans and Purnell W. Choppin

1.
2.

Introduction ........... ... .. .. . ... 179
The Influenza Virion .............................. 181
2.1. Morphology ........ ... ... 181
22, Composition ......... .. 188
2.3. Fine Structure and Arrangement of Viral

Components ..................coiuniii.... 197

2.4. Biological Functions of Virion Components ..... 203



Contents Xi
3. Replication ........... ... .. . i 204
3.1, Adsorption ... 205

3.2, Penetration ............... .. .. 0iiiaa... 206
3.3, Biosynthesis ........... ... ... ... ... ... 207
34, Assembly ... 226
35. Release ... ... . i 231

4. Incomplete Virus Formation ....... e 231
4.1. Biological Properties ........................ 231
42. Host Cell Dependence ....................... 232
4.3. Morphological and Biochemical Properties ... ... 233
4.4. Mechanism of Incomplete Virus Formation .. ... 233
4.5. Abortive Infection ........................... 234

5. Virus EffectsonCells ............................. 235
5.1. Alterations in Biosynthesis .................... 235
5.2. Morphological Changes ...................... 236
5.3. Agglutinability by Lectins .................... 236

6. Influenza Virus Genetics .......................... 237
7. Antigenic Variation ............ ... .. i 238
8. References ............ ... . .. i, 239

Chapter 4

Reproduction of RNA Tumor Viruses
John P. Bader

1.

Introduction ....... ... ... ... .. 253
1.1. Production and Assay of RTV ................ 255
1.2. Detection of Virus Particles ................... 258
Virion Structure ........... ..ot 259
2.1. Purification and Physical Properties ............ 259
2.2. Chemical Composition ....................... 261
23. Virion Lipids .......... ... i 262
24. Viral Proteins .......... ... .. ... i 263
25, ViralRNA . 267
2.6. Reverse Transcriptase ....................... 276
2.7. Other Enzymes ................ ... .. ....... 281
2.8. Organization of Virion Components ............ 283
The Reproductive Cycle ........................... 286
3.1. [Initial Interactions .......................... 286
3.2. Synthesis of Viral DNA ...................... 289

3.3. Mitosis and the Reproductive Cycle ............ 298



xii

Contents
3.4. Synthesis of Viral RNA ...................... 298
3.5. Synthesis of Viral Proteins .................... 303
3.6. Assembly of the Virion ....................... 304
3.7. The Role of Mitochondria .................... 305
Genetics of RNA Tumor Viruses ................... 306
4.1. Phenotypic Mixing ............. ... ... ... ... 306
4.2. Genetic Recombination ...................... 307
43. Mutantsof RTV ... ... ... ... .. ... ... .... 308
Virus Genes and Cellular Genes .................... 310
5.1. Virogenes and Oncogenes .................... 311
5.2. Proviruses and Protoviruses ................... 312
A Model for Virus Reproduction and Viral
Transformation .......................... 313
References ........ ... .. .. i 315
.................................................. 333



CHAPTER 1

Reproduction of Rhabdoviruses

Robert R. Wagner

Department of Microbiology
The University of Virginia
Charlottesville, Virginia 22901

1. DESCRIPTIVE BIOLOGY
1.1. Definition

The rhabdoviruses are ubiquitous, highly infectious agents of
animal and plant disease and are generally transmitted by arthropods.
Assignment of viruses to the taxon rhabdoviruses (rod-shaped viruses)
was originally based entirely on morphology. This classification has
turned out to be fortuitously fortunate because later biochemical
studies have revealed remarkable uniformity among these structurally
similar viruses isolated from extremely diverse hosts. It is perhaps not
farfetched to postulate a common ancestor for all the rhabdoviruses of
plants, arthropods, and vertebrates. Classification of a virus as a
rhabdovirus should be based on the following most important charac-
teristics:

1. Rhabdoviruses are rod-shaped particles, varying considerably
in length (60-400 nm) but of a reasonably consistent width (60-85 nm).

2. Animal rhabdoviruses tend to be bullet-shaped in appearance,
flat at one end and a tapered sphere at the other. Plant rhabdoviruses
are usually bacilliform in shape, quite elongated and with two round
ends.

3. All rhabdoviruses appear to be surrounded by a membranous
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2 Chapter 1

envelope with protruding spikes. All these viruses probably contain li-
pids and are, therefore, susceptible to disruption by ether and de-
tergents.

4. Wound inside the envelope of rhabdoviruses is a
ribonucleocapsid (RNC) core which gives the appearance of striations
when viewed by electron microscopy. All rhabdoviruses examined to
date contain one molecule of single-stranded RNA, which is not by
itself infectious and does not serve as messenger. Therefore,
rhabdoviruses are generally classified along with the myxoviruses and
paramyxoviruses as ‘‘negative-strand viruses,” in contradistinction to
the ““positive-strand” picornaviruses and togaviruses (Baltimore, 1971).

5. Many, if not all, rhabdoviruses contain an RNA-dependent
RNA polymerase (transcriptase) as part of the nucleocapsid which
renders it infectious in the absence of the envelope.

6. A common characteristic of animal rhabdoviruses, con-
ceivably also applicable to plant rhabdoviruses, is the frequent occur-
rence of defective truncated (T) virions which are noninfectious be-
cause a considerable segment (one-third to two-thirds) of the RNA
genome is deleted.

A reliable overview of the rhabdoviruses is available in the then-
topical review of Howatson (1970), which provides important in-
formation on the biology and morphology of these viruses and their
distribution in nature. Much of the older literature on rabies is
available in the review by Matsumoto (1970). The excellent, very
recent review by Knudson (1973) is recommended reading for a true
understanding of comparative rhabdovirology, as is the even more
recent and more comprehensive review by Francki (1973). Some
rhabdoviruses are important causative agents of human disease,
particularly rabies, and others are of considerable economic im-
portance as serious infectious agents of disease in animals, both
livestock and wild animals. Probably the greatest economic impact is
caused by the rhabdoviruses that infect a great variety of plants. The ex-
tensive literature on the pathogenesis of rhabdoviral infections will not
be covered in this chapter. Highly recommended for the interested
reader is the excellent article on the pathogenesis of infection with
vesicular stomatitis virus by Miyoshi et al., (1971), as is the review of the
natural history of vesicular stomatitis by Hanson (1952). Very good arti-
cles and reviews of the literature on the comparative pathogenesis of
rabies and rabieslike viruses have recently been written by Murphy et al.
(1973a,b); also recommended is ‘“Natural History of Rabies” edited by
Baer (1973).
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1.2. Morphology
1.2.1. Vesicular Stomatitis Virus

1.2.1a. Infectious B Virions

Vesicular stomatitis (VS) virus, the prototype of rhabdoviruses,
has been examined by electron microscopy in many laboratories (Chow
et al., 1954; Reczko, 1960; Howatson and Whitmore, 1962; Bradish
and Kirkham, 1966; McCombs et al., 1966; Simpson and Hauser,
1966; Nakai and Howatson, 1968). Only minor variations can be
discerned in the morphological characteristics of other rhabdoviruses,
and they will not be described here in detail. The reader is referred to
the reviews of Howatson (1970) and Knudson (1973) for comparative
analyses of the electron microscopy of rhabdoviruses. Figures 1 and 2
illustrate the general structure of VS virus as viewed by negative
staining and thin-section electron microscopy; Fig. 3 shows a schematic
representation of the infectious virion. The typical infectious virion is a
bullet-shaped (B particle) cylinder, 180 + 10 nm in length and 65 + 10
nm in diameter at the blunt end. Most intact virions are planar at one
end and hemispheric at the other; occasional particles can be seen to be
round at both ends, but they are rarely, if ever, flat at both ends, unless
broken. The B-virion cylinder appears to have a hollow center that is
penetrable by phosphotungstic acid (PTA) to a varying extent, up to
almost its whole length in some virions. PTA almost invariably
penetrates through the planar (blunt) end of the virion, a finding which
has given rise to the concept that the virion envelope is weaker or
structurally defective at the planar end. This structural weakness is
consistent with the observation that the virion is invariably pinched off
at the blunt end as it buds from the plasma membrane; the resealed
membrane that forms the virion envelope is, therefore, presumed to be
more permeable at the blunt end. A distended piece of membrane,
often seen ballooning from the blunt end of the virion, is thought to be
a distinctive feature by some investigators. :

Any structural model of the VS virion must consider that the
virion is composed of two separate and distinct components: (1) the
RNC and (2) the envelope (see Fig. 3). When the envelope is stripped
off completely with detergents such as deoxycholate, the RNC struc-
ture remains (Fig. 4). The RNC has a buoyant density in CsCl of
about 1.31 g/ml and contains only RNA and protein (Wagner et al.,
1969h; Kang and Prevec, 1969). When viewed by PTA negative-
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" Fig. 1. Electron micrograph of unfixed L cells infected
with VS virus and negatively-stained with phosphotungstic
acid. Reprinted by permission from Printz and Wagner
(1971).

staining electron microscopy, the RNC of infectious B virions appears
as a partially or completely extended coil, about 3.5 um in length.
When the RNC is wound up in the virion envelope, it assumes a helical
configuration of 35 + 1 turns with a total of about 1000 subunits (un-
doubtedly protein) of dimensions ~9 x 3 x 3 nm; the long axis of the
subunits appears to be oriented radially (Nakai and Howatson, 1968;
Howatson, 1970). The intact RNC, completely devoid of envelope, is in-
fectious, but at a considerably lower order of efficiency than the whole
virion (Brown et al., 1967b; Szilagyi and Uryvayev, 1973). The RNA
without protein is not infectious (Huang and Wagner, 19665b).

The outer surface of the VS virion is composed of a lipoprotein
membrane that surrounds and envelopes the nucleocapsid (Howatson,
1970; Nakai and Howatson, 1968; Cartwright et al., 1972). Mor-
phologically, the envelope comprises two distinct structural units. The
more internal component is a membrane that has all the morphological
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Fig. 2. Thin-section electron micrograph of L cell infected with VS
virus, fixed with glutaraldehyde and OsO,, and stained with uranyl
acetate and lead.
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Fig. 3. Model of the idealized structure of VS virus showing
the ribonucleocapsid (RNC), the envelope, and the spikes with
their associated protein constituents.

characteristics of a unit membrane derived from plasma or other
smooth membranes of animal (or plant) cells (Knudson, 1973). Embed-
ded in the membranous envelope and surrounding the virion is an array
of radiating spikes which protrude from the surface and measure about
10 nm in length.

1.2.1b. Defective Truncated (T) Virions

The concept of defective rhabdovirus virions dates from the
observation of Cooper and Bellett (1959) of a transmissible (T)
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component in VS viral preparations that interferes with VS viral in-
fectivity. Hackett (1964) demonstrated a possible morphological basis
for this autointerference phenomenon which was subsequently proven
by definitive identification and purification of a truncated (T) particle
in undiluted-passage preparations of VS virus (Huang er al., 1966;
Huang and Wagner, 1966a; Brown ef al., 1967¢). When such prepara-
tions are examined by PTA negative-staining electron microscopy, the
predominant virions are about one-third the length (about 65 nm) of

Fig. 4. RNC coils released from VS virions by exposure to Triton X-100 in 0.74 M
NaCl and negatively stained with PTA. Reprinted by permission from Emerson
and Wagner, (1972).
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Fig. 5. Mixture of PTA negatively stained defective T
and infective B virions obtained from cells infected under
conditions of autointerference with undiluted passage of
VS virus.

the infectious B virions (Fig. 5). In every other respect, the T virions
are morphologically identical to the B virions. However, they contain
RNA only one-third the length of infectious B-virion RNA (Huang
and Wagner, 1966¢), their extended RNC measures only 1.1 um in
length (Nakai and Howatson, 1968), and the intact T particle contains
8-10 cross-striations, as opposed to the 35 + 1 in the infective virion.

T particles of varying lengths can also be found in different
rhabdoviruses, suggesting that the truncated, defective form is a
universal phenomenon for this group of viruses. Hackett (1964)
described a longer T particle with 14 cross-striations in preparations of
VS-New Jersey virus, and the HR (heat-resistant) variant of VS-In-
diana virus gives rise to “long” T particles (Petric and Prevec, 1970),
which contain a nucleocapsid strand 1.6 + 0.2 um in length, or almost
half that of the B-virion nucleocapsid (Schincariol and Howatson,
1970). In addition, various temperature-sensitive (¢5) mutants of VS-
Indiana virus give rise, even at permissive temperatures, to a diversity
of T particles of varying length, depending on the mutant (Reichmann
et al., 1971). Many of the data obtained by electron microscopy have
been confirmed by the interesting new technique of laser light-scat-
tering microscopy which has been used to determine the particle
weights of VS virus and its defective particles (Ware et al., 1973). The
origin, chemistry and physiology of T particles will be discussed later.
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1.3. Classification of Rhabdoviruses

No attempt will be made here to list or describe all the
rhabdoviruses. A complete list of 62 known or suspected rhabdoviruses
is provided in the comparative review by Knudson (1973). The
rhabdoviruses are most conveniently and most realistically divided into
two groups, those that infect animals and those that infect plants.
Some additional help can be provided by using morphological criteria
for classification, but quite obviously these will be superseded by
physical and biochemical comparisons (Hummeler, 1971). The fact
that most infectious animal rhabdoviruses are bullet-shaped and most
plant rhabdoviruses are bacilliform may be of some help (Howatson,
1970). In my opinion the bacillary form of plant rhabdoviruses and the
very long, aberrant forms of animal rhabdoviruses (Galasso, 1967;
Hummeler ez al., 1967) are most likely artifacts or diploid bullets fused
end-to-end.

1.3.1. Biological Properties
1.3.1a. Antigenicity

Cells infected with VS virus release into the medium four anti-
genic components that can be separated by rate zonal centrifugation
into infective B virions, defective T virions, and two subviral
constituents of 20 S and 6 S, each of which reacts with VS viral anti-
serum (Bradish et al., 1956; Brown et al., 1966; Brown and Cartwright,
1966). Kang and Prevec (1970) showed conclusively that the 20 S
component is related antigenically to the major protein (now called N)
of the RNC and that the 6 S component reacts specifically with viral
envelope antibodies.

A quite valid approach and first approximation for relegating
rhabdoviruses to subclasses is antigenic relatedness. Quite recent data
have revealed the existence of two major specific antigens in those
rhabdoviruses that have been studied. Each of these antigens can be
readily separated from the other and each raises excellent, primarily
monospecific, antibody in immunized animals. One of these antigens is
the glycosylated (G) spike protein that protrudes from each
rhabdovirus and can be readily solubilized in a pure state by nonionic
detergents; the G protein gives rise to antibody which specifically neu-
tralizes the infectivity of the VS virus or rabies virus from which it was
obtained (Kelley et al., 1972; Wiktor et al., 1973). These G proteins
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TABLE 1

Tentative Classification of Some Animal Rhabdoviruses®

Group Members Isolation References
Vesicular stomatitis  VS-Indiana® Horse Federer et al. (1967)
VS-Cocalb Cattle Cartwright and
VS-Argentina? Swine Brown (1972b)
VS-Brazil? Insect
VS-New Jersey®
Rabies and Street and fixed “Mammals” Wiktor et al. (1973)
rabieslike Lagos bat Bat Shope (1973)
Mokola Shrew Shope et al. (1970)
Kotonkan Midge Shope (1973)
Obodhiang Mosquito Schneider et al.
(1973)
““Amorphous” Piryd Opposum . Bergold and Munz
(1970)
Chandipura? Human Howatson (1970)
Kern Canyon Bat Murphy and Fields
(1967)
bovine ephemeral Cattle Murphy et al. (1972)
Flanders-Hart Park  Birds Murphy et al. (1966)
Mount Elgon bat Bat Murphy et al. (1970)
Many others Karabatsos et al.
(1973)
“Fish” Egtved Trout Zwillenberg et al.
(1965)
“Salmonid viruses” ¢ Salmon Amend and

Chambers (1970)
Printz (1973)

“Ungrouped”’ Sigma Drosophila Berkaloff et al.
(1965)
Marburg Monkey-man Almeida et al. (1971)

¢ General categories were suggested by R. E. Shope (1973, and personal communication).
The list is far from complete: at least 27 distinguishable animal rhabdoviruses have been
identified.

b Indiana serotype subgroup.

¢ Separate serotype.

¢ Piry and Chandipura viruses are not listed under the VSV group because Cartwright and
Brown (1972b) failed to confirm even a minor antigenic cross-reaction with VS viruses.

¢ Includes hematopoetic necrosis of salmon, Oregon sockeye disease of salmon and
Sacremento River Chinook disease of salmon.

react specifically with the same or closely related antisera and are
designated type-specific antigens (Cartwright and Brown, 1972b).
About 70% of the complement-fixing antibody produced by infection
with VS virus reacts with the G-protein antigen; virtually all the
remaining 30% of complement-fixing antibody reacts with the N pro-
tein of the RNC. Moreover, the RNC antibody made in response to
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one rhabdovirus may cross-react to varying degrees with the RNC
antigen of a related rhabdovirus in the same group, but it will not neu-
tralize the infectivity of the same fully enveloped rhabdovirus. By the
same token, G-protein antibody will neutralize the infectivity of only the
fully enveloped rhabdovirus but not of its infectious RNC (Cartwright
and Brown, 1972b).

The type-specific G antigen should provide a useful tool for
serotyping closely related rhabdoviruses, and the group-specific RNC
antigen promises to provide a useful method for placing rhabdoviruses
into larger groups. Dietzschold et al. (1974) have recently validated the
antigenic specificity of the three major VS viral proteins; such pure pro-
tein antigens provide the basis for a tentative classification of animal
rhabdoviruses attempted in Table 1.

1.3.1b. Hemagglutination

Rhabdoviruses also contain a hemagglutinin which appears to
have activity only for goose erythrocytes (Halonen et al., 1968; Kuwert
et al., 1968; Arstila et al., 1969). The hemagglutination reaction is
extremely dependent on pH and ionic strength as well as the eryth-
rocytes which vary from goose to goose. Tremendous amounts of virus
are required to give even low titers, possibly because of the presence of
inhibitors in all sera. In our experience (unpublished data) hemaggluti-
nation inhibition is of little value for comparing the antigenic rela-
tionships among rhabdoviruses.

1.3.1c. Interference

Crick and Brown (1973) have suggested a method for determining
the relatedness of rhabdoviruses based on viral interference. As will be
discussed later in greater detail, defective T particles produced by
most, if not all, rhabdoviruses interfere with the growth of homologous
infectious B virions (Huang and ‘Wagner, 1966b). There are varying
degrees of cross-interference by T virions of one rhabdovirus for B
virions of another. The degree of this cross-interference appears to be a
function of the antigenic relatedness of the two rhabdovirus types and,
therefore, provides some basis, albeit a bit tedious, for confirming
rhabdovirus classification based on group-specific and type-specific
antigenicity. These relationships do not apply to the long T defective
particle of the HR strain of VS virus, which gives rise to heterotypic
interference (Prevec and Kang, 1970).



12 Chapter 1

1.3.2. Animal Rhabdoviruses

At least 27 distinguishable animal rhabdoviruses have been
identified and the number will keep increasing at a rapid rate. A com-
plete analysis of these viruses is outside the scope of this chapter, but a
general outline will indicate the magnitude of the problem. The classifi-
cation shown in Table 1 is modified from one suggested by R. E.
Shope and is based primarily on information supplied by him and F.
A. Murphy. The responsibility for the interpretation is my own,
particularly in not paying much attention to morphological criteria for
subgrouping. The inevitable basis. for accurate and meaningful classifi-
cation is likely to be RNA homology, which should be a not-too-
distant reality. The base-sequence homology of antigenically related
and unrelated rhabdoviruses has been studied by Repik et al. (1974) by
hybridization of virion RNA with mRNA transcribed in vitro or in
vivo. They found 100% complementarity between each virion RNA
and its homologous messenger. However, less than 10% base-sequence
homology could be demonstrated between VS-Indiana virus and the
group-specific, antigenically related VS-New Jersey and the homotypic
VS-Cocal viruses as determined by resistance to RNases A and T,.
Somewhat greater ““inexact” homology among the RNAs of these
viruses could be demonstrated by resistance of hybridized RNA to
RNase A alone. Repik et al. (1974) interpret these data as indications
of evolution of the various antigenic types of VS viruses from a com-
mon ancestor. However, no RNA base-sequence homology could be
demonstrated between the VS viruses and the rhabdoviruses of rabies,
Piry, and Chandipura. Some degree of ‘“‘genome” conservation has
been postulated by Chang et al. (1974) based on comparable 5° nu-
cleotide sequences for initiation of transcription in the genomes of five
different rhabdoviruses. Using in vivo and in vitro mRNA transcribed
from VS-Indiana virion RNA, Prevec (1974) also tested base-sequence
homology of antigenically related and unrelated rhabdoviruses. He
found as much as 14-23% resistance (above background) of VS-New
Jersey and Cocal RNA to pancreatic RNase after hybridization with
VS-Indiana mRNA, whereas no significant homology could be
demonstrated for Piry and Chandipura rhabdoviruses.

1.3.3. Rhabdoviruses of Plants

Rhabdoviruses are turning out to be extremely important
pathogens in plants. They have been isolated from a wide spectrum of
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plant species; frequently, if not invariably, they are transmitted by
insect vectors such as leafhoppers and aphids. Therefore, the
vector-host relationships appear to be quite similar for animals and
plants. This chapter is not the proper forum for dealing with
rhabdovirus pathogenicity in plants; the reader is referred to the ex-
cellent reviews and summaries of Francki (1973) and Knudson (1973).
However, it seems worthwhile to list some of the plant rhabdoviruses
that have been implicated as the causative agents of disease in order to
illustrate the enormous scope of the problem. Among these are the
following viruses: maize mosaic virus, wheat striate mosaic virus, let-
tuce necrotic yellows virus, Gomphrena virus of globe amaranth, po-
tato yellow dwarf virus, plaintain virus, sowthistle yellow vein virus,
broccoli necrotic yellows virus, eggplant mottled dwarf virus, Northern
cereal mosaic virus, rice transitory yellowing virus, and melitotis latent
virus. Little research has been done on the antigenic relationships
among the plant rhabdoviruses or between them and animal
rhabdoviruses. However, Sylvester et al. (1968) could demonstrate no
serologic cross-reactions between sowthistle yellow vein and VS
viruses.

1.4. Some Genetic Considerations

Rhabdovirus genetics will be the subject of a detailed analysis in a
later volume of this series. However, a brief description of strain varia-
tion and mutants of rhabdoviruses is essential for discussion of the
many aspects of rhabdovirus reproduction: The search for mutants has
been extensive, but it must be expanded further to provide probes in
areas that have not yet yielded to available methods. This summary
will be limited largely to the genetics of VS viruses simply because no
other rhabdoviruses have been adequately studied to date.

1.4.1. VS-Indiana Virus Genetics
1.4.1a. Plaque Mutants

Wagner et al. (1963) were the first to describe a moderately stable,
spontaneous mutant of VS virus that uniformly produced small
plaques (SP) on chick embryo and mouse L cells. Compared to the
wild-type (wt), large-plaque (LP) virus, the SP variant grew to
considerably lower titer, particularly in L cells, caused less and delayed
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cytopathic effects, and tended to persist in continuous cell culture. The
nature of the mutant lesion was never identified, but the SP mutant
was more susceptible to the action of interferon than the LP form.
Shechmeister et al. (1967) isolated a series of SP mutants induced by
UV irradiation of VS-New Jersey virus. One of these mutants, P-/a,
plated with lower efficiency on HeLa cells than did the wild type and
was less pathogenic for mice by intracerebral injection.

A similar small-plaque (S,) mutant derived from L, VS-Indiana
virus has been described in greater detail (Youngner and Wertz, 1968;
Wertz and Youngner, 1970, 1972; Wertz and Levine, 1973). The S,
mutant is 1000 times less lethal for mice, than L,, despite the fact that
S, and L, induced the formation of about the same amount of in-
terferon. The yields of S, progeny virus were 97% lower in L cells and
85% lower in chick embryo cells than were yields of L, virus. The only
consistent defect noted in cells infected with the S, mutant was
considerable reduction in intracellular progeny 38 S RNA, suggesting
that the S, lesion is located somewhere after transcription and before
replication (Wertz and Levine, 1973).

1.4.1b. Temperature-Sensitive Mutants

Conditional, lethal, temperature-sensitive (zs) mutants of VS-In-
diana virus have been extensively studied and characterized in three
laboratories (Flamand, 1969, 1970; Pringle, 1970; Holloway et al.,
1970). Different wild-type (wt, ts*) strains of VS virus were used in
each laboratory, but a general agreement has been reached for classifi-
cation of all these mutants. By convention, each mutant receives a
number designation assigned by the laboratory in which it was isolated
but prefixed by a letter to identify the city in which the laboratory is
located. Therefore, all mutants (which are spontaneous) originating in
Orsay are called ts OS5, ts O100, etc.; those from Glasgow (most of
which were induced by exposure to the mutagen S-fluorouracil) are
designated ts Gll, ts G44, etc.; and those mutants isolated in Winnipeg
(which originated from a heat-resistant, HR, variant of VS virus) are
called s W16B, ts W10, etc. Different cell types have been used by
each laboratory, but this does not seem to influence significantly the
results of experiments done with the Orsay, Glasgow, and Winnipeg
mutants. In addition, each laboratory has used permissive and restric-
tive temperatures that differ by about one degree. In this summary we
shall consider the permissive temperature for relatively normal yield of
mutant virus to be 31°C and the restrictive (nonpermissive)
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temperature to be 39°C. Excluded from consideration in this section
are the host-range and temperature-sensitive VS-Indiana mutants of
Simpson and Obijeski (1974), who described a series of amber-ochre
mutants restricted in certain cell types, either independent of or de-
pendent on temperature sensitivity at 35°C or 41°C. Another series of
as yet unclassified £s mutants has been selected by Mudd ez al. (1973)
from persistently infected cell cultures of Drosophila, in which the
virus acquires greater growth potential.

By means of reciprocal complementation crosses, Flamand and
Pringle (1971) were able to assign 71 spontaneous Orsay ts mutants
and 175 induced Glasgow ts mutants of VS-Indiana virus to 5 comple-
mentation groups. They are designated by Roman numerals as follows:
I (209 mutants), II (19 mutants), III (6 mutants), IV (4 mutants), and
V (2 mutants). The fact that 209 of the 246 randomly selected mutants
are in complementation group I attests to the genetic instability and
possibly also to the large size of the cistron represented by group I
mutants. The Winnipeg ts mutants of the VS-Indiana HR strain, for-
merly designated groups A, B, and C, could be relegated to comple-
mentation groups I, III, and IV when tested in cross-complementation
tests with prototype Glasgow and Orsay mutants (Cormack et al.,
1973). A small number of mutants from each laboratory could not be
assigned definitely to any of the complementation groups, and these
may be double mutants.

The reversion rate of VS-Indiana zs mutants is usually remarkably
low; most of the mutants that have been studied carefully have a
plating efficiency of <107% at 39°C compared with that at 31°C and
very few seem to have reversion frequencies >107°. Some of the
mutants, in our experience, will produce numerous tiny plaques at the
restrictive temperature of 39°C, presumably indicating a variable
degree of leakiness. Suggestive evidence for genetic recombination of
VS-Indiana mutants (Pringle, 1970) has subsequently been retracted
(Pringle et al., 1971) on the basis of evidence for complementation on
the assay plate and invariable segregation of mutants on repeated
cloning. Wong et al. (1971) also failed to detect recombination among
three mutants of different complementation groups; they attributed
increased plaque numbers at 38°C on plating a mixture of two comple-
menting mutants to aggregates or heteroploid virions with two
genomes.

At restrictive temperatures a variety of physiological defects have
been attributed to VS-Indiana ¢s mutants. These will be discussed in
greater detail under the appropriate heading for viral functions. Suffice
it to say that attempts have been made, partly successfully, to divide s
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TABLE 2

Temperature-Sensitive Mutants of VS Viruses: A Summary and
Comparison of the Genetics of Three Serotypes

Complementation Groups Phenotypes
Indiana® New Jersey® Cocal® RNA Protein T RNA4
I A, B a - Le 410 S, 280 S
II E 5 + G/ 435 S
III C ¥ + ?Mv 150 S
v F 8 - ?N* —
\% D — + G —

o Pringle (1970), Flamand and Pringle (1971).

b Pringle et al. (1971).

¢ Pringle and Wunner (1973).

4 Reichmann et al. (1971). RNA of is*B = 610 S, RNA of ts*T = 330 S.
¢ Hunt and Wagner (1974). VS-Indiana.

/ Printz and Wagner (1971), Pringle and Wunner (1974).

¢ Lafay (1971), Printz and Wagner (1971).

h Combard et al. (1974).

* Deutsch and Berkaloff (1971), F. Lafay (1974).

mutants according to their altered capacity to synthesize RNA (Pringle
and Duncan, 1971; Wong et al., 1972), to synthesize or incorporate
several virion proteins (Printz and Wagner, 1971; Lafay, 1971), and to
produce defective virions (Reichmann et al., 1971). Classification of
VS virus mutants according to genetic complementation groups and
phenotypic expression of RNA synthesis, virion proteins, and defective
T RNA is summarized in Table 2.

1.4.2. Genetics of Other Rhabdoviruses

Pringle and his colleagues in Glasgow have been making a
systematic study of the genetics of many animal rhabdoviruses by in-
ducing the formation of temperature-sensitive mutants with 5-
fluorouracil as a mutagen. Thus far, they have reported on the analysis
of 48 ts mutants of VS-New Jersey virus which can be divided into six
genetic complementation groups (Pringle et al., 1971), 49 ts mutants of
VS-Cocal virus which can be divided into four complementation
groups (Pringle and Wunner, 1973), and two complementing mutants
of the non-VS virus Chandipura rhabdovirus (Pringle and Wunner,
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1973, 1974). Table 2 summarizes the complementation data and known
phenotypes of three VS virus serotypes.

Of considerable interest is the report by Pringle et al. (1971) of
absolutely no genetic overlap of VS-Indiana and VS-New Jersey
viruses despite evidence of relatedness based on cross-reacting RNC
group-specific antigens (Cartwright and Brown, 1972b) and a degree of
cross-interference (Huang and Wagner, 1966a; Crick and Brown,
1973). None of the representative mutants of the 6 VS-New Jersey
complementation groups were able to complement any of the
representative mutants of the 5 VS-Indiana complementation groups.
These convincing negative data require interpretation of the rather
anomalous finding that VS-Indiana mRNA will hybridize with VS-
New Jersey virion RNA to a moderate extent (Prevec, 1974) or to only
a slight extent (Repik et al., 1974). The genetic relatedness, if any, of
VS-Indiana and VS-New Jersey viruses remains an unsolved question.

VS-Cocal virus is antigenically closely related to VS-Indiana virus
by type-specific as well as group-specific antigens but shares only
group-specific antigen with VS-New Jersey virus (Cartwright and
Brown, 1972b). Therefore, one would anticipate a closer genetic rela-
tionship between VS-Cocal and VS-Indiana viruses than would be ex-
pected of either with the New Jersey serotype. Pringle and Wunner
(1973) found no cross-complementation among any representatives of
four complementation groups of VS-Cocal virus and the six comple-
mentation groups of VS-New Jersey virus. The data for cross-comple-
mentation of VS-Indiana and VS-Cocal mutants were not unam-
biguous but some degree of complementation was definitely evident
when VS-Cocal mutants ts «l, ts 81 and ts 61 were tested with VS-In-
diana group III (zs G31) and group V (zs O45). The data suggest that
VS-Indiana group III is analogous to VS-Cocal group v.

Preliminary data indicated RNA phenotypes of the VS-Cocal
mutants similar to those of VS-Indiana and VS-New Jersey. VS-Cocal
groups « and @ appear to be RNA~ and presumably similar to VS-In-
diana complementation groups I and IV. VS-Cocal group vy mutants
synthesized greater than normal amounts of RNA at restrictive
temperature, whereas one mutant of group 6 was RNA~ and another
was RNA*, not unlike the situation with VS-Indiana group II and VS-
New Jersey group E (See Table 2).

Very preliminary data on two s mutants of the Chandipura
rhabdovirus indicate complete genetic unrelatedness to any of the VS
viruses (Pringle and Wunner, 1974). Five mutagen-induced zs mutants
of “‘fixed” rabies virus have been isolated by Clark and Koprowski
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(1971). These mutants showed low reversion frequency and leakiness at
the restrictive temperature of 40.5°C; two of them were characterized
for thermolability and pathogenicity in mice.

2. STRUCTURAL COMPONENTS AND THEIR FUNCTIONS
2.1. Chemical Composition of Virions

VS-Indiana virus will serve as the prototype because it is, by far,
the best studied and the easiest to study of all the rhabdoviruses. Many
of the chemical characteristics of VS virus also apply to other
rhabdoviruses; differences in chemical composition or structure of
other rhabdoviruses will be noted, if known. Essential to any reliable
chemical characterization is the homogeneity and purity of the virus
stock. Rhabdoviruses such as rabies are difficult to purify but some
success has been achieved by Sokol er al. (1968). McSharry and
Wagner (1971a) have reported in detail methods for bulk production of
VS virus and for purification of virions by precipitation with poly-
ethylene glycol, DEAE-cellulose chromatography, rate zonal centrifu-
gation in sucrose or tartrate gradients, and equilibrium centrifugation.
Infective VS virions purified in this manner were found by chemical
analysis to contain 3% RNA, 64% protein, 13% carbohydrate, and 20%
lipid.

2.1.1. Virion RNA
2.1.1a. Infective VS Virions

The first evidence that VS virions contain single-stranded RNA as
their genetic information was supplied by Prevec and Whitmore (1963),
who analyzed alkaline and enzymatic digests chromatographically and
found no effect on virus growth of 5-iodouridine-deoxyriboside. Huang
and Wagner (1966b) extracted the RNA from infective VS B virions
and estimated its molecular weight at 3.1-4.0 x 10° daltons based on a
sedimentation coefficient of 42 S. Similar values, ranging from 38 S
to 43 S, have been obtained subsequently by many investigators (Brown
et al., 1967c). Comparable values have also been obtained by poly-
acrylamide gel electrophoresis; by this method the molecular weight of
VS B-virion RNA was estimated to be 4.4 x 10° daltons at the upper
extreme (Bishop and Roy, 1971a) and 3.2 x 10° daltons at the lower
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extreme (Kiley and Wagner, 1972). Schaffer and Soergel (1972) ob-
tained an intermediate value of 4.0 x 10° daltons for B RNA of VS-In-
diana strain L and VS-Cocal viruses, but values for B-virion RNA of
VS-Indiana strain BT-78 and several strains of VS-New Jersey virus
were estimated to be 4.5 x 10° daltons by electrophoresis on poly-
acrylamide gels. Repik and Bishop (1973) used a third, independent
method to determine the molecular weight of RNA from VS B virions
by specific base labeling, nuclease digestion, and computation of the
minimum molecular weight from the number of oligonucleotides
recovered from a mole of viral RNA; they came up with the value of
3.82 4+ 0.14 x 10° daltons for VS B-virion RNA. All these values are
quite consistent with the measurements by Nakai and Howatson (1968)
of 3.3-4.0 um for the length of the B-virion nucleocapsid, which gives
an equivalent molecular weight of 3.4-3.8 x 10° daltons for its RNA.
It would seem that a reasonable average value for the VS B-virion
RNA would be 3.6 x 10° daltons.

The molecular weight of VS B-virion RNA is not significantly al-
tered by formaldehyde denaturation (Mudd and Summers, 1970b), by
boiling (Kiley and Wagner, 1972), or in dimethyl sulfoxide gradients
(Kiley and Wagner, unpublished results). These data indicate that VS
B-virion RNA is single-stranded, without significant secondary struc-
ture or hydrogen-bonded regions. The base composition determined by
Brown et al. (1967¢) of 29.3% A, 21.1% C, 209% G, and 28.7% U
probably represents fortuitous base pairing. VS B-virion RNA is vir-
tually devoid of complementary RNA, as shown by almost complete
digestion by RNase even after attempted melting and reannealing
(Bishop and Roy, 19716). The RNAs of three strains of rabies virus
were found to have nucleotide composition very similar to that of VS
virus (Aaslestad and Urbano, 1971).

2.1.1b. Defective VS Virions

Huang and Wagner (1966b) originally estimated the molecular
weight of purified VS T-virion RNA as 1.2-1.3 x 10° daltons, based
on a sucrose gradient sedimentation coefficient of 23 S. Similar values
for the molecular weight of short T-virion RNA have been reported by
Brown et al. (1967¢) and Schaffer et al. (1968). Bishop and Roy
(1971a) and Kiley and Wagner (1972) came up with equivalent values
for molecular weight determined by polyacrylamide gel elec-
trophoresis. A careful study by Schaffer and Soergel (1972) showed
comparative molecular weight values of 1.0 x 10%, 0.7 x 108, and 1.2
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x 10° daltons for RNAs of T virions of VS-Indiana (L strain), VS-
Cocal, and VS-New Jersey (Ogden strain) viruses, respectively. The
inability of T particles to replicate in the absence of B particles and
their similarity in other respects led to an hypothesis, perhaps a bit pre-
maturely, that T RNA was a fragment which was one-third of the in-
fective B-virion RNA (Huang et al., 1966). Some evidence to support
this hypothesis was lent by the finding of Nakai and Howatson (1968)
that T RNA was present in truncated virions and nucleocapsids of ap-
proximately 1.1 um in length, or roughly one-third the length of the B
nucleocapsid. They also counted 310 protein subunits on the T
nucleocapsid, compared with about 1000 on the B nucleocapsid.

Some doubt was cast on the postulated origin of T-virion RNA by
the finding of Petric and Prevec (1970) that Howatson’s HR variant of
VS virus gives rise on undiluted passage to a defective virion, esti-
mated to contain RNA of molecular weight 1.7-2.0 x 10¢ daltons.
This HR defective virion was called long T (LT) and was thought to
contain about half of the B genome. Moreover, Reichmann et al.
(1971) found that infection of BHK cells with s mutants of VS virus
gave rise to defective T particles of widely varying lengths, including
species which were much smaller than the now classical short T and
long T virions. It is possible, therefore, that segmentation of the VS
genome can be random or that the site of cleavage is genetically con-
trolled.

Roy and Bishop (1972) showed quite conclusively that RNA from
a standard preparation of short T particles is identical to one or more
segments of B-virion RNA. This close relatedness of T and B RNA
was demonstrated by showing complete hybridization to both T- and
B-virion RNA by mRNA made in vitro on a B-virion template (see
Sect. 2.2.1). Conclusive analysis is prevented by inability to transcribe
short T virions in vitro (Bishop and Roy, 1971a; Emerson and Wagner,
1972) or in vivo (Huang and Manders, 1972) in order to obtain specific
hybridizable mRNA. Another technical stumbling block to resolving
the question of the origin of T RNA is inability to produce T RNA
with enough radioactivity to analyze the 5" and 3’ termini (Bishop,
personal communication).

Further complicating a definitive attempt to determine the origin
of T RNA is the finding by Roy er al. (1973) of considerable R Nase-
resistant RNA present in long T virions derived from the HR VS virus
strain of Howatson. These studies reveal that 20% of the HR T RNA
is RNase resistant aftr melting and self-annealing. Moreover, only 80%
of HR T RNA, compared to 100% of the standard short T or B RNA,
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hybridizes to mRNA made in vitro on a standard wild-type B-virion
template.

Despite all these obstacles, very recent data by Leamnson and
Reichmann (1974) reveal by hybridization studies that the RNA from
defective long T particles of the HR strain is complementary to all the
VS viral 13-18 S mRNA species. In contrast, all RNA in short T
virions of various strains contain exclusively or predominantly nu-
cleotide sequences homologous to 28 S mRNA. Based on these data,
models were proposed for the origin of T particles and for a cistronic
map of the VS virion genome.

2.1.1c. Virion RNA of Other Rhabdoviruses

The relatedness of the rhabdoviruses is emphasized by the simi-
larity of their RNA genomes, at least to the extent that they have been
investigated. However, there are some potential differences that are
worth noting. Early studies by Sokol et al. (1969) revealed a somewhat
larger genome size for rabies virus, as judged by a sedimentation coef-
ficient of 45 S for the RNA and a modal length of 4.2 um of the
extended nucleocapsid. Bishop et al. (1974), however, have reported
virtually identical migration on polyacrylamide gels of the RNAs ex-
tracted from infectious virions of VS virus, rabies virus, and Kern
Canyon virus. Crick and Brown (1974) arrived at figures of 43 S for in-
fective-rabies-virion RNA and 18-20 S for defective-rabies-virion
RNA; incidentally, the defective rabies T virions interfered with the
growth of infectious rabies virus but defective VS T virions did not.
RNA from a standard VS-New Jersey virion contained 41 S RNA of
molecular weight =~ 4.5 x 10° daltons on polyacrylamide, about the
same as VS-Indiana virions, but a mutant (p-laH60) New Jersey-
serotype virion was found to contain 51 S RNA with a molecular
weight estimated by gel electrophoresis as 6.3 x 10® daltons (Schaffer
et al., 1972). These are the highest values reported for any rhabdovirus
RNA; confirmation of these data has not been forthcoming.

The virion RNA species of plant rhabdoviruses have only been
studied in a preliminary way but they reveal considerable similarity to
the virion RNAs of animal rhabdoviruses (Knudson, 1973). A
preliminary report of Knudson and MacLeod (1972) states that the
RNA of potato yellow dwarf virus (PYDV) has an sy, =~ 45.3 S,
equivalent to a molecular weight of 4.7 x 10° daltons (Reeder et al.,
1972). Francki and Randles (1974) made the very interesting
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TABLE 3

Comparison of Rhabdovirion RNA and Protein Species

Mol. wt. proteins,

Mol. wt. X 103 daltons
B RNA,
Virus X 106 daltons L G N NS M Protein references
VS-Indiana 3.6 190 69 50 45 29 Wagner et al. (1972)

— 62 45 38 28 Wunner and Pringle (1972a)
160 65 54 42 27 Obijeski et al. (1974)

VS-New Jersey 4.5 — 62 47 39 26 Wunner and Pringle (1971)

161 64 52 42 24 Obijeski et al. (1974)
VS-Cocal — 64 45 38 26 Wunner and Pringle (1971)
Chandipura 162 68 53 — 24 Obijeski et al. (1974)®
Piry 160 75 54 — 23 Obijeski et al. (1974)°
Rabies 4.6 —  69° 60 45 29¢ Sokol et al. (1971)

Neurath et al. (1972)
LNYVe 4.0 >100 75 55 — 22 Francki and Randles (1974)
PYDVe 4.6 — 78 56 45 33 Knudson and MacLeod
(1972)

a LNYV = lettuce necrotic yellows virus; PYDV = potato yellow dwarf virus.
b Average data of Obijeski et al. are only for continuous, not discontinuous gels.
¢ Estimates for rabies proteins G; and M,. G = 60 X 103, M, = 24 X 10%

observation that lettuce necrotic yellows (LNY V) rhabdovirus contains
43 S RNA, equivalent in molecular weight to 4 x 10° daltons. Since
LNYYV is about twice the length of animal rhabdoviruses and is bacilli-
form in shape with two hemispheric ends, it does not seem unlikely that
each infectious LNYV unit consists of back-to-back bullets filled with
two copies of the LNYV genome. Also of great interest, as noted below,
is that the LNYV virion contains an RNA transcriptase and four pro-
teins very similar in molecular weight to those of VS virus. The striking
similarity in the base composition of the virion RNAs of VS-Indiana
virus, rabies virus, and PYDYV cited by Knudson (1973) is difficult to ra-
tionalize as being anything but fortuitous.

Table 3 presents a comparison of the virion RNA and protein
species found in 8 different rhabdoviruses.

2.1.2. Virion Proteins

2.1.2a. VS-Indiana Virus Structural Proteins

Wagner et al. (1969a) and Kang and Prevec (1969) simultaneously
first identified the three major structural proteins of the Indiana
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serotype of VS virus by electrophoresis on neutral polyacrylamide gels
in the presence of sodium dodecyl sulfate (SDS), 2-mercaptoethanol,
and urea. All investigators missed a minor structural protein until it
was identified on gels with higher resolving power (Mudd and Sum-
mers, 1970a). In 1972, all investigators in this field agreed that five VS
virion proteins could be definitely identified and a standard nomen-
clature was adopted for VS virus and, with some modifications, for all
rhabdoviruses (Wagner et al., 1972). Other minor components, such as
the a and b proteins of Bishop and Roy (1972) and the NS, protein of
Wagner et al. (1971) have never been confirmed and are probably ar-
tifacts of the gel procedures. The five agreed-upon VS virion proteins
have an aggregate molecular weight of 383,000; this accounts for al-
most all the coding potential of the VS viral genome, estimated at 3.6
x 10° daltons. It also seems likely that each of these five polypeptides
is translated individually from a single monocistronic messenger RNA
(see Sect. 3.2). No one has conclusively demonstrated post-translational
cleavage of VS viral proteins.

In their original studies, Wagner et al. (1969a) demonstrated quite
conclusively by coelectrophoresis that defective T particles have exactly
the same five proteins as fully infective B virions of VS virus. Identical
results with the B- and T-virion proteins of Chandipura and Piry
viruses were also obtained by Obijeski et al. (1974).

Figure 6 shows a representative electrophoretic pattern of *H-la-
beled proteins extracted with SDS and mercaptoethanol from purified
VS virions. This pattern on standard Maizel SDS gels is somewhat dif-
ferent from that obtained on Laemmli-Maizel supergels, which result
particularly in the relatively slower migration of the NS protein. The
proteins illustrated in the electropherogram are lettered L, G, N, NS,
and M, according to the convention adopted for nomenclature of these
individual virion polypeptides (Wagner et al., 1972). Listed below are
the salient features, as well as the rationale behind the designation, of

"o 401 N
E 30
c
g G M
. . » 201
Fig. 6. Polyacrylamide gel electro- O
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each of the five proteins in decreasing order of molecular weights.
Comparative data for the proteins and RNA of VS virus and seven
other rhabdoviruses are shown in Table 3.

L protein. This was originally thought to be an aggregate or large
uncleaved precursor of the other VS virion proteins. Recent evidence
obtained by comparative analysis of tryptic peptides (Stampfer and
Baltimore, 1973) and of cyanogen bromide peptides (Emerson and
Wagner, 1973) reveals that the L protein shows peptide maps different
from at least three of the other VS virion polypeptides. As noted
below, the L protein has been found to be associated with VS viral
nucleocapsid where it serves as the endogenous RNA-dependent RNA
polymerase (Emerson and Wagner, 1973).

G protein. This protein is so designated because of ample evidence
that it is the only identifiable VS virion protein which is glycosylated
(Burge and Huang, 1970; Wagner et al., 1970; Mudd and Summers,
1970a; Cohen et al., 1971). Among all the VS viral proteins, there is
somewhat less assurance that the G protein is a single polypeptide be-
cause it gives a less discrete band on neutral polyacrylamide gels.
Another possible explanation for diffuse or notched peaks on gels
might be attributable to lack of uniform glycosylation of the G protein.

N protein. N stands for nucleocapsid because the evidence is clear
that this major component is the structural protein that is tightly com-
plexed with virion RNA to form the RNC (Kang and Prevec, 1969;
Wagner et al., 1969b).

NS protein. This designation is the least satisfactory of those
proposed for the VS viral proteins and will undoubtedly be superseded
when more information becomes available concerning the function of
this nucleocapsid protein. The original term NS; stood for non-
structural protein number 1 because large amounts of this protein were
found to be synthesized in VS virus-infected cells despite failure origi-
nally to detect it in released purified virions (Wagner et al., 1970; Kang
and Prevec, 1971). Mudd and Summers (1970a) identified on higher-
resolution acrylamide gels a minor VS virion protein, now designated
NS, which migrates to the same position as cytoplasmic NS; and
slightly ahead of protein N (see Fig. 6). The relatedness of the soluble
and structural NS proteins is suggested by the fact that they are both
phosphoproteins (Sokol and Clark, 1973; Imblum and Wagner, 1974;
Moyer and Summers, 1974a).

M protein. This protein is an integral nonglycosylated component
of the VS viral membrane (Wagner et al., 1970; Cohen et al., 1971). Its
designation also derives from the the fact that the M protein appears to
serve as the matrix in close association with lipids to form the basic
lipoprotein envelope.
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2.1.2b. Structural Proteins of Rhabdoviruses Other Than VS-Indiana
Virus

The virion proteins of all rhabdoviruses studied to date are
remarkably similar in number and molecular weight to those of VS-In-
diana virus (Wagner et al., 1972). In their original study of the VS
virion proteins, Wagner et al. (1969a) could distinguish a difference in
electrophoretic mobility of only one structural protein (M) of VS-New
Jersey virions compared with the proteins of VS-Indiana virions. These
data have been confirmed and additional minor differences in mi-
gration have been reported among corresponding proteins of various
rhabdoviruses coelectrophoresed on high-resolution acrylamide gels
(Wunner and Pringle, 1972a; Obijeski et al., 1974). Table 3 lists the
comparative molecular weights of similar polypeptides of widely dif-
ferent rhabdoviruses. A universal trait of all rhabdoviruses appears to
be possession of L, G, N, and M proteins. The NS protein has not yet
been identified in all rhabdoviruses due, almost undoubtedly, to the
technical difficulty of detecting this minor component. The rabies
virion has been reported to possess two additional minor components,
an extra G protein (G;) and an extra M protein (M,;) of lower
molecular weight than the common G and M proteins (Sokol et al.,
1971). Two M proteins have also been identified in fish rhabdoviruses
(de Kinkelin, personal communication; McAllister and Wagner,
unpublished data).

2.1.3. Lipids and Glycolipids

Prevec and Whitmore (1963) first reported a high content of
phospholipid in VS virus, which was also found to be chloroform
sensitive. McSharry and Wagner (1971a) reported a detailed analysis
of the lipid composition of the Indiana and New Jersey serotypes of
VS virus. Virions grown in L cells and purified 150-fold contained
about 20% lipid; the molar ratio of cholesterol to phospholipid was 0.6
or greater. There were no unusual neutral lipids or fatty acids as de-
termined by thin-layer and gas-liquid chromatography. The New
Jersey serotype grown in L cells revealed the same lipid profile as did
the Indian serotype, except for a somewhat greater proportion of neu-
tral lipids, a finding which was less pronounced when VS-New Jersey
virus was grown in primary chick embryo cells. The lipid composition
of both viruses grown in L or chick embryo cells resembled more
closely the lipid composition of the plasma membrane than of whole
cells. The only consistent difference in virion lipids was the greater



26 Chapter 1

concentration of phosphatidylethanolamine and sphingomyelin and
the relatively small amount of phosphatidylcholine in both types of VS
virions compared with uninfected L and chick embryo cells or their
plasma membranes.

Bates and Rothblat (1972) studied the incorporation of sterols into
VS virus grown in L cells. Since L cells cannot synthesize cholesterol
but can synthesize the precursor desmosterol (cholest-5,24-diene-33-
ol), VS virus grown in L cells in the absence of cholesterol will incorpo-
rate only desmosterol. When cholesterol is present in the medium, the
virus will incorporate cholesterol in preference to the desmosterol,
whose synthesis is inhibited in the presence of cholesterol. The sterol
composition of VS virus does not influence its stability or infectivity.

Purified VS virions also contain glycolipids which can be readily
detected by incorporation of radioactive glucosamine, galactosamine,
and galactose during viral growth (McSharry and Wagner, 19715).
These small glycolipid molecules migrate very rapidly, almost with the
marker dye front, on SDS-polyacrylamide gels. In the one cell system
examined, Klenk and Choppin (1971) found that VS virions grown in
BHK-F- cells contained the same ganglioside, hematoside, neurami-
nosyl-galactosyl-glucosyl-ceramide, as did the plasma membrane of the
host cell. Cartwright and Brown (1972a) also reported that cellular
antigenic components are incorporated into budding VS virions and
these cellular antigens migrate on polyacrylamide gels as do glycoli-
pids.

The lipid composition of rabies rhabdovirus appears to be quite
similar to that of VS virus (Blough and Tiffany, 1973; Schlesinger et al.,
1973). Rabies virus grown in BHK21 cells contains 24% lipid, has a
cholesterol-to-phospholipid molar ratio of 0.87, and the major
phospholipid, as in the case of VS virus, is phosphotidylethanolamine.
No significant differences could be found in the lipid composition of in-
tracellular and extracellular rabies virus (Schlesinger et al., 1973), a
finding which suggests no difference in the membrane maturation site
of the two kinds of rabies virions. The presence of 1.5% sphingoglycoli-
pids in rabies virus (Blough and Tiffany, 1973) also suggests some
similarity to VS virus. Potato yellow dwarf virus contains 19% lipid,
but the plant rhabdoviruses have not yet been thoroughly analyzed
(Ahmed et al., 1964).

These data are quite scanty but they indicate that preformed lipids
and glycolipids of the host cell are incorporated into the envelope of
rhabdoviruses during their maturation and budding from the cell
membrane. Some of the cellular phospholipids may be preferentially
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selected for complexing with VS virion envelope protein to form a
more stable lipoprotein complex.

2.2. Structure-Function Relationships of Virion Components
2.2.1. The Nucleocapsid: Transcription
2.2.1a. Composition

The basic structure of the VS virus nucleocapsid is a single
molecule of RNA associated with at least three viral proteins: N, L, and
NS. Bishop and Roy (1972) have estimated that the VS nucleocapsid
contains 60 molecules of L protein, 230 molecules of NS protein, and
2300 molecules of structural protein N, equivalent to 1 N-protein
molecule per 6 nucleotides. Cartwright er al. (1972) estimate that the
VS nucleocapsid has 1100 N-protein units. Additional studies revealed
that N protein forms an extremely stable complex with virion RNA,
whereas nucleocapsid proteins L and NS are more readily dissociable
and are presumably more superficial or are complexed by more labile
bonds. Experiments by Kiley and Wagner (1972) revealed that cyto-
plasm of infected cells contains VS viral nucleocapsids of varying
length but that each contains RNA as well as proteins N, L, and NS,
but the presence of 0.5 M NaCl stripped off all detectable L and NS
proteins and left the RNA-N-protein complex intact. Similar studies
with nucleocapsids isolated from VS virions were reported by Emerson
and Wagner (1972) and by Szilagyi and Uryvayev (1974), who found
that CsCl also removes L and NS proteins. Of considerable interest is
the finding that the intact nucleocapsid, containing all three of its pro-
teins, is infectious in the presence of DEAE-dextran, whereas the
RNA-N-protein complex devoid of proteins L and NS is not infectious
(Szylagyi and Uryvayev, 1973).

2.2.1b. The Transcriptase

The discovery by Baltimore, Huang, and Stampfer (1970) that VS
virions contain an RNA-dependent RNA polymerase (transcriptase)
opened up many avenues of investigation. The basic hypothesis that led
Baltimore and Huang to do their original experiment was the finding
some years previously (Huang and Wagner, 1966b) that the VS viral
RNA devoid of protein was not infectious. In addition, the messenger
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RNA made in infected cells was found to be complementary to virion
RNA (Huang et al., 1970); therefore, it was essential that the ‘“‘negative-
strand” RNA of VS virus be transcribed before translation could occur
(Baltimore, 1971). An analysis of the kinetics and products of transcrip-
tion will be presented in Sect. 3.2

Identification of the transcriptase protein was thwarted for some
time because of lability of the transcription complex to temperature
elevation and shear forces. Another obvious problem is that the
specific enzyme as well as the template are both essential for transcrip-
tion to occur; no other templates or enzymes have yet been found as
substitutes. Emerson and Wagner (1972) finally solved the problem by
proving that the transcriptase and template of VS virions could be
separated by exposure to a high ionic environment into a supernatant
fraction and a pellet fraction of nucleocapsid cores, neither of which
contains much transcriptive activity. As shown in Fig. 7, when the
pellet and supernatant fractions are recombined, most of the
transcriptase activity is restored as evidenced by incorporation of *H-
UTP into an acid-insoluble fraction complementary to VS virion
RNA. The assumption can be made that the pellet, which contains
nucleocapsid RNA and N protein, is the template and that the salt-
released supernatant fraction contains the enzyme. Partial degradation
of VS virions with Triton X-100 and lower salt concentrations results
in virtually complete removal of envelope proteins G and M without
significant reduction of transcriptase activity of the resulting
nucleocapsid template (Emerson and Wagner, 1972; Bishop and Roy,
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1972). Very recently, Szilagyi and Uryvayev (1974) reported that con-
trolled degradation of VS nucleocapsids indicated that transcriptase
activity is associated with L or L and NS proteins.

Even more recently, the reconstitution experiments of Emerson
and Wagner were confirmed by Bishop et al. (1974b), who
were also able to reconstitute the transcriptase activity and infectivity
of dissociated VS-Indiana, VS-New Jersey, VS-Cocal, and Chandipura
virions by recombining homologous enzyme and template. Cross-com-
plementation of both transcriptase activity and infectivity could be
demonstrated between VS-Indiana and VS-Cocal viruses, but VS-New
Jersey and Chandipura soluble enzymes were unable to restore
transcriptive function or infectivity to VS-Indiana nucleocapsid tem-
plate. These experiments again emphasize the relatedness of the In-
diana and Cocal serotypes and their unrelatedness or distant re-
latedness to VS-New Jersey or the antigenically distinct Chandipura
viruses.

Having narrowed the candidates for transcriptase activity down to
the nucleocapsid proteins L and NS or, of course, a hitherto
unidentified protein, experiments were designed to isolate and identify
the transcriptase protein or proteins by glycerol gradient centrifugation
and phosphocellulose chromatography (Emerson and Wagner, 1973).
Only the L protein is capable of restoring transcriptive function to the
denuded nucleocapsid template. Soluble L protein rebinds to the
ribonucleocapsid when the transcription complex is reconstituted; the
RNA synthesized in vitro by the L-protein-nucleocapsid complex hybri-
dizes to virion RNA. From these studies it was concluded that the L pro-
tein functions as the transcriptase. Recent, more definitive studies prove
that the NS protein is also required in conjunction with the L protein to
restore full transcriptive activity to the denuded nucleocapsid of VS
virus (S.U. Emerson, in press). A hypothesis that the NS protein could
also be the replicase is purely speculative and almost entirely based on
the negative evidence that none of the other four viral proteins is a likely
candidate, except possibly if the L protein turns out to have a dual
function. Of some possible functional significance is the fact that the NS
protein is the principal VS viral protein phosphorylated in vitro and in
vivo (Sokol and Clark, 1973; Moyer and Summers, 1974a; Imblum and
Wagner, 1974).

RNA-dependent RNA polymerase activity has been found
associated with virions of rhabdoviruses other than VS-Indiana virus.
The New Jersey serotype of VS virus also contains a transcriptase in
infectious B virions but not in defective T particles (Perrault and
Holland, 1972b). The antigenically unrelated Kern Canyon
rhabdovirus possesses a transcriptase which exhibits all the require-
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ments for in vitro activity of the VS-Indiana virus transcriptase, but
the specific activity is only 4% that of the VS viral transcriptase (Aas-
lestad et al., 1971). A transcriptase in the plant rhabdovirus LNYV
also appears to have properties similar to those of the VS virus enzyme
despite its much lower activity (Francki and Randles, 1972). The
LNYYV in vitro transcription products are all small (3-12 S), single-
stranded RNA species homologous to the RNA of the LNYV genome,
which is conserved intact during transcription (Francki and Randles,
1973). The nucleocapsid of LNYV is also infectious (Randles and
Francki, 1972). These data on rhabdoviruses of widely different
sources indicate the likelihood that all rhabdoviruses contain an RNA-
dependent RNA polymerase as part of the nucleocapsid. Low specific
activity would seem to be responsible for failure to demonstrate
transcriptase activity in otherwise fairly classical rhabdoviruses, such
as rabies virus.

Chang et al. (1974) compared the specific activities of the virion
polymerases of five rhabdoviruses. They found that the transcriptase of
VS-Indiana virions is 92% more active than the transcriptases of VS-
New Jersey and Piry viruses, 87% more active than Chandipura virus
and 66% more active than VS-Cocal virus. The polymerases of all five
rhabdoviruses efficiently transcribe almost the entire genome as judged
by hybridization to homologous virion template RNA. Bukrinskaya
(1973) has recently provided an interesting comparative review of the
nucleocapsids and transcriptases of rhabdovirus, reovirus, myxovirus,
paramyxovirus, and RNA tumor virus.

2.2.1c. The Transcription Template

It seems quite clear that the transcriptase of VS virus specifically
recognizes its own nucleocapsid. In their original studies, Baltimore et
al. (1970) were unable to detect RNA synthesized on various naked
RNA templates added to the VS viral transcription system. Moreover,
naked VS viral RNA cannot act as a transcription template. The
minimal requirement for template activity is the presence of N protein
as the major constituent of an intact nucleocapsid (Emerson and
Wagner, 1972, 1973). Although the N protein alone possesses no ca-
pacity to serve as transcriptase, it does presumably act as a cofactor
for transcription catalyzed by the L protein.

However, Emerson and Wagner (1972) have shown that not all
RNA-N-protein complexes can serve as a functional template for the
transcriptase. A number of laboratories have reported that the short T
particles of VS virus exhibit no capacity to transcribe in vitro (Bishop
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and Roy, 1971a; Perrauit and Holland, 1972; Emerson and Wagner,
1972) or in vivo (Huang and Manders, 1972) despite seemingly
contradictory evidence of Mori and Howatson (1973) that short T and
medium T as well as long T defective VS virions derived from the HR
strain all synthesize RNA in vitro. Bishop and Roy (197154) have found
that long T particles contain about 30% of the transcriptase activity of
the infective B virion. This transcriptional defectiveness of nonin-
fectious T particles is evident despite the fact that T particles contain
exactly the same proteins as homologous, infectious B particles (Wagner
et al., 1969a). A partial solution of this dilemma came from the experi-
ments of Emerson and Wagner (1972), who found that short T particles
contain a perfectly good, solubilizable transcriptase which functions
when it is recombined with the denuded nucleocapsid template of B
virions but not with that of T virions. Conversely, active B-virion
transcriptase is completely ineffective when recombined with the
nucleocapsid of T virions. It seems clear, therefore, that the transcrip-
tional defect of short T virions derived from standard VS virus resides in
its incomplete nucleocapsid template. Since the T nucleocapsid contains
RNA (a one-third piece) and N protein, the most cogent alternative
hypothesis to explain the transcriptional defectiveness of the T
nucleocapsid is absence of appropriate nucleotide signals for initiation
of transcription. By extension of this hypothesis, it can be intimated that
the RNA of defective long T virions is derived from the opposite
segment of the VS viral genome, which contains initiation signals for
transcription (Prevec and Kang, 1970; Bishop and Roy, 197154).

It is a rather remarkable fact that the RNA wrapped up by N pro-
tein in the VS nucleocapsid can be transcribed and at the same time is
ribonuclease resistant (Cartwright et al., 1970a). Bishop and Roy
(1972) tried to resolve this paradox in an interesting series of experi-
ments. First, they found that none of the N protein was dissociated
from the nucleocapsid complex during active transcription. If the N
protein was partially displaced and replaced, they reasoned, the tem-
plate RNA should become at least partially ribonuclease sensitive. The
template RNA did not become sensitive to RNase A and T,; in fact,
even after deproteinization with phenol, much of the template RNA
remained RNase resistant before annealing and all of it after an-
nealing. These data suggest a significant degree of base-paired, tem-
plate-product, double-stranded RNA during the process of transcrip-
tion despite the presence of N protein tightly bound to the RNA tem-
plate. No N protein is found associated with released product RNA. A
rolling model of N-protein displacement and replacement as the
polymerase moves down the nucleocapsid template during transcrip-
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tion has been entertained by Bishop (personal communication). This
model seems logical but the hypothesis may be difficult to test. The
origin and role of the recently described homotypic inhibitors of
polymerase activity in VS-Indiana and VS-New Jersey virions (Per-
rault and Kingsbury, 1974) are difficult to fathom.

2.2.1d. Transcription Mutants

There are two definite genetic complementation groups of VS-In-
diana virus mutants (group I and group IV) which exhibit reduced ca-
pacity to synthesize viral RNA in vivo at the restrictive temperature of
39°C (Pringle and Duncan, 1971; Printz-Ané et al., 1972). The diffi-
culty with exploiting these fs mutants is the intrinsic problem that
in vitro transcription of VS virions is so heat labile that much less RNA
is synthesized by wild-type (wt) virus at 39°C than at 28-31°C. Despite
the fact that the reduction in yield of wt RNA transcribed at 39°C is as
much as 90%, Szilagyi and Pringle (1972) have shown quite conclu-
sively that six ts mutants belonging to VS viral complementation group
I synthesize less RNA at 39°C than does the wt virus. Three of these
group I mutants (ts G13, ts G16 and ts G114) show greater restriction
and have a much more heat-labile polymerase activity than three other
group I mutants (¢s G11, ts G12, and ts G15). Similar studies done
with the Winnepeg ¢s mutants derived from the HR variant of VS virus
revealed some degree of temperature-sensitive transcription among
mutants subsequently designated as belonging to complementation
groups I and IV (Cormack et al., 1971; Cairns et al., 1972). These
studies, in which kinetics are not always linear, differ from those of
Szilagyi and Pringle (1972), who failed to confirm the temperature
sensitivity of the in vitro transcription of their mutants in group IV. In
addition, Cairns et al. (1972) have provided some evidence for in vitro
phenotypic complementation of transcription activity among in vivo
genetically complementing pairs of their RNA mutants. Similar in vitro
complementation among ¢s mutants has been found by Bishop (personal
communication); these experiments showed cross-complementation at
both 31°C and 39°C of ts virions fractionated in the two-phase system
of dextran-polyethylene glycol.

The most conclusive evidence for the location of the restrictive
lesion in group I s mutants was provided by Hunt and Wagner (1974).
Our studies confirmed the observation of Szilagyi and Pringle (1972)
that different group I mutants varied in their temperature sensitivity to
in vitro transcription at 39°C, but in each case the transcriptase



Reproduction of Rhabdoviruses 33

enzyme and the nucleocapsid template could be fractionated and re-
constituted by the method of Emerson and Wagner (1972). Homolo-
gous reconstitution of enzyme and template resulted in restored ca-
pacity to transcribe at 31°C and 39°C, similar to the unfractionated
mutant virion. Recombination of wt nucleocapsid template and ts
group I transcriptase enzyme resulted in no significant restoration of
capacity to synthesize RNA at restrictive temperature. In contrast,
transcriptive function at 39°C was reconstituted by recombining the wt
enzyme with the template component of group I s mutants. These
data indicate that the transcriptase enzyme, rather than the template,
is the temperature-sensitive component of group I VS virus mutants.
Very recent data indicate that L protein, not NS protein, is the
temperature-sensitive component of group I VS virus mutants ts G13
and s G16 (data of D. M. Hunt). Moreover, Ngan et al. (1974) have
very recently found that at least one group IV mutant, ts W16B, is
restricted in transcription because of a temperature-sensitive
nucleocapsid template.

2.2.1e. Polyadenylate Synthetase

Infection of cells with VS virus gives rise to cytoplasmic mRNA
species which contain tracts of polyadenylic acid (poly A) despite the
absence of significant stretches of polyuridylate in VS virion RNA
(Ehrenfeld and Summers, 1972; Galet and Prevec, 1973; Soria and
Huang, 1973). This finding prompted Villareal and Holland (1973) and
Banerjee and Rhodes (1973) to search for and to find an enzyme in VS
virions that sequentially adds adenylate sequences, presumably at the
3" end, to complementary RNA synthesized in vitro. Adenylation
could be carried out by isolated nucleocapsid cores of VS virus and the
functional enzyme was, therefore, presumed to be one of the three
nucleocapsid proteins. Further evidence that the poly A synthetase is a
viral protein, possibly the transcriptase, was provided by finding that
poly A synthesis requires the presence of all four nucleoside triphos-
phates. Galet and Prevec (1973) found similar evidence for poly A
synthesis coupled to in vitro transcription by cytoplasmic fractions of
cells infected with VS virus. These experiments were confirmed by Ba-
nerjee and Rhodes (1973) and by Ehrenfeld (1974) who found poly A
tracts in complementary RNA transcribed by VS virions in vitro.
These poly A sequences range in length from 50 to 200 nucleotides and
are demonstrated by resistance to RNase A and T,, as well as by
binding to poly U. The poly A sequences are covalently linked to
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mRNA but are not added to endogenous RNA in the presence of ATP
alone. Virion RNA does not appear to contain any significant regions
of poly U as determined by hybridization with poly A or poly dT
(Marshall and Gillespie, 1972) or by digestion with RNase U, under
conditions specific for purines (Ehrenfeld, 1974). Also, cordecypin (3-
deoxyadenosine) does not inhibit polyadenylation of VS viral RNA in
vivo (Ehrenfeld, 1974). Definitive evidence for a role in transcription of
the polyadenylate synthetase must await genetic analysis and identifi-
cation of the enzyme as a specific protein component of the VS virion
nucleocapsid.

2.2.2. Envelope Constituents and Functions
2.2.2a. Composition

The envelope of VS virus and probably other rhabdoviruses is a
bilayered membrane 7-10 nm in thickness which appears to be derived
from external or internal membranes of the host cell (Howatson, 1970;
Zee et al., 1970). Viral proteins G (the glycoprotein spikes) and M
(membrane matrix protein) are inserted into the cell membrane, which
is converted -into the viral envelope; no cellular protein can be detected
in the virion envelope, at least by polyacrylamide gel electrophoresis
(Wagner et al., 1969a).

The envelope of rhabdoviruses can be stripped off the
nucleocapsid by a variety of procedures, most of which result in disso-
lution of the envelope components. However, the spikes can be
removed intact without greatly disturbing the basic structure of the en-
velope (see Sect. 2.3.3). Only limited success has been achieved in re-
moving the envelope intact. Brown et al., 1967a) used Tween 80 and
ether to dissect the envelope and spikes, with concommitant loss in in-
fectivity of VS virus. The anionic detergent deoxycholate is also ca-
pable of completely dissociating the envelope and spikes, along with
proteins G and M, from the nucleocapsid (Kang and Prevec, 1969;
Wagner et al., 1969b). Disruption of the VS virion by the sterol gly-
coside digitonin results in release of an envelope component which
contains most of the M protein and half of the G protein (Wagner et
al., 1969bh; Wagner and Schnaitman, 1970). Mudd (1973) has reported
that treatment with HCI at pH 1.5 separated from VS virions a 250 S
envelope fraction which contains 57% protein G, 30% protein M, and
only 10% and 2% nucleocapsid proteins N and NS, respectively.
However, under these conditions of acid dissolution, 66% of protein M
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appears as a nonsedimentable fraction. In our experience a reliable
method for removing the M protein in a relatively pure form is by step-
wise degradation, first with Triton X-100 at very low ionic
concentration to selectively solubilize the G protein followed by ex-
posure of the spikeless virions to Triton X-100 in 0.3 m NaCl, which
splits off the M protein with the remainder of the envelope (Emerson
and Wagner, 1972). McSharry (personal communication) has been
able to isolate and purify the M protein after detergent-salt extraction
by gradient centrifugation and column chromatography.

The envelope of rabies virus may be more fragile than the VS
virion envelope; Sokol er al. (1972) reported that half of rabies strain
ERA virions lost their envelope during purification. Neurath er al.
(1972) found that 0.1% tri(n-butyl)phosphate in the presence of Tween
80 removed all labeled lipids and most of proteins G,, G,, and M, from
rabies virions, but no uridine label or nucleocapsid proteins.

2.2.2b. Structure

A hexagonal lattice structure has been observed by electron mi-
croscopy of three negatively stained rhabdoviruses: rabies virus (Hum-
meler et al., 1967), broccoli necrotic yellows virus (Hills and Campbell,
1968), and sowthistle yellow vein virus (Peters and Kitajima, 1970).
Cartwright et al. (1972) have proposed two structural models for the
envelope of the VS virion based on their estimate that there are about
1600 copies of the M protein and about 500 copies of the G protein,
roughly a ratio of 3:1. One model is visualized as each surface pro-
jection (spike) being surrounded by three matrix (M)-protein subunits
arranged to fit a tubular structure in which the distribution of M-pro-
tein subunits is based on a 92-member icosahedron cut across its inter-
lattice axis. In their second model, Cartwright et al. (1972) postulate
that the matrix-protein units are linked directly to the RNC. Addi-
tional chemical data are required to test the validity of these ingenious
models.

2.2.2¢. The M-Protein Matrix Function

It has been tacitly assumed that the rhabdovirus M protein is the
major, or only, structural protein component of the envelope, where it
forms a lipoprotein complex with the pre-existing cell lipids. Similar
nonglycosylated proteins of about the same molecular weight are found
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as the sole matrix proteins in the envelopes of myxoviruses (see Chapt.
3 in this volume) and paramyxoviruses (see Chapt. 2 in this volume). In
these groups of viruses there is some electron microscopic evidence
that the M protein lines the inner surface of the virion envelope, where
this additional layer complexes with the nucleocapsid. No such evi-
dence is available for rhabdovirus assembly of nucleocapsid and en-
velope. In fact, the location of the rhabdovirus M protein within the
envelope is poorly understood. The evidence presented by Walter and
Mudd (1973) that both the G and M proteins of supposedly intact VS
virions are iodinated in the lactoperoxidase reaction may not
necessarily signify that the M protein is partly located exterior to the
envelope. Evidence that the M protein is closely associated with lipid of
the VS viral envelope, possibly as a lipoprotein, is provided by the ex-
periment of Cartwright et al. (1969) in which they demonstrated that
phospholipase C selectively removes M protein without significantly
disturbing the visible spikes, G protein, or infectivity of the virion.
These data, along with electron microscopic evidence, have been in-
terpreted as evidence that the spike protein penetrates through the in-
terior of the envelope and is associated with the nucleocapsid
(Cartwright et al., 1969; Brown et al., 1974). However, it is well to re-
member that no proof has been provided that the virion envelope is com-
pletely removed by the procedures which do not remove spikes.

2.2.2d. Cellular Constituents in the Virion Envelope

Cellular constituents have been found associated with VS virions,
presumably as part of or tightly adherent to the envelope. An example
of an incorporated cellular constituent is the specific ganglioside,
hematoside, of BHK cells present in VS virions grown in these cells
(Klenk and Choppin, 1971). Cartwright and Pearce (1968) had pre-
viously shown that VS virus grown in BHK cells reacts by complement
fixation with BHK-cell antibody but not with pig kidney-cell antibody,
whereas VS virus grown in pig kidney cells did react with homologous
cell antibody. Cartwright and Brown (1972a) extended these observa-
tions to show that the glycolipid fraction of VS virions labeled with
14C-choline and *H-amino acids could be solubilized with SDS and
fractionated by filtration through Sephadex G-25 or by polyacrylamide
gel electrophoresis (McSharry and Wagner, 19714). This purified
glycolypid fraction reacts specifically by complement fixation with
BHK-cell antibody but not with VS viral antibody (Cartwright and
Brown, 1972a). These data indicate that at least one of the cellular
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antigens in the envelope of VS virus is a glycolipid derived from the
host cell rather than cellular proteins.

Despite the inability to detect cellular proteins in VS virions by in-
corporation of labeled amino acid precursors (Wagner et al., 1969a;
Kang and Prevec, 1969), there is evidence that certain cellular proteins
can be detected in VS virions by more sensitive biological or
biochemical means. Hecht and Summers (1972) showed that purified
VS virions released from infected L cells contained the specific mouse
histocompatability (H2) antigen, a plasma membrane glycoprotein.
Moreover, infected L cells lost more than 70% of their H2 antigen
during the course of VS viral infection.

VS virions also contain enzymes that appear to be derived from
the host cell in which the virus is grown. A protein kinase has been
demonstrated in association with VS virions (Strand and August, 1971)
as well as rabies and Kern Canyon viruses (Sokol and Clark, 1973).
Imblum and Wagner (1974) have provided evidence that the protein ki-
nase of VS virus is solubilized, at least to a large extent, by detergent
and ionic conditions which disrupt the virion envelope and liberate G
and M proteins. However, protein kinase activity is not associated with
G or M protein as determined by fractionation on a phosphocellulose
column. Although residual protein kinase activity is present in VS
nucleocapsids (Imblum and Wagner, 1974; Moyer and Summers,
1974a), it is likely to be due to residual contamination of nucleocapsids
with virion envelope. Sokol and Clark (1973) did not find protein ki-
nase activity associated with intracellular nucleocapsids of VS virus or
Kern Canyon virus, but they did find protein kinase in free
nucleocapsids derived from rabies virus-infected cells. Evidence for the
cellular origin of the protein kinase in VS virions was indicated by
finding different kinetics of enzyme action in virions grown in different
cells (Imblum and Wagner, 1974). However, no direct evidence could
be obtained for a protein kinase in cellular membrane being incor-
porated into the envelope of VS virions (Imblum and Wagner, 1974,
Moyer and Summers, 1974a). The phosphate acceptors of the various
rhabdovirus proteins phosphorylated in vitro or in vivo are serine, pre-
dominantly, and also threonine presumably by linkage with a hydroxyl
group (Sokol et al., 1974).

Roy and Bishop (1971) have described a nucleoside triphosphate
phosphotransferase present in VS virions as well as in influenza and
Rauscher leukemia viruses, evidence for the cell-membrane origin of
the enzyme. Triton N-101 stimulates the exchange of y**PO, from all
nucleoside triphosphates but purines are the preferred receptors. Also
present in VS virions are ATPase, GTPase, UTPase, and CTPase, the
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activities of which are somewhat inhibited rather than activated by
Triton N-101.

A proteinase, presumably derived from host cells, is also found in
VS virions activated by nonionic detergent or heat shock (Holland et
al., 1972).

2.2.3. The Glycoprotein Spikes
2.2.3a. Polysaccharide Chains

Only preliminary data are available about glycosylation of the VS
viral G protein. Burge and Huang (1970) demonstrated that extensive
pronase digestion results in a residual glycopeptide of approximately
4000 molecular weight as determined by Biogel P-10 filtration. McS-
harry and Wagner (19715b) confirmed this observation and by analysis
of the L-cell-grown VS virion glycopeptide by gas-liquid
chromatography found the following sugars: neuraminic acid ~37.3%,
glucosamine ~31.1%, glucose ~21.3%, galactose ~5.4%, and man-
nose ~4.6% (galactosamine <0.1%, and fucose <0.1%). Of some
interest is the fact that the VS virion, which has no neuraminidase,
contains considerable neuraminic acid, whereas the glycoproteins
and glycolipids of neuraminidase-containing myxoviruses and
paramyxoviruses are devoid of neuraminic acid (see Chapts. 2 and 3 in
this volume). Only VS virions, but not SV5 or influenza virus, could be
stained with colloidal iron hydroxide, which is specific for neuraminic
acid (Klenk et al., 1970).

However, chemical analysis of the VS viral glycoprotein structure
has hardly begun. Very recent data reveal that *H-glucosamine is found
in 3 of 5 cyanogen bromide peptides of the VS viral glycoprotein
(Kelley and Emerson, unpublished data). This latter finding indicates
the existence of at least 3 polysaccharide chains and, in all likelihood,
there are more. None of the carbohydrate is dissociated from the intact
glycoprotein by strong alkali, which indicates absence of galactose or
other sugars phosphoester-linked to serine or threonine and pre-
sumably means the predominance of histidine- or asparagine-sugar
linkages (Kelley and Emerson, unpublished data).

2.2.3b. Role in Initiation of Infection

Electron microscopy of VS virus or other rhabdoviruses clearly
shows that the spikes protrude at least 10 nm from the virion envelope
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(Howatson, 1970). The spikes of intact virions are readily iodinated in
the lactoperoxidase reaction (Walter and Mudd, 1973) and react with
glycoprotein antibody (Wagner et al., 1971). Spike protein G can be al-
most completely removed from intact VS virions without affecting the
M protein by exposure to proteolytic enzymes such as trypsin
(Cartwright et al., 1969) and pronase (McSharry et al., 1971). These
results indicate that by far the greatest portion of the G protein is ex-
terior to the virion envelope. Schloemer and Wagner (unpublished data)
were finally able to recover from the virion envelope after thermolysin
treatment a hydrophobic peptide fragment with about 50 amino acids
comprising the unglycosylated, lipophilic end of the G protein.

Removal of the VS viral spikes by digestion with trypsin results in
marked loss in infectivity, whereas considerable solubilization of M
protein with phospholipase C does not (Cartwright er al., 1969). It is
presumed that the G protein is required for attachment of the VS
virion to the cytoplasmic membrane of the susceptible cell. D. F. Sum-
mers (personal communication) has found that a pneumococcal en-
doglycosidase markedly reduces the infectivity of VS virus. Schloemer
and Wagner (1974) have found that neuraminidase reduces the in-
fectivity of VS virus by at least 90% merely by cleaving off the terminal
neuraminic acid from the glycoprotein. Infectivity is restored by re-
sialylation of the glycoprotein catalyzed by sialyl transferase.

2.2.3c. Hemagglutinin

The rather finicky hemagglutination activity of rhabdoviruses
provides another method for studying the virion component responsible
for adsorption to cells. Goose erythrocytes under very restricted condi-
tions of pH, ionic strength, and temperature can be agglutinated by
rather massive concentrations of rabies virus, VS virus, and other
rhabdoviruses (Kuwert et al., 1968; Halonen et al., 1968; Arstila et al.,
1969). Schneider et al. (1971) were able to remove the hemaggluti-
nation activity of rabies virus with saponin, which simultaneously also
lowered infectivity by 99% and solubilized complement-fixing antigen
and immunizing activity. The hemagglutination activity of VS virus
was shown by Arstila (1972, 1973) to be due to the spike glycoprotein.
These results were confirmed and extended by McSharry and Choppin
(personal communication), who found that G protein removed from
VS virions by Triton X-100 was capable of hemagglutinating goose
erythrocytes, whereas the glycoprotein-denuded virions were not. VS
virus antibody blocks hemagglutination by isolated glycoprotein or
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whole virions. It is also of interest that the hemagglutination activity of
whole VS virions or solubilized G protein is greater per infective virion
for virus grown in hamster cells (HAK and BHK) than for that grown
in MDBK (Madin-Darby bovine kidney) cells, suggesting that a cell
component, presumably carbohydrate, contributes to hemagglutination
activity. Varying patterns of glycosylation of the G protein are likely to
be the basis for cell modification of the hemagglutination capacity of

Fig. 8. Schematic representation of the stages in the cycle of infection of rhabdovirus
prototype VS virus from adsorption to a host cell until progeny infective (B) and de-
fective [T, LT (long T)] virions are released.
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VS virions. In this regard it is of interest that neuraminidase can inac-
tivate the hemagglutination activity of VS virions (Schloemer and
Wagner, unpublished data) in a manner similar to its reduction of VS
viral infectivity reported above.

2.2.3d. Antigenicity

The spike glycoprotein can also be removed almost quantitatively
and quite specifically by treatment with nonionic detergents of VS
virus (Cartwright et al., 1970b; Kelley et al., 1972) and rabies virus
(Gyorgy et al., 1971). The specificity of selective solubilization of the G
protein is a function of concentration of the detergent and the ionic
strength of the reaction mixture. The solubilized G protein forms a
single precipitin line after double diffusion in agar with VS viral anti-
serum (Cartwright et al., 1970a). Kelley et al. (1972) were able to raise
monospecific antiserum by injecting rabbits with purified G protein.
This antiglycoprotein is the specific antibody that neutralizes the in-
fectivity of VS-Indiana virus but does not affect the infectivity of VS-
New Jersey virus (Kelley and Emerson, unpublished results).-
Moreover, the partially purified G protein of VS-Indiana virus blocks
the antiviral neutralizing activity of the specific antiserum. These data
prove conclusively that the spike glycoprotein is the antigen which
gives rise to and reacts with neutralizing antibody. Similar antigenic
properties are exhibited by the glycoprotein spikes of rabies virus
(Wiktor et al., 1973). It seems likely that the protein rather than the
carbohydrate moiety provides the principal antigenic determinants of
the glycoproteins of rhabdoviruses (Kelley and Emerson, unpublished
data).

3. REPLICATION
3.1. Physiology
3.1.1. Composite Model of Infection

Figure 8 illustrates a proposed model for a schematic
representation of the entire cycle of infection from the time that VS
virus, or presumably any other rhabdovirus, encounters a host cell until
the time that progeny virions emerge from the cell. The process of in-
fection is patently an integrated series of overlapping events, some of
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which occur simultaneously. However, a rational analysis of the entire
life cycle of VS virus demands subdivision into separate events in order
to scrutinize each of them individually before the overall process can be
integrated into a coherent whole. The reader is reminded of the fact
that the artificially separated events in replication of a rhabdovirus, or
any other virus for that matter, cannot be appreciated when considered
in splendid isolation. It is also wise for the reader to remember that
certain aspects of the schema presented here are not universally
considered to be final truth by all investigators. This section represents
a rather superficial overview of the whole process of VS viral
replication to serve as a background and framework on which to
project the detailed analyses of each step, which will then be suitably
documented and annotated. Also to be kept in mind is the point that
infection with VS virus can result in two different outcomes: (1) a
productive infection, in which the vast majority of progeny virions are
infective, and (2) an abortive infection, due to the presence of defective
interfering virions or nonpermissive conditions, in which the majority
of progeny virions are defective. As noted in Fig. 8, both infective and
defective progeny can be and are produced simultaneously.

The initial event in the infectious cycle is random collision of an
infective B virion with the host cell. The virus attaches to the surface of
the cell (step I), an event which is not energy dependent and can occur
at 4°C. The next event (step II) is energy dependent and in our model
the virion envelope fuses with the plasma membrane of the host cell.
As discussed below, a certain proportion of virions, under perhaps spe-
cial conditions, can enter the cell by phagocytosis. Those virions that
enter the cytoplasm intact would, of course, have to be uncoated (de-
enveloped) inside phagocytic vacuoles. On the other hand, when fusion
occurs, the virion envelope is stripped off at the plasma membrane with
consequent entry of only the nucleocapsid into the cytoplasm (step I1I).

After entry of the nucleocapsid, the first intracellular event is
clearly and incontrovertibly transcription (step IV). Since the template
for in vitro transcription has been shown to require N protein com-
plexed with virion RNA (Emerson and Wagner, 1972), it follows that
no further uncoating of the RNA, beyond removal of the envelope, is
required for transcription. In other words, the parental RNA is
probably never naked and is presumably not conserved. The transcrip-
tion products are found on polyribosomes and fall into two size classes,
28 S and a more heterogeneous 12-16 S mRNA, each of which is com-
plementary to virion RNA. The viral messengers are then translated
(step V) into five identifiable viral polypeptides which are identical by
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disk electrophoresis to the five structural polypeptides of the VS virion
and are also designated L, G, N, NS, and M. As shown in our
schematic representation, the newly synthesized G protein is si-
multaneously glycosylated, probably in the cell membrane, and the NS
protein is specifically phosphorylated. The translation model also
presupposes two distinct compartments for synthesis of viral proteins,
the cytoplasm for the N, L, and NS nucleocapsid proteins and the
plasma membrane for the envelope proteins G and M.

Much more complex and less well understood is the process of
replication of the progeny virion RNA (step VI). My schematic model
hedges by presenting two alternative pathways, both of them designed
to reconcile the requirement for synthesis of progeny RNA of the same
nucleotide polarity as parental RNA. Another obstacle to a clear con-
cept of RNA replication is the technical difficulty in identifying the
positive-strand RNA template for replication of the progeny negative
strand. One scheme, the simplest conceptually, presupposes that the 42
S parental RNA serves as template for 42 S positive-strand RNA
which, in turn, serves as template for 42 S progeny RNA. Such a
model presupposes formation of a replicative form (RF) and a
replicative intermediate (RI). The other possible pathway of viral
RNA replication is tied to the common occurrence of defective in-
terfering T particles during the course of rhabdovirus reproduction.
This alternative model visualizes as the first stage regular transcription
from parental RNA of messengerlike, complementary, positive-
stranded RNA species of 28 S and 23 S; in the next stage, the same
polymerase or a second, separate enzyme serves to replicate the two or
more messengerlike strands to make less-than-virion-sized progeny
negative-strand RNA, each of which is encapsidated with N, L, and
NS proteins to make defective virions containing 23 S (short T) or 28
S (long T) RNA.

Assembly of progeny RNA and proteins N, L, and NS into
nucleocapsids is depicted in Fig. 8 as a separate event (step VII), but in
all likelihood this maturation process is a reaction coupled with
replication and translation. Coupled replication-translation proceeding
to assembly of nucleocapsids would seem to require a reproduction
complex containing RNA replicative intermediates, a replicase
enzyme, and ribosomes, similar to the replication-translation factories
found in poliovirus-infected cells (Baltimore, 1971). None of these
components has yet been positively identified in cells infected with
rhabdoviruses.

The separate formation of virion envelope probably occurs quite
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independently of nucleocapsid synthesis by conversion of cellular
membrane (surface or intracytoplasmic) by insertion of newly
synthesized viral G and M proteins, which replace normal cellular
membrane proteins. In this process, the cellular membrane lipids are
probably rearranged to conform with the new structural membrane
protein.

Given the condition that the viral nucleocapsid and envelope are
synthesized and assembled separately, the next stage in the process of
VS viral reproduction is for the two components to find each other and
assemble. This process of envelopment by viral-converted membrane of
standard length (3.5 um) or shorter (1.1-1.6 um) nucleocapsids to form
B or T virions is probably a unique mechanism (step VIII). Little is
known about what controls or promotes envelopment and budding
(step IX) of rhabdoviruses, which have been technically more difficult
to study by electron microscopy than envelopment and budding of
paramyxoviruses or myxoviruses. However, from these and other
studies it is assumed that a protein in the rhabdovirus nucleocapsid
recognizes and binds to a viral protein in the converted cellular
membrane. Envelopment of the nucleocapsid is followed by budding
off of a fully infective or defective progeny virion.

The individual steps in replication of VS virus and, where known,
of other rhabdoviruses are presented and annotated below.

3.1.2. Growth Cycle
3.1.2a. Production of Infective Virions

The kinetics of VS viral growth was first studied by Franklin
(1958), who found that the virus multiplies rapidly and with ap-
proximately equal efficiency in primary cultures of chick embryo cells
or monkey kidney cells. The rate at which infective virions were
produced was about the same for each cell type. In addition, ex-
tracellular virus always exceeded cell-associated virus, indicating that
the release of mature, infective virions occurs in minutes after matu-
ration and progressively throughout the cycle of infection. Wagner et al.
(1963) made a detailed analysis of the growth of two variants of VS virus
in two cell types. Figure 9 shows the comparative single-cycle growth
curves in chick embryo cells infected at an adsorption multiplicity of 10
PFU/cell to ensure infection of every susceptible cell. As noted, a wild-
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Fig. 9. Growth curves of VS virus in chick embryo
cells infected at a multiplicity of 10 plaque-forming
units (PFU) of large-plaque (LP) and small-plaque
(SP) variants. Reprinted with permission from
Wagner et al. (1963).

type LP virus began to produce infectious virions 2 hours after ad-
sorption and reached a maximum yield of approximately 1000 PFU /cell
by 6-8 hours. An SP mutant of VS virus grew somewhat slower and to
slightly lower titer under the same conditions. However, the less-virulent
SP mutant grew poorly in L cells after a longer lag period and titers
reached peak levels of <1 PFU/cell at 12-24 hours. L cells and HeLa
cells infected at high multiplicity with VS-New Jersey virus showed
maximal titers at 12 hours but antigen was detected by fluorescent-anti-
body staining in 4-6 hours (Paucker et al., 1970). A small-plaque
mutant of VS-New Jersey virus appeared to show retarded intracellular
development (Streckfuss and Shechmeister, 1971). The efficiency with
which VS virus multiplies is dependent on yet to be determined factors
of cellular permissiveness and restriction as well as virus virulence.

In marked contrast to VS virus, the rabies rhabdovirus grows
rather poorly in almost all cultured cells but comparatively better in
such cell lines as BHK21, rabbit endothelium (RE), and rabbit kidney
(RK,s), particularly when these cells are infected in the presence of
polycations such as DEAE-dextran. A one-step growth curve of rabies
virus in BHK cells under optimal conditions reveals the initial presence
of virus antigen, as determined by fluorescent-antibody staining, at 8-9
hours after infection; cell-associated rabies virus was detected at 12
hours, released virus was present in the medium at 15 hours, and peak
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titers were attained by 48 hours after infection (Kaplan et al., 1967;
Kuwert et al., 1968).

3.1.2b. Autointerference

Defective interfering (DI) components of rhabdoviruses and other
viruses have recently been extensively reviewed by Huang (1973). Re-
search on VS virus and probably other rhabdoviruses has always been
plagued by considerable variation in yields of infective virions, de-
pending on multiplicity of infection, passage level of the viral stocks,
and cell type being used as host. We now know that production of
high-titered virus requires infection of susceptible cells at low multi-
plicity with plaque-purified clones of virus (Stampfer et al., 1969).
Cooper and Bellett (1959) first described autointerference of VS virus
during serial undiluted passage in chick embryo cells and attributed the
low yields of infective virus to a transmissible interfering component
(T). Reczko (1960) identified by electron microscopy small virus parti-
cles in VS virus preparations, and Hackett (1964) correctly assumed
that these small virus particles might represent the transmissible
component of Cooper and Bellett. Huang er al. (1966) conclusively
demonstrated that defective T particles purified by rate zonal centrifu-
gation are the interfering component in VS virus stocks. These
observations were soon confirmed by other investigators (Crick et al.,
1966, 1969; Hackett et al., 1967). These defective T particles were
found to be antigenically indistnguishable and identical in other
respects to the infectious B virions except that they were about one-
third the length and contained about one-third of a piece of RNA
(Huang and Wagner, 19665; Brown et al., 1967¢).

Huang and Wagner (1966a) clearly demonstrated that the
presence of VS-Indiana T particles markedly inhibited growth of
homologous B virions. The degree of interference is a function of the
concentration of T particles as well as of the time of superinfection
with the T particles. VS-Indiana T virions only partially interfere with
growth of VS-New Jersey B virions and are completely without effect
on replication of the unrelated encephalomyocarditis virus (Huang and
Wagner, 1966a). The degree of T-particle autointerference among
rhabdoviruses appears to be correlated, at least to some extent, with
antigenic relatedness to the infectious B virions (Crick and Brown,
1973). In addition, the interfering action of T particles is quite sensitive
to UV irradiation, suggesting a requirement for a function of the T
genome despite the inability to detect viral RNA synthesis in cells
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infected with T particles alone. The demonstration by Sreevalsan
(1970) that naked T RNA could induce homologous interference is al-
most too good to be true.

The long T defective virion derived from the HR strain of VS-In-
diana virus shows a much greater capacity to interfere with the growth
of heterotypic VS-New Jersey B virions than does short T defective
virions of standard VS virus (Prevec and Kang, 1970). Based on the
fact that VS-Indiana and VS-New Jersey viruses are related anti-
genically only by their group-specific N protein, Prevec and Kang have
postulated a deletion of the N-protein cistron (as well as of the
polymerase cistron) from the short T genome, whereas the long T
genome conceivably contains cistrons for N, G, and M proteins and is
defective only because of a polymerase cistron deletion. A reasonable
map for the complete B-virion genome, therefore, would read,
sequentially: cistrons coding for L, N, G, and M proteins.

The origin of the T particle has been debated since it was first
described. Presumably, it could arise either from fragmentation of viral
RNA at some stage of the replication cycle, or the T RNA could be
replicated with B virions as helpers. Probably both hypotheses are
partially correct. Stampfer et al. (1969) were able to produce T parti-
cles by serial undiluted passage of a T-free clone of B virions, but lower
concentrations of T virions in the presence of B virions promoted
greater production of progeny T virions. Also worthy of note is the
demonstration that the T interfering component of the VS-Brazil
serotype could replicate in the presence of the antigenically distinct
VS-Indiana B virions; the progeny T particles emerging from this
mixed infection were thought to be of the Brazil genotype, based on a
somewhat tenuous difference in sedimentation of RNA, but of the In-
diana phenotype, as evidenced by their antigenic composition (Wild,
1972). This finding lends additional weight to the hypothesis that all
the functional components except the RNA are supplied by the in-
fectious helper virion in this mixed infection. Perrault and Holland
(1972a) have emphasized the importance of the host cell in determining
the degree of autointerference by T particles of VS-New Jersey virus.
In addition, highly purified T virions provide excellent protection
against intracerebral infection of mice with homologous B virions
(Doyle and Holland, 1973). Cells mixedly infected with infective B
virions and defective interfering T virions can become chronically
infected due to cyclic production of T nucleocapsids and T virions
(Palma and Huang, 1974), similar to the persistent VS viral infection
previously described (Wagner ez al.. 1963). These persistently infected
cells resist challenge infection with infective VS virus.
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3.1.3. Host Range and Susceptibility to Infection

VS viruses can be propagated in an extraordinarily broad
spectrum of vertebrate cells and some invertebrate cells. In our
experience, as in that of other investigators, the most satisfactory host
cells for bulk production of virus are baby hamster kidney
(BHK21/13) cells and primary (or secondary) chick embryo fibro-
blasts. Mouse L cells and human HeLa cells are quite adequate but the
yields are usually lower. Of considerable interest is the finding by
‘Huang and Baltimore (1970) that VS viral infection of the Madin-
Darby bovine kidney (MDBK) cell line results in virus progeny devoid
of defective T particles. Similar absence of autointerference was found
after serial undiluted passage of VS virus in Madin-Darby canine kidney
(MDCK) cells (Coward et al., 1971). VS virus also multiplies in a moth
cell line (Yang et al., 1969) as well as lines of Aedes albopictus and A.
aegypti cells, but the yields of infectious virus are relatively low
(Buckley, 1969; Wagner, unpublished data). The remarkable versatility
of rhabdoviruses is demonstrated by the finding that fish rhabdoviruses
grow as well in mammalian cells as they do in poikilothermic vertebrate
cells provided that optimal temperatures under 23°C are maintained
(Clark and Soriano, 1974).

The host-dependent functions that determine the rate and extent
of replication of VS virus have not been elucidated. Only peripheral data
are available, e.g., the finding that actinomycin D causes slight in-
hibition of VS virus yield (Yamazaki and Wagner, 1970). However,
Follett er al. (1974) have shown that VS virus grows perfectly normally
in cells enucleated with cytochalasin B, but mature rabies virus was not
produced in these enucleated cells despite adequate synthesis of rabies
RNA and antigens (Wiktor and Koprowski, 1974).

The beginning of a model system to study intrinsic cellular per-
missiveness to viral replication has been devised by a number of inves-
tigators. Edelman and Wheelock (1968) observed that VS virus grew
differently in various kinds of human leukocytes and growth was
greatly enhanced in phytohemagglutinin-treated lymphocytes. These
results were corroborated by Nowakowski et al. (1973a) who also ob-
served that antigen-induced mutagenesis increased the susceptibility of
lymphocytes to VS virus. Interesting comparative model systems to
study host factors that control synthesis of VS virus have been reported
by Nowakowski et al. (1973b). In this latter study it was found that VS
virus was restricted in the Raji cell line of Burkitt lymphoma but grew
well in a similar human lymphoblastoid cell line. Restriction in the Raji
cells turned out not to be at the transcriptional level but was related to
the factors that control production of 42 S virion RNA.
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Relatively few studies have been made on the pathogenesis of in-
fection of the intact animal host with VS virus. Mice are extremely
susceptible to infection by the intracerebral route but very much less so
by the intraperitoneal route. The striking development of encephalitis
after intranasal infection suggests a degree of neurotropism (Miyoshi
et al., 1971). In contrast, temperature-sensitive mutants of VS virus are
not pathogenic but are highly immunogenic (Wagner, 1974).

3.1.4. Initiation of Infection

3.1.4a. Adsorption

Little more can be said about attachment of rhabdoviruses to
membranes of their host cells other than to emphasize the key role of
the glycoprotein spikes (see Sect. 2.2.3). Experiments performed by
Wagner et al. (1963) reveal that VS virus adsorbs to susceptible host
cells rather slowly and inefficiently. The rate of VS virus attachment
was found to be no greater than 60% per hour. Flamand and Bishop
(1973) have provided some evidence that VS virus grown in BHK cells
adsorbs better on BHK cells than on chick embryo cells and vice versa,
but these data require confirmation by quantitative techniques other
than RNase resistance acquired by the *H-labeled input RNA strand.

3.1.4b. Penetration and Removal of the Envelope

The controversy between Morgan and Dales over the mode of
penetration of animal viruses into host cells extends to VS virus.
Simpson, Hauser, and Dales (1969) showed quite conclusively by
electron microscopy that whole enveloped VS virus can penetrate into
L cells by phagocytosis at 37°C within 5 minutes after adsorption at
4°C, while no virions could be found fused with cell membrane. In
sharp contrast, Heine and Schnaitman (1969) in our laboratory found
equally convincing evidence of fusion of VS virion envelope with the
plasma membrane of L cells within minutes after warming the cultures
to 37°C after adsorption of virus at 4°C. The only significant dif-
ference in technique between these two sets of contradictory experi-
ments is that Simpson et al. incubated their virus—cell mixtures in me-
dium containing 20% chicken serum, which should greatly stimulate
phagocytosis, whereas Heine and Schnaitman reacted the virus with
cells suspended in medium completely devoid of serum. These con-
flicting reports indicate the danger of studying dynamic events by the
inherently static technique of electron microscopy, particularly when
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the microscopist can hardly be sampling more than a minute fraction
of the virus population.

In all likelihood both phagocytosis and fusion of VS virions can
occur under varying conditions and possibly both events can lead to
productive infection. To determine the more likely process under
physiological conditions, Heine and Schnaitman (1971) followed up
their electron microscopy studies by the use of biochemical and
serological techniques. First, they found that residual VS viral antigen
could be detected on the surface of infected cells reacted with an-
tiviral-antiferritin hybrid antibody and ferritin during the several-
minute time interval when the penetrated virus could not itself be de-
tected. An even more convincing experiment was performed by frac-
tionating cells recently penetrated by VS virus prelabeled with *H-
amino acids into plasma membrane and cytoplasmic components, each
of which was then analyzed by disk gel electrophoresis for the presence
of viral envelope and nucleocapsid *H-proteins. These studies revealed
that the plasma membrane of the penetrated L cell contained pre-
dominantly viral *H-proteins G and M, whereas the nucleocapsid N
protein was found predominantly in the cytoplasm, not associated with
membrane. From these experiments the conclusion can be drawn that
VS virions can infect cells by fusion of the virion envelope with plasma
membrane of the target cell. Only the nucleocapsid, under these condi-
tions, penetrates into the cytoplasm. This hypothesis is consistent with
the finding of Cohen et al. (1971) that envelope proteins of VS virus,
particularly the M protein, have a strong affinity for association with
cytoplasmic membrane.

These data do not exclude the possiblity of an alternative pathway
of infection by means of phagocytosis of the rhabdovirion. Con-
ceivably, penetration of rabies virus could be slower than that of the
VS virus because rabies antibody was found to neutralize the infectivity
of the virus up to 15 minutes after interaction with BHK cells (Kaplan
et al., 1967).

3.2. RNA Synthesis
3.2.1. Transcription: In Vitro Activity of the VS Virion Polymerase
3.2.1a. Kinetics

In their original studies Baltimore er al. (1970) delineated the
basic requirements for function of the VS virion polymerase. They
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found that nucleoside triphosphate incorporation was stimulated by
Triton N-101, the presence of which was presumably necessary to
disrupt the virion envelope. Other nonionic detergents, such as Nonidet
P, and Triton X-100, function equally well (Bishop and Roy, 1971aq;
Emerson and Wagner, 1972). Unenveloped nucleocapsids obtained
~from the cytoplasm of infected cells transcribe perfectly well without
detergents (Galet et al., 1973). Baltimore et al. (1970) found an
absolute requirement for Mg?*, the optimal concentration of which is
4-6 mM; Mn?* not only does not substitute for Mg?* but actually in-
hibits polymerization of RNA in the presence of Mg?*. Bishop et al.
(1971) confirmed this observation and compared the VS viral enzyme
with the manganese-dependent influenza virion RNA polymerase.
NaCl or KCI was also necessary for the polymerase reaction, which is
also partially dependent on the presence of 2-mercaptoethanol or
dithiothreitol. Ribonuclease destroyed the reaction product but
actinomycin D or rifamycin had no effect on transcription. Many of
these results were confirmed by Bishop and Roy (1971a).

Baltimore and his colleagues (1970) found linear kinetics of RNA
synthesis for 20 minutes in their in vitro polymerase system, but
periods up to 10 hours were described by later investigators who
achieved more stable conditions (Villareal and Holland, 1973). In their
analysis of the polymerase reaction Bishop and Roy (1971a) found that
the enzyme would accept no template other than encapsidated virion
RNA; the failures included naked VS viral RNA, ribosomal RNA,
and a large series of single-stranded and double-stranded polyribo- and
polydeoxyribonucleotides. In fact, all extraneous nucleic acids tended
to depress the reaction. In addition, the VS virion enzyme would not
polymerize deoxyribonucleotides, emphasizing its distinctiveness from
the reverse transcriptase.

Transcription in vitro of B virions is rapid and repetitive (Bishop
and Roy, 1971b) as well as complete (Bishop, 1971). However, the rate
and extent of transcription are greatly dependent on temperature as
well as other factors. All investigators have found that in vitro
transcription of VS virions is far more efficient at 28-31°C than it is at
37-39°C. Szilagyi and Pringle (1972) were able to solve this problem
to some degree by removing the detergent used to activate the reaction.
It is of interest in this respect that Galet et al. (1973) found far less
temperature sensitivity of wild-type, unenveloped nucleocapsids ob-
tained from infected cells when the reaction was performed without de-
tergent, a finding readily confirmed by Imblum and Wagner
(unpublished data). In addition, certain wild-type strains of VS virus
are less sensitive to temperature effects during in vitro transcription
(Cairns et al., 1972; Bishop and Flamand, 1974).
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3.2.1b. In Vitro Transcription Products

Only complementary RNA is transcribed in vitro, as determined
by complete hybridization to excess B-virion RNA (Bishop and Roy,
1971b). The RNA transcripts soon become sensitive to ribonuclease,
demonstrating that they are rapidly released from the template. The
RNA product synthesized in vitro is quite heterogeneous (Bishop and
Roy, 1971a). Roy and Bishop (1972) also presented evidence that in
vitro transcription is sequential. After transcription at 28°C for periods
as short as 30-60 minutes, the product RNA annealed only to B-virion
RNA and not to T-virion RNA. Only later in transcription, after
several hours, did RNA transcripts hybridize to T RNA as well as B
RNA. These data indicate that the defective T genome represents one
segment of the fully infective B genome, presumably that part distal to
the 3 end. Under the conditions of these experiments, 3 hours were re-
quired to transcribe 90% of the B-RNA template. The very recent, ele-
gant experiments of A. Banerjee (personal communication) solved the
problem of heterogeneity of the in vitro transcribed mRNA. Removal of
all nuclease activity results in transcription in vitro of all five VS viral
messengers which can translate each respective viral protein.

TABLE 4

Classification of RNA Species Synthesized in Cells Infected with VS Virus
under Conditions Productive of B Virions (Group I) or Autointerference
with T Virions (Group II)*

RNA species, '
820y w Strandedness Complementarity® Poly A Function®
Group I
12-16 S SS + + mRNA
28 S SS + + mRNA
428 SS + + Template
428 SS - - B RNA
25-35 S DS + ? RI, TI
Group 11
68 SS ? ? ?
138 DS =+ ? RF
23 8 SS — ? T RNA
13-19 S DS =+ ? RI

e Adapted from Huang (1974). Her sedimentation coefficients are somewhat modified for
purposes of uniformity with text.

b 4+ = complementary to virion RNA; — = polarity of virion RNA.

¢ RI = replicative intermediate, TI = transcriptive intermediate, RF = replicative form.
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3.2.1c. [Initiation and Direction of Transcription

Roy and Bishop (1973) have opened up an important avenue of re-
search that could lead to a definition of the initiation signals for
transcription of VS virion RNA. By using ¥*?P-nucleoside triphos-
phates to label the RNA products made during in vitro transcription,
they found that all complementary RNA species began with pppA or
pppG and never pppU or pppC. The **P-RNA transcripts were
digested with alkali, RNase A, or RNase T, and chromatographed on
a DEAE column along with marker oligonucleotides. By this technique
it was possible to determine that the 4*?P label was at the 5" end of the
VS viral transcription product. Multiple initiation sequences were ob-
served, two of which were characterized as pppApCpGp...and
prpGpCp . . ., suggesting different sites for initiation of transcription
along the virion genome. Sequential labeling techniques and digestion
with exonucleases revealed a 5 to 3° direction of synthesis of the
RNA polymerase product.

3.2.2. In Vivo Transcription

3.2.2a. Intracellular VS Viral RNA Species

Early investigations revealed a bewildering array of at least 9
species of VS viral RNA in infected cells (Schaffer et al., 1968;
Newman and Brown, 1969; Stampfer et al., 1969; Schincariol and
Howatson, 1970; Wild, 1971; Kiley and Wagner, 1972). Some 5 of
these species appeared to be single-stranded RNAs that were RNase
sensitive, whereas perhaps 2 or 3 were associated with proteins and
were RNase resistant. In addition, at least two classes of partially or
completely double-stranded RNA can be recovered from infected cells.

Table 4 represents a modified version of the system devised by
Huang (1974) for identifying the RNA species synthesized in cells
infected with VS virus. According to her classification, group I RNA
designates those species made in cells infected by pure clones of in-
fective B virions at relatively low multiplicity. Group II RNA species
are those synthesized under conditions of interference with infective B
by defective T virions (Stampfer et al., 1969).

3.2.2b. Messenger RNA Species

Principal credit for identification and categorization of VS viral
mRNA belongs to Huang et al. (1970) and Mudd and Summers
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(1970b). Viral RNA released from polysomes treated with EDTA
contained 2 distinguishable size classes of RNA, roughly 28 S and
12-16 S. The larger RNA species was recovered from the more rapidly
sedimenting polysomes. Both species of polysome RNA hybridize
completely to VS virion RNA, prima facie evidence for synthesis of
these mRNA species on the VS virion genome. On polyacrylamide gels
Wild (1971) found 5-6 species, ranging in molecular weight from 0.24
x 10°% to 1.0 x 108 daltons. Perhaps better resolution of the mRNA
was obtained by Schincariol and Howatson (1972), who were able by
polyacrylamide gel electrophoresis to identify three classes estimated
to have molecular weights of 0.75, 0.59, and 0.35 x 10° daltons. Each
of the mRNA species hybridized to the RNA of B and long T virions,
but the mRNA of molecular weight 0.59 x 10° failed to hybridize with
short T-virion RNA. Perhaps the most reliable estimates for molecular
weights of complementary mRNA in cells infected with VS-Indiana
virus are for three resolvable species, of 2.4 x 10%, 0.66 x 10° and 0.31
x 106 daltons, reported by Schaffer and Soergel (1972).

The authenticity of the mRNA species made in cells infected with
VS virus has been demonstrated by their capacity to translate VS viral
proteins. Grubman and Summers (1973) were able to take crude cyto-
plasmic extracts of HeLa cells infected with VS virus and synthesize 4
polypeptides that comigrated on polyacrylamide gels with 4 of the 5
VS virion proteins. Morrison et al. (1974) were able to go one step fur-
ther by extracting VS viral mRNA from infected-cell polysomes and
get them to translate VS viral proteins in a cell-free system contain-
ing ribosomes and other factors derived from various cell types. Of
particular interest was the fact that the 28 S mRNA was translated
only into a protein similar to the virion L protein, whereas the 12-16 S
mRNA made polypeptides that migrated with N, NS, and M proteins
but not the L protein. These data point up the distinctiveness of the in-
dividual messengers that are presumably derived from separate regions
of the VS viral genome.

T particles of VS virus are not capable of undergoing transcription
inside an infected cell (Stampfer et al., 1969). Although T particles in-
hibit RNA synthesis of coinfecting homologous B virions, the defective
T virions do not inhibit primary mRNA transcription by B virions
(Huang and Manders, 1972). The other effects of T particles on
replication of B virions will be discussed in Sect. 3.2.3).

3.2.2c. Primary Transcription

In vivo synthesis of VS viral mRNA occurs independently of
protein synthesis, a process that has been dubbed primary transcription
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because the template is presumably parental input nucleocapsid with
its associated polymerase. Secondary transcription refers to mRNA
synthesized by progeny nucleocapsids, the appearance of which later in
the course of infection depends on protein synthesis. When protein
synthesis is blocked with cycloheximide or puromycin soon after virus
penetration, early mRNA synthesis proceeds quite normally and may
even exceed transcription in the absence of protein inhibitors (Marcus
et al., 1971; Huang and Manders, 1972; Perrault and Holland, 19725).
Flamand and Bishop (1973) have examined the kinetics of primary
transcription by analyzing the development of RNase resistance of
highly labeled input parental strands of RNA. They found that the
optimal temperature for primary in vivo transcription, unlike that for
in vitro transcription, was between 36°C and 39.5°C, quite consonant
with the earlier report of Huang and Manders (1972). Flamand and
Bishop (1973) also found that it takes only 4 minutes to develop com-
plete transcripts of the input genome and the reaction was not affected
by actinomycin, cycloheximide, or puromycin. Actually, the mRNA
species obtained by primary transcription and secondary transcription
are virtually identical 28 S and 12-16 S classes, indicating the absence
of significant regulatory mechanisms at the level of transcription in the
two stages of infection.

3.2.2d. Adenylation

In their original analysis of the mRNA recovered from
polyribosomes of HeLa cells infected with VS virus Mudd and Sum-
mers (1970b) found a much higher content of adenylic acid than could
be accounted for by the uridylic acid content of VS virion RNA. This
finding led Ehrenfeld and Summers (1972) to examine the VS viral
messengers more carefully and to compare them with adenylate-rich
mRNA of uninfected HeLa cells. VS viral 13 S (12-16 S) mRNA
from HeLa cell polysomes was found to have segments resistant to
digestion by RNase A and T,; this enzyme-resistant piece contained
93% adenylic acid. The adenylate-rich sequences were more
heterogeneous in length than HeLa cell or hemoglobin mRNA and
were apparently 70-250 nucleotides in length. Soria and Huang (1973)
found that the 28 S mRNA is also adenylated, as are smaller
messengers, even in the presence of cordycepin. No function can be at-
tributed to the adenylate-rich region any more than function can be at-
tributed to nuclear adenylation of nonviral cell messengers. The evi-
dence cited in Sect. 2.2.1e that VS virions contain polyadenylate
synthetase activity coupled to polymerase (Villareal and Holland,
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1973) and that cytoplasmic extracts of VS virus-infected L cells can
synthesize polyadenylate (Galet and Prevec, 1973) suggests a
potentially important role for adenylation of VS viral mRNA.

3.2.2e. Temperature-Sensitive Mutants

Rather disappointing results have been obtained in experiments in
which s mutants of VS viruses were used to probe the nature of in vivo
VS viral transcription. Successful localization of the in vitro transcrip-
tion lesion (Szilagyi and Pringle, 1972; Hunt and Wagner, 1974) of
group I zs mutants can not be easily exploited for studying in vivo
transcription. Classification of complementation group I and group IV
mutants as RNA~ was based entirely on reduced synthesis of total
viral RNA at restrictive temperature (Pringle and Duncan, 1971;
Martinet and Printz-Ange, 1970). By this method, no distinctions could
be made of defects at the level of primary transcription, replication, or
secondary transcription. Perlman and Huang (1973) used cyclohexi-
mide at various stages as well as temperature-shift to pinpoint the le-
sions in the Glasgow group I mutant zs 114. By a rather complicated
series of experiments, they concluded that zs G114 is temperature-
sensitive at 37°C in both primary and secondary transcription but not
in replication of virion 42 S RNA. In a follow-up series of experiments
Perlman and Huang (1974) found the same behavior of zs G114, but
the group I mutant zs G12 and the group IV mutant ts G41 made as
much mRNA or more at 37°C than at 31°C. Other effects on 42 S
RNA will be discussed in Sect. 3.2.3.

Flamand and Bishop (1973) and Bishop and Flamand (1974)
used the very different technique of developing ribonuclease resistance
of the input parental RNA strand to study in vivo transcription of
Orsay ts mutants representing each of the five complementation
groups. By this technique, no significant difference was noted in
primary in vivo transcription at the restrictive temperature of 39.5°C
compared with permissive conditions of 31°C and 34°C. Even the
presumed group I transcriptase mutant ts O5 showed no significant in
vivo decline in RNA synthesis at 39.5°C. However, in our experience
(Hunt and Wagner, 1974) the Orsay mutant ts O5 may well be leaky
by virtue of incomplete switch off of in vitro transcription at 39°C.

Contrasting results were obtained by Printz-Ané et al. (1972), who
reported considerable reduction in synthesis of all RNA species,
including 13-15 S (12-16 S) mRNA, by the group I Orsay mutant ts
O35, even when shifted from permissive to restrictive temperature. They
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also reported some reduction in mRNA synthesis in vivo by a group
IV mutant, s O100. Results obtained by Unger and Reichmann (1973)
by polyacrylamide gel electrophoretic analyses of the RNA species
made at permissive and restrictive temperatures in BHK cells infected
with Glasgow ts mutants support the data reported by the French
workers. The group I mutant ts G11 did not synthesize any viral RNA
at 39°C and was assumed to be defective in transcription. Among
other mutants that had been classified as RNA~ by reduced levels of
total RNA synthesis at restrictive temperature, group II ts G22 and
group IV s G41 were found to be capable of synthesizing both classes
of mRNA species but not virion RNA, whereas the RNA* group III
mutant s G31 made all species of RNA under restrictive conditions.

Many more data, perhaps by even more refined techniques, must
be obtained before ts mutants can be used successfully to probe in vivo
transcription mechanisms. Other aspects of the use of mutants for
studying viral RNA synthesis will be discussed in Sect. 3.2.3 on
replication, including the coupled reactions of transcription and
replication.

3.2.3. Replication of Viral RNA
3.2.3a. Statement of the Problem

The major hiatus in our understanding of rhabdovirus reproduc-
tion is RNA replication, the mechanism by which virion RNA is
synthesized. There are three missing links. First, convincing evidence
has not been readily available for the existence in cells infected with VS
virus of an RNA template on which progeny virion RNA can be repli-
cated. Perlman and Huang (1973) cite the as yet unpublished finding of
M. Stampfer of 40 S (42 S) RNA complementary to virion RNA
which presumably could serve as such a template. Yet to be published
data by Morrison, Stampfer, Lodish, and Baltimore appear to reveal
that 80% of 40 S intracellular RNA contains nucleotide sequences
identical to virion RNA but 20% of the 40 S RNA is complementary
to virion RNA. Second, no one has yet demonstrated conclusively the
existence of a replicative intermediate with progeny RNA precursors
that can be chased into virions. Many investigators have described
partially and completely double-stranded RNA in VS virus-infected
cells but it is not possible to say whether these are transcriptive or
replicative intermediates (Huang e al., 1970; Mudd and Summers,
1970b; Schincariol and Howatson, 1970; Wild, 1971). The third elusive
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problem is complete failure to identify a replicase, an enzyme capable
of catalyzing synthesis of progeny RNA of the same polarity as
parental virion RNA. The only polymerase yet found in VS virus-
infected cells is a transcriptase which makes only RNA complementary
to virion RNA (Galet et al., 1973; Imblum and Wagner, unpublished
data). No easily reproducible method has yet been described to switch
off transcription in order to study isolated replicative events, although
the use of cycloheximide with #s mutants may help this approach
(Perlman and Huang, 1973).

These difficulties, which also confront those investigators who are
studying replication of the related negative-strand myxoviruses and
paramyxoviruses, have necessitated indirect approaches to the
problem. Quite understandably, these approaches have often led to
conflicting and confusing data.

3.2.3b. Intracellular Polymerase

Wilson and Bader (1965) first described an RNA polymerase de-
tectable in cells some hours after infection with VS virus and this
observation has been confirmed and extended by Galet et al. (1973).
The intracellular polymerase appears in cytoplasm about 2 hours after
infection and is associated with particulate components which sediment
at 140 S and 100 S. It seems likely that these components represent B
and long T nucleocapsids which provide the template and enzyme for
nucleotide polymerization. No polymerase activity was found in other
cytoplasmic components. The in vivo polymerase appears to have the
same properties as the virion in vitro polymerase: it is Mg?* dependent,
is blocked by Mn,** and requires all 4 nucleoside triphosphates.
However, the enzyme is neither activated nor inhibited by nonionic de-
tergent and appears to be more temperature resistant than the Triton-
activated virion polymerase. The only product of the in vivo
polymerase that could be identified was 6-18 S RNA complementary
to virion RNA; however, about 16% of the product seemed to be
ribonuclease resistant before hybridization, which might obscure an
RNA species of opposite polarity. However, no evidence could be
found for the existence of a replicase either in association with the
nucleocapsid or as part of another component. Unpublished data of
Imblum and Wagner confirm these observations. Very recent studies
by Villareal and Holland (1974) also demonstrate 175 S and 110 S
nucleocapsids with transcriptase activity in cells infected with VS B
virions; under interfering conditions of infection with B 4 T virions the
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resulting 110 S nucleocapsid transcribed poorly and only 4 S RNA was
made. Of some interest, also, was evidence for a 260 S nucleocapsid
with low transcriptase activity in cells infected with rabies virus,
whereas rabies virions showed no transcriptase activity.

3.2.3c. RNA Associated with Intracellular Nucleocapsids

Among the numerous species of viral RNA found in VS virus-
infected cells, three have been identified as virion RNA. Stampfer et
al. (1969) were able to identify at least two kinds of virion RNA, de-
pending on whether cells were infected with cloned B virions alone or
with B + T virions. The principal virion RNA species which appeared
in cells infected with defective T virions were estimated at 19 S (23 S).
Petric and Prevec (1970) described a larger RNA species, about 30 S,
in cells infected with the HR variant of VS virus, which gives rise to
long T defective VS virions. Cells infected with the HR VS virus
revealed two kinds of nucleocapsids, one of which sedimented at 140 S
and contained 43 S RNA and the other which sedimented at 100 S and
contained 30 S RNA. A rather confusing aspect of the problem is the
finding that defective virions of the HR strain contain as much as 21%
RNA complementary to virion RNA (Roy et al., 1973). Schincariol
and Howatson (1970) found identical nucleocapsids in cells infected
with 85% B virions and 15% T virions of the HR strain. Similar experi-
ments were performed by Kiley and Wagner (1972) with a standard
strain of VS virus which apparently can give rise to short T primarily
but also produces long T particles; these latter experiments were
performed under conditions in which T particles interfered with normal
B development. Kiley and Wagner (1972) were able to identify two dis-
tinct nucleocapsids in VS virus-infected cells, one of which sedimented
at 100 S'and contained 28 S RNA and the other which sedimented at
80 S and contained 23 S RNA. These infected cells released three
classes of virions, one of which (long T) contained 28 S RNA, another
(short T) contained 23 S RNA, and a third (B virion) which contained
42 S RNA and was infectious. These findings led Kiley and Wagner
(1972) to propose the hypothesis that B-virion RNA might be repli-
cated from short pieces of complementary RNA to make progeny
RNA that is encapsidated as 100 S nucleocapsids with 28 S RNA
(two-thirds piece) and 80 S nucleocapsids with 23 S RNA (one-third
piece). This hypothesis requires the existence of a ligase to join the two
RNA strands to form infectious virions under permissive conditions
and failure of ligation under restrictive interfering conditions resulting
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in defective short T and long T virions. This hypothesis has never been
refuted but has been superseded by a much more likely alternative
pathway for producing infectious virions from intact parental RNA by
way of a 42 S complementary RNA template (Huang, 1974).

3.2.3d. Evidence for Replicative Forms

The existence of double-stranded RNA in cells infected with VS
virus was first described by Schaffer er al. (1968) and then confirmed
by many investigators. The two heterogeneous classes of double-
stranded RNA, 23-35 S and 15-20 S (Stampfer et al., 1969), could just
as easily be, and probably are to a considerable extent, transcriptive as
well as replicative intermediates. Wild (1971) also described a 13 S
double-stranded RNA in VS virus-infected BHK cells and a larger
complex which melted out to 38 S and 19 S as well as 10-16 S, the lat-
ter presumably mRNA. Schincariol and Howatson (1972) helped to
clarify the nature of the double-stranded RNA species by infecting
cells with B virions alone or with both B and T virions of the VS virus
HR strain followed by fractionation with LiCl. In this way they
identified an RF for B virions of 20-21 S with an equivalent molecular
weight of 7.0-7.8 x 10® and an RF for long T virions of 15-16 S with
an equivalent molecular weight of 3.2-3.8 x 10 Also present in the
infected cell was LiCl-precipitable material which was partially ribonu-
clease digestible; it was not possible to determine whether this
heterogeneous viral RNA represents replicative or transcriptive inter-
mediates, or both. Similar types of RNA found after in vitro transcrip-
tion of VS virions have been identified as transcriptive intermediates
(Huang et al., 1971). The evidence for a T-virion RI is somewhat more
definite because it can be identified under conditions in which B-virion
replication and transcription are minimized. These data lead to the
observation that during T-particle interference the infected cell
contains 13 S RF and 13-19 S RI which give rise to 19 S (23 S) encap-
sidated T-virion RNA (Huang, 1974).

3.2.3e. RNA Replication by s Mutants

At least four laboratories have been striving by the use of s
mutants to uncover the mechanisms by which VS virion RNA is repli-
cated (Perlman and Huang, 1973; Unger and Reichmann, 1973; Com-
bard et al., 1974; Bishop and Flamand, 1974). These experiments are
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dependent on the ability to inhibit synthesis of 42 S virion RNA at the
restrictive temperature without altering transcription of VS viral
mRNA. RNA~ mutants of complementation group IV are the most
likely candidates for a lesion in replication which would permit
isolation of this function independent of transcription. Analysis by
Unger and Reichmann (1973) of RNA species by polyacrylamide gel
electrophoresis revealed that the group IV mutant s G41 makes no 42
S virion RNA at 39°C, but does make mRNA even in the presence of
cycloheximide. Similar results were obtained with the group Il mutant
ts G22, but the large amount of 28 S RNA made at 39°C by this
mutant could be long T virion RNA rather than the mRNA it is in-
terpreted to be by the authors.

Partial confirmation of these results were obtained by Combard et
al. (1974), who studied by sucrose gradient centrifugation the RNA
species of two Orsay mutants of complementation group IV. These
investigators found that these mutants made only 13-15 S RNA at the
restrictive temperature of 39.2°C; unlike Unger and Reichmann
(1973), they were unable to detect 28 S mRNA at restrictive
temperature. Of considerable interest, also, was the marked depression
of synthesis of protein N at 39.2°C, suggesting concurrent restriction
of RNA and nucleoprotein. We have noted a similar pleiotropic effect
in restriction of nucleocapsid propagation by the group IV Glasgow
mutants ts 41 and ts 44 (Wagner, unpublished data). Combard et al.
(1974) speculated about the possibility that transcription and
replication are coupled reactions mediated by a protein other than the
transcriptase and presumably defective in group IV mutants. However,
these speculations cannot be substantiated without detailed analysis of
the origin and polarity of the RNA species made under these compli-
cated conditions.

Interesting experiments with the group I mutant ts G114 led
Perlman and Huang (1973) to hypothesize interdependence between
transcription and replication. This mutant is defective in both primary
and secondary transcription at 37°C but will replicate 40 S virion
RNA at 37°C, provided preceding transcription is permitted at 31°C.
Quite strikingly, when cycloheximide is added to infected cultures at
the time of shift up to 37°C, 13-15 S and 28 S mRNA synthesis is
enhanced rather than depressed, as it is when transcription is blocked
by cycloheximide added at the start of infection. However, cyclohexi-
mide causes cessation of replication, as evidenced by inhibition of 40 S
RNA synthesis at the same time the mRNA synthesis is enhanced.
This effect of cycloheximide can be reversed by a more prolonged pe-
riod of incubation at 37°C before addition of cycloheximide, in which
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case 40 S virion RNA synthesis is quite normal at the restrictive
temperature. Perlman and Huang (1973) concluded that ‘“‘replication
and transcription appear to be tightly coupled in VSV-infected cells.”
Apparently, this association of transcription and replication can also
be accomplished with wild-type VS virus as well as in 3 other group I
mutants and the ts G41 group IV mutant (Perlman and Huang,
unpublished data). These authors also favor the concept of one enzyme
that functions for both transcription and replication, presumably
mediated by another, unknown factor.

In a series of rather complicated experiments Perlman and Huang
(1974) have provided some additional support for the “hypothesis that
transcription and genome replication are distinguishable but interde-
pendent processes.”” Among ts mutants of both groups I and IV that
were first incubated at permissive temperature for several hours, a shift
to the restrictive temperature (37°C) resulted in inhibition of all species
of RNA. Some mutants, however, appeared less able to synthesize 40
S RNA, but other mutants of both groups I and IV replicated 40 S
RNA relatively normally but were deficient in mRNA synthesis. These
data emphasize the phenotypic variation among different mutants in
the same complementation group.

These observations were extended by Palma et al. (1974), who
tested the combined effects of various restriction procedures on fs
mutants, primarily coinfection with interfering T particles and
cycloheximide, in order to isolate and dissect the events. As previously
noted (Huang and Manders, 1972), T particles do not affect transcrip-
tion of wild-type or mutant VS virus but do inhibit replication of 40 S
virion RNA at restrictive temperatures. However, under these condi-
tions 19 S (23 S) T RNA was synthesized, indicating unimpaired
replication promoted by the group I mutant ts G114 at 37°C. These
data can also be interpreted as evidence that the replicative enzyme(s)
for synthesis of B virion 40 S RNA provides the helper function as well
for synthesis of T-virion 19 S RNA. If this be the case, then a mutant
restricted in replication should not serve as-helper for synthesis of 19 S
RNA of coinfecting T virions. The data reveal 20% reduction in 19 S
RNA synthesis at 37°C in cells doubly infected with wild-type T
virions and the presumed replication mutant s G41. More convincing
than this minor reduction in presumed replicase function is the evi-
dence that ribonuclease-resistant 13 S RNA accumulates in cells
doubly infected with s G114 and T virions (Palma et al., 1974). Pre-
sumably, this double-stranded RNA represents the replicative form of
two hydrogen-bonded 19 S RNA strands that gives rise to T-virion
RNA (Schaffer et al., 1968; Stampfer et al., 1969; Wild, 1971).
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3.2.3f. The Wagner-Emerson Model for VS Viral RNA Synthesis

This hypothesis is proposed as an experimentally testable working
model of integrated transcription and replication. The sequence of
events is visualized as follows:

1. Virion RNA is transcribed by the L-protein polymerase to
make complementary RNA with NS protein as co-factor.

2. Complementary RNA is synthesized as messenger-sized
pieces and released from the template by polyadenylation at
the 3" end. The NS protein is the likely candidate for the poly-
adenylate synthetase in addition to its polymerase function.

3. When polyadenylation is switched off by alteration of the NS
protein, a complete 42 S complementary RNA strand is made
by reading through the 42 S parental genome which has lost
its termination signals, resulting in a double-stranded
replicative form.

4. The 42 S complementary RNA strand of the RF serves as
template for replication of progeny RNA catalyzed by the L-
protein polymerase which can function as a replicase as well
as a transcriptase.

5. The 42 S progeny RNA is displaced from the replicative inter-
mediate as it is encapsidated by N protein in a coupled
replication-translation reaction.

3.3. Protein Synthesis and Maturation
3.3.1. Translation
3.3.1a. Cell-Free Systems

Conclusive evidence for the messenger function of the mRNA on
polyribosomes of VS virus-infected cells has been provided by Mor-
rison et al. (1974). When 13-15 S mRNA was incubated in extracts of
rabbit reticulocytes or wheat germ, the polypeptides that were
synthesized had the electrophoretic mobility corresponding to authentic
VS virion proteins N, NS, M, and possibly G, but not L protein.
However, 28 S mRNA translated what is probably a single polypeptide
resembling the L protein. These in vitro-synthesized polypeptides also
cochromatographed on hydroxylapatite columns with virion proteins
M, NS, N, and G. The in vitro-synthesized NS protein was slightly
larger, suggesting cleavage to make the nucleocapsid NS protein. No
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data have been published on peptide maps to compare virion and in
vitro-synthesized polypeptides. However, **S-formyl methionine tryptic
peptides derived from the 13-15 S mRNA translation products
revealed initiation sites for four distinct polypeptides. The translation
product of the 28 S mRNA, on the other hand, contained only one
initiator *S-formyl methionine tryptic peptide, a finding which provides
excellent confirmatory evidence for a single 28 S mRNA for the unique
L protein (Stampfer and Baltimore, 1973; Emerson and Wagner, 1973).
Banerjee (personal communication) has now translated each in vitro
transcribed mRNA into its viral protein.

The identification by Morrison et al. (1974) of a minor component
that could correspond to the G protein raises the question of how this
complex polypeptide could be synthesized in a cell-free system in the
absence of glycosylation. Grubman and Summers (1973) did identify a
G protein-like product that was synthesized in vitro on polyribosomes
isolated from VS virus-infected cells. Similar results of in vitro syn-
thesis of all 5 VS viral proteins were obtained with a post-nuclear ex-
tract of L cells, but the capacity to synthesize the G protein was lost
when membrane-bound polysomes were removed (Ghosh et al. 1973).
Grubman et al. (1974) report that membrane-bound polysomes
synthesized primarily unglycosylated G protein and lesser amounts of
N, NS, and M proteins but only in the presence of crude L or HeLa cell
extracts. Also worthy of note is the failure of Kingsbury (1973) to detect
in vitro synthesis of a paramyxovirus G protein. Possible differences in
the intracellular location of viral messengers could explain some of the
data discussed below.

3.3.1b. Intracellular Synthesis of VS Viral Proteins

The first detailed analyses of the VS viral proteins synthesized in
cells infected with VS viruses were made by Wagner et al. (1970), Pe-
tric and Prevec (1970), and Mudd and Summers (1970a). These studies
revealed that relatively high-multiplicity infection rapidly switches off
cellular protein synthesis, thus allowing detection of virus-specific pro-
teins by the first hour after infection. Thereafter, all five VS viral pro-
teins can be identified by comigration on polyacrylamide gels of cyto-
plasmic extracts with differentially labeled VS virion proteins (see Fig.
6). Minor intracellular viral protein peaks seen by Wagner ef al. (1970)
and by Mudd and Summers (1970a), as well as by many other investi-
gators, are probably artifacts or are of cellular origin. Most investiga-
tors now agree that there are no intracellular virus-specific non-
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structural proteins; each of the five identifiable proteins synthesized in
infected cells is incorporated to a greater or lesser extent into virions.
Potentially significant is the finding by Kang and Prevec (1971) that
the intracellular G protein migrates slightly faster on polyacrylamide
gels than does coelectrophoresed virion G protein. This finding has
been confirmed in several laboratories, leading to speculation that the
faster mobility of the intracellular glycoprotein is a reflection of in-
complete glycosylation (Printz and Wagner, 1971). The postulate has
also been advanced unofficially for the existence of two virion glyco-
proteins derived by cleavage of a large intracellular glycoprotein
precursor coded by the viral genome. These hypotheses await verifi-
cation.

All five proteins of VS virus are synthesized throughout the cycle
of infection but the amounts of each and their rates of synthesis differ
for each protein (Wagner et al., 1970). This lack of evidence for early
and late functions suggested the absence of controls at the transcrip-
tional level in contrast to DNA viruses. Differential rates at which each
protein is synthesized may imply regulation at the translational level.
No evidence could be obtained, however, for synthesis of large
precursor polypeptides later cleaved into virion proteins as is the case
for picornaviruses (Wagner et al., 1970; Mudd and Summers, 1970).

Kang and Prevec (1971) have provided a detailed analysis of the
kinetics of VS viral protein synthesis in L cells; their more extensive
data support in most respects the earlier studies of Wagner et al.
(1970). Total VS viral protein synthesis was found to reach a peak at 4
hours after high-multiplicity infection and to decline somewhat
thereafter. The N protein is made earliest and continuously in the
greatest amount, representing a relatively constant 40% of the total VS
viral proteins synthesized throughout a 7-hour cycle of infection. On
the other hand, more NS protein is synthesized early, to the extent of
30% of total proteins during the first hours, but declining to 10% later
in infection. The levels of protein L are consistently quite low, but
those of G and M protein were found to increase gradually throughout
the cycle of infection to reach levels of 25% and 30%, respectively.
However, as mentioned below, other investigators using different host
cells have found much lower levels of M protein inside the infected cell.

Attempts to inhibit selectively the synthesis of specific viral pro-
teins have thus far been unsuccessful. The sugar analogue 2-deoxy-D-
glucose has been shown by Klenk et al. (1972) to inhibit glycosylation
and biosyﬁthesis of influenza virus glycoproteins without materially al-
tering the synthesis of other viral components. Quite the opposite is the
case with VS virus [or Newcastle disease virus (NDV)]. Scholtissek et
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al. (1974) found that 2-deoxy-D-glucose inhibits the synthesis of all
VS viral proteins and RNA in cells originally grown in the
presence of pyruvate, but not when the cells were grown in glucose-
containing medium. In our experience 2-deoxy-D-glucose completely
turned off all VS viral functions in infected cells (Wagner, unpublished
data). These and other unreported studies have been disappointing be-
cause of inability to probe the important question of the role played by
glycosylation in the regulation of VS viral glycoprotein synthesis.
However, Moyer and Summers (1974b) have very recently begun an
analysis of the patterns of glycosylation of VS viral glycoprotein under
control of host cell glycosyl transferases of BHK cells compared with
polyoma virus-transformed BHK cells; their data suggest that the
sugar sequences of the VS viral glycoprotein are largely host specified.

Fig. 10. Electropherograms demonstrating differential association of VS viral pro-
teins with the membranes and other cytoplasmic components of infected L cells frac-
tionated by equilibrium centrifugation in a discontinuous gradient of 0-60% sucrose.
Electron microscopy and enzyme markers showed the following predominant com-
position of the light-scattering bands: 1, smooth (? plasma) membrane; 2, rough
membrane; 3, viral nucleocapsids; and 4, ribosomes. Reprinted with permission from
Wagner et al. (1972).
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3.3.2. Morphogenesis

The bulk of available evidence to date strongly indicates that the
two major components of the VS virion, the nucleocapsid and the en-
velope, are synthesized in separate cytoplasmic compartments. One ex-
perimental model for this system proposed by Wagner et al. (1972,
1974) is illustrated in Fig. 10, which shows that the nucleocapsid with
its higher buoyant density is synthesized and assembled in the cyto-
plasm, whereas the viral envelope is constructed by insertion of viral
proteins into pre-existing cell membranes. Assembly of the two
components to make the completed VS virion presumably proceeds
pari passu (Cohen et al., 1971).

3.3.2a. Nucleocapsid

Wagner et al. (1970) demonstrated the presence of a sedimentable
component in the cytoplasm of L cells from 2 hours after infection
with VS virus. This sedimentable component contained N, L, and, al-
though not recognized at the time, NS protein. Petric and Prevec
(1970) described a similar cytoplasmic structure with sedimentation
coefficients of 140 S and 100 S in cells infected with the HR strain of
VS virus; these S values are identical to those of B and long T
nucleocapsids, and, in addition, N was the principal protein in each.
Fractionation of the cytoplasm by equilibrium centrifugation in suc-
rose gradients (Fig. 10) revealed by electron microscopy typical
nucleocapsid coils in band 3. Pulse labeling with *H-uridine 2.5 hours
post-infection demonstrated 28 S RNA as the principal species in the
nucleocapsids of band 3, as would be expected for the RNA in long T
nucleocapsids (Wagner et al., 1972).

Morphogenesis of VS viral nucleocapsids has also been followed
by electron microscopy. Zajac and Hummeler (1970) found early fila-
mentous material which later accumulated into large nucleocapsid
masses to form intracytoplasmic inclusion bodies in BHK21 cells and
in 2 of 4 human cell lines. These filamentous strands were found in
close proximity to budding virions; they incorporated *H-uridine and
had a buoyant density in CsCl of 1.32 gm/ml. These cytoplasmic fila-
ments in infected BHK21 cells could be specifically labeled with fer-
ritin-conjugated VS viral antiserum and were also identified by autora-
diography of incorporated *H-uridine (Zajac and Hummeler, 1971).
Similar studies with Madin-Darby canine kidney cells revealed cyto-
plasmic filaments stained with ferritin-conjugated VS antibody within
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4 hours after infection; later in infection these filaments could be seen
in proximity to budding virions (Coward et al., 1971). We await addi-
tional studies with ferritin-conjugated antibody directed specifically to
VS viral N protein or other nucleocapsid proteins.

The process by which the newly synthesized progeny RNA and
proteins are assembled into nucleocapsids is poorly understood. The
existence in cytoplasm of only minute amounts of free virion RNA
unassociated with nucleocapsids implies rapid protein coating of new
progeny RNA strands (Kiley and Wagner, 1972; Huang, 1974). Much
of the N protein can be found in a soluble form early in infection but
most of it seems to be sedimentable with nucleocapsids at all later
times (Wagner et al., 1970; Wagner, unpublished data). No attempts
have been made to follow the synthesis of L protein and its incor-
poration into nucleocapsids, but intracellular nucleocapsids do possess
considerable transcriptase activity (Galet et al., 1973) which is
probably the function of the L protein (Emerson and Wagner, 1973).
Both the L and NS proteins can be stripped off the nucleocapsid with
high salt (Kiley and Wagner, 1972; Emerson and Wagner, 1972), indi-
cating a much looser association with RNA than the N protein. The
intracellular NS protein is always present in far greater amount as a
soluble cytoplasmic component than it is as a nucleocapsid constituent
(Mudd and Summers, 1970b; Wagner et al., 1970; Cartwright, 1973).

A number of attempts have been made to determine the relation-
ship of the soluble cytoplasmic NS protein to the nucleocapsid NS pro-
tein. One rather striking property of the VS virion NS protein is its
specific phosphorylation, in contrast to rabies virus in which the N pro-
tein is preferentially phosphorylated (Sokol and Clark, 1973). Imblum
and Wagner (1974) and Moyer and Summers (1974a) found that both
the soluble and nucleocapsid-associated NS proteins of VS virus were
phosphorylated in infected cells. In addition, VS virions grown in L
cells, chick embryo cells, and BHK21 cells also contained an NS phos-
phoprotein (Imblum and Wagner, 1974). Attempts by pulse-chase ex-
periments to establish a precursor-product relationship between the
soluble and nucleocapsid NS phosphoproteins were not successful, but
clearly the phosphorylation event occurs very soon after nucleocapsid
maturation. No significant differences could be detected in the degree
to which the soluble and nucleocapsid NS proteins are phosphorylated.
Therefore, despite the great excess of cytoplasmic NS phosphoprotein,
it seems likely that it assembles with the nucleocapsid very soon after it
is synthesized and phosphorylated. The nature and origin of the protein
kinase that phosphorylates the NS protein in vivo have not been as-
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certained, nor are data available to elucidate the role, if any, of the NS
phosphoprotein in maturation of the nucleocapsid and its recognition
of and assembly with the virion envelope (Imblum and Wagner, 1974;
Moyer and Summers, 1974a; Wagner et al., 1974).

An intriguing experimental method for arresting morphogenesis of
VS nucleocapsids has been reported by Fiszman et al. (1974). These
investigators found that infected L cells produced 90% lower yields of
infectious VS virions at pH 6.9 and none at all at pH 6.6 in com-
parison to yields at physiological pH 7.4. Relatively normal amounts
of viral RNA and protein were synthesized in the lower-pH environ-
ments. The primary defect noted at pH 6.6 was failure of incorporation
of N protein into nucleocapsids despite relatively normal synthesis of
42 S virion RNA in infected cells. Incubation of infected cells at pH
6.9, however, resulted in relatively normal yields of virions and
nucleocapsids but in each case the infectivity of these virions and
nucleocapsids was only 10% that of virions and nucleocapsids produced
by infected cells at pH 7.4. The defect in these virions and
nucleocapsids turned out to be in their transcriptive function, which
was considerably reduced both in vivo and in vitro. These experiments,
if confirmed, would appear to provide an important probe for inves-
tigating the assembly and function of VS viral nucleocapsids.

3.3.2b. Envelope

Several laboratories have obtained conclusive evidence that the G
and M proteins synthesized in cells infected with VS virus are rapidly
inserted into cytoplasmic membranes. In fact, very little glycoprotein
G or matrix protein M is found in a nonsedimentable fraction of
infected cells, but both proteins are almost completely pelleted by cent-
rifugation at 130,000g at each stage of infection. Exposure of infected
cells to the membrane-dissolving agent, digitonin, results in complete
solubilization of protein M and most of protein G (Wagner et al.,
1970; Wagner and Schnaitman, 1970). More conclusive evidence that
newly synthesized viral proteins G and M are rapidly inserted into
smooth membrane, probably plasma membrane, was obtained by
Cohen er al. (1971). These investigators found both envelope proteins
associated with plasma membrane after a 5-minute pulse of *C-amino
acids. The plasma membrane content of G and M proteins did not
increase greatly with successive chases up to 60 minutes but the N pro-
tein did. Later experiments on affinity in vitro of M protein for eryth-
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rocyte and infected HeLa-cell membranes are not convincing be-
cause the M protein was probably complexed with lipid (Cohen and
Summers, 1974).

The kinetics of envelope protein incorporation into the plasma
membrane of HeLa cells was studied by David (1973). He found G and
M proteins associated with a putative plasma-membrane fraction after
a 30-second pulse, and their insertion was essentially maximal in 2
minutes. Neither puromycin nor amino acid analogues added at the
end of a 30-second pulse affected membrane incorporation of G and M
proteins during subsequent chases. From these data David (1973) con-
cluded that completed G and M polypeptide chains form small cyto-
plasmic pools from which they are rapidly inserted into the plasma
membrane. These pools have never been demonstrated per se, which
suggests the alternative hypothesis that G and M proteins are
synthesized at and inserted directly into the plasma membrane.

Wagner et al. (1972) also found G and M protein in smooth
membrane fractions of cells infected with VS virus (Fig. 10). Based on
electron microscopy and distribution of enzyme markers, the G protein
was determined to be the major viral component of a cell fraction
designated plasma membrane. Another criterion for insertion of newly
synthesized G protein into plasma membrane was membrane antigenic
conversion as determined by specific “ferritin labeling with anti-G
serum (Wagner et al., 1971). Much less M protein than G protein
could be found in smooth membranes of infected L cells, a finding
consistent with the total absence of M protein in infected BHK21 cells
(Cartwright, 1973). The hypothesis proposed by Cartwright that
insertion of the M protein is the rate-limiting step, particularly in the
highly permissive BHK cell, is supported by the data of Cohen er al.
(1971) and David (1973) which reveal no significant increase in M (or
G) protein on further incubation. Moreover, Kang and Prevec (1971)
showed a marked turnover of protein M during the cycle of infection,
compared with the steady intracellular accumulation of all other viral
proteins. These data indicate the likelihood of greater efficiency of in-
corporation of protein M into the budding virion, whereas most of the
other viral proteins are made in excess and are wasted by not being in-
corporated into completed virions.

The rate at which newly synthesized viral proteins are incor-
porated into virions was also measured by Wagner et al. (1970) and by
Kang and Prevec (1971). L cells infected for 2.5 or 3 hours with VS
virus were pulse labeled with *H- or C-amino acids for 30 minutes
and released virions collected after chasing for 1, 2, and 3 hours. The
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results showed a roughly linear increase of N protein incorporated into
released virions. Intracellular G protein was also incorporated into
released virions almost linearly. In sharp contrast, the M protein
represented about 50% of the total amino acid label incorporated into
released virions during a 30-minute pulse, but this level declined ap-
proximately linearly to a level of 18% at the 3-hour chase. This evi-
dence supports our contention and that of Cartwright (1973) that synt-
hesis of M protein may be the final step in virus maturation, and the
rate-limiting event in virion assembly and budding. Lazarowitz et al.
(1971) had advanced a similar proposal for the function of the M pro-
tein of influenza virus.

3.3.3. Maturation
3.3.3a. Envelopment of Nucleocapsids

A gap in our knowledge concerning reproduction of rhabdoviruses
is how the two newly synthesized subviral components are assembled
and released from the infected cell. Envelopment of the nucleocapsid
by the converted cell membrane probably takes more time than
separate morphogenesis of nucleocapsid and envelope. Cohen et al.
(1971) have demonstrated almost instantaneous association of M pro-
tein with plasma membrane of HeLa cells. However, they also found
that no N protein is present in infected-cell plasma membrane after a
5-minute pulse and, in fact, the N protein is barely detectable after a
20-minute chase and increases slowly thereafter. Wagner et al. (1972)
could find no virion RNA associated with infected-cell plasma
membranes after a 10-minute pulse of *H-uridine, and they found only
a comparatively small amount after 90 minutes of labeling. Pre-
sumably, therefore, the progeny RNA and nucleocapsid proteins are
not directly inserted into virus-converted plasma membrane, and only
completed nucleocapsids attach to viral envelope.

No data are available on how the newly assembled nucleocapsid
recognizes the inner surface of the plasma membrane that has been
converted to viral envelope by insertion of G and M proteins.
McSharry et al. (1971) and Cartwright et al. (1972) have proposed that
the M protein provides the recognition site for nucleocapsid at-
tachment to the inner surface of the plasma membrane. Wagner et al.
(1974) entertained the possibility that the NS protein could be the
component that serves to bind the nucleocapsid to the viral membrane.
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3.3.3b. Sites of Envelopment

The tacit assumption that the rhabdoviral nucleocapsid is always
enveloped at and buds from the outer cytoplasmic membrane has been
challenged by a number of electron microscopists. Hackett ez al. (1968)
found predominant maturation of VS-New Jersey virus at intracyto-
plasmic vacuoles of chick embryo cells or of the PK(H13) line of pig
kidney cells. David-West and Labzoffsky (1968) found maturation and
budding of VS virus both from the outer plasma membrane and into
cytoplasmic vacuoles of chick embryo cells. Some of the controversy
was settled by Zee et al. (1970), who examined 100 cells each of 5 dif-
ferent types and found that VS-New Jersey virus was assembled princi-
pally in intracytoplasmic membrane vacuoles of PK(H13) cells but al-
most entirely at the outer plasma membrane of L and Vero cells;
assembly and budding at both intracytoplasmic and external
membranes were found in infected HeLa and BHK21 cells. It seems
quite obvious, therefore, that the sites of maturation of VS virus are
cell dependent to a considerable extent. The virus type is obviously also
important in determining the site of maturation. The three
rhabdoviruses, Navarro, Kwatta, and Mossuril, appear to prefer bud-
ding from intracytoplasmic membrane of Vero cells and mouse brain
(Karabatsos et al., 1973). Rabies virus matures and accumulates in
cytoplasm of BHK21 cells but also buds to some extent from the outer
plasma membrane (Hummeler et al., 1967). Three salmonid
rhabdoviruses, all identical in morphology and size to VS virus, specifi-
cally mature at and bud from the outer plasma membrane of fathead
minnow cells (Darlington et al., 1972).

Infection by plant rhabdoviruses has been studied primarily by
electron microscopy of host plants and insect vectors. The cycle of
development of sowthistle yellow vein virus in aphids has been reported
in detail by Sylvester and Richardson (1970). Of some interest is their
observation that this rhabdovirus is assembled in the nucleus and
passes by stages into perinuclear cisternae, which disintegrate to
release virions into the cytoplasm. The presence of rabies virus in
perinuclear space should also be noted in this regard (Hummeler, et al.,
1967).

All these studies must be considered only as preliminary in-
formation on cellular localization of rhabdoviral maturation because of
the limitations and vagaries of electron microscopy. Genetic and
biochemical studies may help to resolve the question of preferred sites
for morphogenesis and budding.
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3.3.3c. Translation and Assembly Mutants

Studies of RNA* ts mutants have met with even less success than
those of RNA~ ts mutants restricted in transcription and replication.
In principle, only group I mutants defective in transcription at nonper-
missive temperature should be incapable of synthesizing viral proteins
because of failure to transcribe messengers. This was the experience of
Printz and Wagner (1971), who reported marked deficiency in protein
synthesis only with group I mutant ts O5 and not to the same extent
with mutants representing groups II, III, and V. Wunner and Pringle
(1972b) also found that Glasgow s mutants in complementation group
I were restricted in protein synthesis in BHK21 cells, as were RNA~
mutants of group IV as well as one of two group II mutants. Similar
results were obtained with VS-New Jersey mutants (Wunner and
Pringle, 1972¢). In contrast, Perlman and Huang (1974) failed to de-
tect any significant differences in protein components synthesized by
group I mutant ts G114 or group IV mutant ¢s G41 at 31°C and 37°C.
However, Combard et al. (1974) found significant reduction in
synthesis of N protein at 39°C by RNA~ group IV mutants, a result
confirmed by Wagner (unpublished data). The discrepancies in these
results cannot be explained. The recently published data of Obijeski
and Simpson (1974) on host-restricted mutants are not readily
amenable to comparative analysis.

RNA* mutants should exhibit no restriction in synthesis of viral
proteins because they presumably are not defective in either primary or
secondary transcription. However, certain observations have been
made with RNA+* mutants which, if confirmed, might indicate faulty
function of a specific protein or deficiency in its incorporation into
subviral components, leading, in either case, to arrested assembly or a
defectively assembled virion. Printz and Wagner (1971) reported that
the group Il mutant s O52 appeared to synthesize a glycoprotein
precursor which failed to be glycosylated at restrictive temperature,
and could not, therefore, be inserted into cell membrane. No viral
antigen was detected on the cell surface and no mature virions could be
visualized. These experiments have not been repeated successfully nor
have other mutants been found to be arrested in maturation because of
a defective glycoprotein. Moreover, Flamand and Lafay (1973) have
described partial defectiveness in RNA synthesis of ts mutants O52
and 063 which, of course, may not be the primary lesion. Of potential
interest, however, is the report that VS-New Jersey virus mutant ts D1
at restrictive temperature synthesizes G and N proteins that migrate
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faster on polyacrylamide gels than do G and N proteins of ts™ VS-New
Jersey virus (Pringle and Wunner, 1974).

An RNA™ group III mutant, ts O23 also merits some attention
because of low levels of protein synthesis at nonpermissive temperature
and complete failure to detect intracellular M protein (Printz and
Wagner, 1971). This observation could, of course, be fortuitous be-
cause of inherent difficulties in detecting M protein even in produc-
tively infected cells (Cartwright, 1973). However, some confirmation of
this observation comes from the experiments of Lafay (1971), who
reported reduced incorporation of M protein into ts O23 virions
released after infected cells labeled at restrictive temperature were
shifted down to the permissive temperature. These findings, if con-
firmed, would be evidence of maturation arrest of mutants blocked at
the level of translation due to inability to insert M protein into
membrane. However, Wunner and Pringle (1972b) did not detect
restriction of M protein in 2 Glasgow group III mutants.

A faulty envelope may be responsible for low infectivity of mutant
ts 045 of complementation group V. Deutsch and Berkaloff (1971) have
shown that the virion envelope of this thermolabile mutant breaks down
at 40°C, thus releasing morphologically intact nucleocapsids. F. Lafay
(J. Virol., in press) has recently found that group V ts mutants show
restricted insertion of G protein into cell membrane, resulting in matu-
ration arrest.

None of these experiments has gone far enough to pinpoint
specific lesions responsible for defective assembly. Much more so-
phisticated techniques are required before the mutants of rhabdoviruses
can be exploited to probe important physiological questions of virus
assembly.

3.3.3d. Mixed Phenotypes and Pseudotypes

An important clue to the role of the envelope in maturation of VS
virions was provided by an intriguing discovery of Choppin and Com-
pans (1970). When cells persistently infected with the paramyxovirus
simian virus 5 (SV5) are superinfected with VS virus, they give rise to
three kinds of progeny: SVS5, VS virus, and a phenotypic mixture of VS
virus and SV5. Of the total yield of virions released by these doubly
infected cells, 10-45% were hybrid particles, most of which were bullet-
shaped but adsorbed to chicken erythrocytes in the manner of SVS.
About 2% of these virions were neutralized only by SV5 antiserum
(pseudotypes), but the infectivity of most was neutralized by both SV5
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and VS viral antiserum. Specific labeling of bullet-shaped VS virions
could be demonstrated with ferritin-labeled SV5 antiserum. McSharry
et al. (1971) were then able to demonstrate that these phenotypically
mixed VS virions contained both SV5 glycoproteins as well as the VS
viral glycoprotein, but no SV5 M or nucleocapsid proteins could be de-
tected in the VS viral mixed phenotypes. These phenotypic mixtures of
SV5-VS virus hybrids or VSV(SV5) pseudotypes gave rise only to VS
virus on passage in the absence of SV5, providing proof for retention
of a VS viral genotype. These data indicate that other viral glycopro-
teins can substitute for VS viral G protein to make a functional en-
velope with spikes.

These observations have been extended by finding other VS viral
mixed phenotypes and pseudotypes. Zavada and Rosenbergova (1972)
were able to produce mixed populations of VS virus and influenza fowl
plague virus (FPV) in which approximately 20% of virions were neu-
tralized only by anti-FPV serum. Mixed VSV(FPV) phenotypes could
also be produced in vitro by combining disrupted fowl plague virions
with intact VS virions. Mixed phenotypes produced in vivo or in vitro
exhibited the thermal stability of FPV more closely than that of VS
virus.

Zavada (1972a,b) has also produced an extremely interesting
group of pseudotypes of VS virion with the envelope of murine
leukemia virus (MLV) or of avian myeloblastosis virus (AMYV). A
considerable proportion of these virions of pseudotype VSV(MLYV) and
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