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1. INTRODUCTION 

The biological importance of virion polymerases to the infection 
process of viruses can be gauged from the fact that many groups of 
viruses possess virion nucleic acid polymerases of one form or another. 
A list of those animal RNA virus groups (and their members) shown to 
possess RNA-directed RNA polymerases (RNA transcriptases) is 
given in Table 1. Included are representatives of the arena
viruses, bunyaviruses (and bunyaviruslike viruses), orthomyxoviruses, 
paramyxoviruses, reoviruses (diplornaviruses), and rhabdovimses. 
Oncornaviruses and similar virus types (e.g., visna) possess an RNA
and DNA-directed DNA polymerase, otherwise known as a reverse 
transcriptase (Table 2). Of the various DNA virus groups, the 
poxviruses and possibly the icosahedral cytoplasmic deoxyriboviruses 
possess a virion DNA-instructed RNA polymerase (Table 3). Virus 
isolated from patients with serum hepatitis appears to possess a DNA
directed DNA polymerase. 

The characteristics of the virion polymerases of the various virus 
groups will be discussed below, not only in relation to what we know 
from in vitro and in vivo studies about the polymerase functions but 
also with regard to the role of polymerase products in the infection 
process of the different viruses. 
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TABLE 1 

Viruses That Possess Virion RNA-Directed RNA Polymerasesa 

Viruses 

Rhabdoviruses 

Vesicular stomatitis virus 
(Indiana serotype) (VSV Indiana) 
Kern Canyon virus (KCV) 
VSV (New Jersey serotype) 
Cocal 
Chandipura 
Piry 
Pike fry rhabdovirus (PFR) 
Spring viremia of carp virus (SVCV) 

VSV Indiana 

VSV New Jersey 
Cocal 
Chandipura 
Piry 
PFR 
Rabies 
SVCV, Mokola 

Orthomyxoviruses 

I nfl uenza A strains 

Influenza B strains 

Influenza A strains 

Paramyxoviruses 

Newcastle disease virus (NDV) 
Sendai virus 

Mumps virus 
SV5 

Sendai virus 

References 

Lipid-Enveloped 

A. In vitro assays 
Baltimore et al. (1970) 
Aaslestad et al. (1971) 
Aaslestad et al. (1971) 
Chang et al. (1974) 
Chang et al. (1974) 
Chang et al. (1974) 
Chang et al. (1974) 
Roy et al. (1975) 
P. Roy (personal communication) 

B. In vivo assays 
Marcus et al. (1971) 
Huang and Manders (1972) 
Flamand and Bishop (1973) 
Wertz and Levine (1973) 
Repik et al. (l974b) 
Repik et al. (l974b) 
Repik et al. (1974b) 
Repik et al. (1974b) 
Roy et al. (1975) 
Bishop and Flamand (1975) 
P. Repik and D. H. L. Bishop 

(unpublished observations) 

A. In vitro assays 
Chow and Simpson (1971) 
Penhoet et al. (1971) 
Skehel (l97Ia) 
Chow and Simpson (1971) 
Schlotissek et al. (1971) 
Oxford (l973b) 

B. In vivo assays 
Bean and Simpson (1973) 
Repik et al. (1974a) 

A. In vitro assays 
Huang et al. (1971) 
Robinson (l971a) 
H. O. Stone et al. (1971) 
Bernard and Northrop (1974) 
Choppin and Compans (Vol. 4, this series) 

B. In vivo assays 
Robinson (1971c) 
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Viruses 

Bunyaviruses 

Lumbo virus 
Uukuniemi virus 

Snowshoe hare 

La Crosse 

Main Drain 

Bunyamwera 

Arenaviruses 

Pichinde 

Corona viruses 

TABLE 1 
( continued) 

Lipid-Enveloped 

A. In vitro assays 

References 

Bouloy et al. (1975) 
Ranki and Pettersson (1975) 

B. In vivo assays 
P. Repik and D. H. L. Bishop 

(unpublished observations) 
D. H. L. Bishop 

(unpublished observations) 
D. H. L. Bishop 

(unpublished observations) 
D. H. L. Bishop 

(unpublished observations) 

A. In vitro assays 
Carter et al. (1974) 

B. In vivo assays 
N one reported 

See Tyrrell et al. (1975) 

Non-Lipid-Enveloped 

Reoviruses: Diplornaviruses 

Reovirus strains 

Wound tumor virus 
Cytoplasmic polyhedrosis virus (CPV) 

Bluetongue virus 

Reovirus 

A. In vitro assays 
Borsa and Graham (1968) 
Shatkin and Sipe (1968) 
Black and Knight (1970) 
Lewandowski et al. (1969) 
Furuichi (1974) 
Martin and Zweerink (1972) 
Verwoerd and Huismans (1972) 

B. In vivo assays 
Watanabe et al. (1967a.b) 

a Virion RNA-directed RNA polymerase activities are detected either (1) by in vitro assays or 
(2) in cells in which protein synthesis is inhibited by cycloheximide or puromycin (see text). 
This latter test does not rule out the possibility that cellular factors (including enzyme 
components) may contribute to the observed activities. 
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What are the advantages, from an evolutionary point of view, for 
the possession of a virion polymerase? To answer that question, we will 
have to consider the need for and role of the polymerase transcription 
products in the infection process. For each of the virus groups listed 
above, other than the oncornaviruses and the putative hepatitis virus, 
the function of the virion polymerase is to make messenger RNA. 
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TABLE 2 

RNA Viruses That Possess Virion Reverse Transcriptases 

Virus name 

Avian leukosis virus (MC-29) 
(Avian induced leukosis virus) 
Avian myeloblastosis virus (AMV) 

Avian reticuloendotheliosis virus 
Bovine leukemia virus 
Baboon endogenous viruses (M28, M7) 

Chicken syncytial virus (CSV) 
Duck infectious anemia virus (DIA V) 
Feline leukemia virus (FeL V) 
(Gardner, Rickard, Theilin strains and 

endogenous viruses) 

Feline sarcoma-leukemia viruses (FeSV -FeL V) 

Gibbon ape lymphoma and related viruses 
(GALV) 

Guinea pig virus (BUdR, IUdR induced) 

Guinea pig leukemia-associated virus (L2C) 
Hamster leukemia virus (HaL V) 
Maedi virus of sheep 
Mason-Pfizer monkey virus (M-PMV) 

M urine endogenous viruses 

Murine leukemia virus (MuLV) 
(AKR, Maloney, Rauscher, etc.) 

Murine mammary tumor virus (MuMTV) 

Murine sarcoma-leukemia virus (MuSV
MuLV) 

(Harvey, Kirsten, Maloney) 
Murine type A particles 

References 

Mizutani and Temin (1973) 
Weber et al. (1971) 
Garapin et al. (1970) 
Fujinaga et al. (1970) 
Riman and Beaudreau (1970) 
Smoler et at. (1971) 
Spiegelman et al. (1970a) 
Peterson et al. (1972) 
Kettman et al. (1976) 
Benveniste et al. (1974) 
Todaro et al. (1974b) 
Mizutani and Temin (1973) 
Mizutani and Temin (1973) 
Hatanaka et al. (1970) 
Roy-Burman (1971) 
Spiegelman et al. (1970a,b) 
Todaro et al. (1973) 
Fujinaga and Green (1971) 
Hatanaka et at. (1970) 
Roy-Burman (1971) 
Scolnick et al. (l970a) 
Kawakami et al. (1972) 
Scolnick et al. (1972) 
Gross et al. (1973) 
Hsiung (1972) 
Nayak and Murray (1973) 
J. Schlom (personal communication) 
Hatanaka et al. (1970) 
Lin and Thormar (1972) 
Schlom and Spiegelman (1971) 
Spiegelman et al. (1970a) 
Benveniste et al. (1974) 
Todaro et al. (1975) 
Todaro (1972) 
Sherr et al. (1974) 
Baltimore (1970) 
Hatanaka et al. (1970) 
Scolnick et al. (1970a,b) 
Spiegelman et al. (1970a) 
Scolnick et al. (1970a) 
Spiegelman et al. (1970a) 
Green et al. (1970) 
Scolnick et al. (1970a) 

Penit et al. (1974) 
Thach et al. (1975) 
Wilson and Kuff (1972) 
Yang and Wivel (1973) 
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Virus name 

TABLE 2 

( continued) 

Murine xenotropic viruses [SI6CLlO(I), AT-
124] 

Progressive pneumonia virus of sheep 
Rat endogenous viruses (RT2IC, CCL38, 

V-NRK) 
Rat leukemia virus (RaL V) 
Rat mammary tumor C-type virus (R35) 
RDI14 

Pig endogenous viruses (MPK, PK) 

Rous sarcoma virus (RSV) 
(Schmidt-Ruppin, Prague, B77, etc.) 

Rous-associated viruses (RA V) and Rous sar
coma-RAV-I mixtures (RSV, RAV-I) 

Simian foamy virus 
Simian sarcoma virus (SSV) 
(Woolly monkey virus) 
Simian sarcoma-associated virus (SSA V) 
Trager duck spleen necrosis virus (SNV) 
Viper C-type virus 
Visna virus 

References 

Benveniste et al. (1974) 
Todaro et al. (1975) 
L. B. Stone et al. (197Ia) 
Lieber et al. (1973) 
Sherr et al. (1975) 
Parks et al. (1972) 
Chopra and Die (1972) 
Fischinger et al. (1973) 
Livingston and Todaro (1973) 
McAllister et al. (1972) 
Sherr et al. (1975) 
Todaro et al. (1974a) 

Bishop et al. (197Ic) 
Coffin and Temin (1971) 
Duesberg and Canaani (1970) 
Duesberg et al. (197Ia) 
Fanshier et al. (1971) 
Garapin et al. (1970) 
Kang and Temin (1973) 
McDonnell et al. (1970) 
Mizutani et al. (1970) 
Quintrell et al. (1971) 
Robinson and Robinson (1971) 
Spiegelman et al. (1970a) 
Temin and Mizutani (1970) 
Mizutani and Temin (I971b, 1973) 
Robinson and Robinson (1971) 
Spiegelman et al. (1970a) 
Parks et al. (1971) 
Harewood et al. (1973) 

Theilen et al. (1971) 
Mizutani and Temin (1973) 
Hatanaka et al. (1970) 
Lin and Thormar (1971) 
Schlom et al. (1971) 
L. B. Stone et al. (197Ib) 
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For the DNA virus vaccinia, one advantage to possessing a virion 
RNA polymerase is to allow the infection process to occur (at least 
principally) in the cell sap and to avoid the necessity for competing 
with cellular templates for cellular polymerase enzymes. A second 
potential advantage is the ability of the virus to evolve and possess 
unique enzyme-binding and transcription initiation sites for messenger 
RNA synthesis. Such sites can be sites which only the virion 
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TABLE 3 

Viruses That Possess Virion DNA-Directed RNA Polymerases 

Virus 

Poxviruses 
Rabbit poxvirus 
Vaccinia 
Yaba virus 

Euxoa auxiliaris Entomopox virus 
Amsacta moorei Entomopox virus 
Icosohedral cytoplasmic deoxyriboviruses 

Iridescent types 2 and 6 viruses 
Frog virus 3 

References 

Kates and McAuslan (1967) 
Munyon et af. (1967) 
Schwartz and Dales (1971) 
Pogo et af. (1971) 
McCarthy et af. (1975) 

Kelly and Tinsley (1973) 
Gravell and Cromeans (1971) 

polymerase can recognize. Evolution of preferred binding and initiation 
sites provides the virus with the capability and delicacies of viral
specified transcription control. Probably, however, the greatest selec
tive advantage to possessing a virion polymerase is the fact that from 
the onset of the infection process the enzyme is sequestered to the viral 
genome, and this sequestration allows efficient, repetitive transcription 
of viral genes into messenger RNA. 

For RNA viruses, one can postulate that the possession of an 
RNA transcriptase confers similar advantages: sequestration of the 
enzyme to the viral genome, ability to obtain repetitive transcription, 
transcriptional control, and independence from the need to utilize 
cellular enzymes. Also, by contrast to those RNA viruses which lack 
virion polymerases (e.g., the picornaviruses), the virion genome is not 
committed to cell ribosomes and the hazards of nuclease digestion. 

In the case of the oncornaviruses and similar virus types, the 
possession of a virion RNA-directed DNA polymerase is unique by 
comparison to all the other virus groups. The presence of this enzyme, 
the reverse transcriptase, allows the virus to develop its infection 
process through a DNA intermediate without relying on cellular 
polymerases or the necessity of translation in the cell's ribosome 
translation machinery. 

This chapter will offer models for possible mechanisms of 
transcription as well as discuss posttranscriptional modification and 
evidence for the regulation of transcription. First, however, an overview 
of the in vitro and in vivo procedures used for detecting virion 
polymerases will be presented. This will include descriptions of the 
effects of inhibitors (such as antibiotics, chemicals, and drugs) or 
promotors (such as exogenous templates) on the processes. The evi-
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dence which suggests that polymerases in virus preparations are in fact 
located in virus particles and are required for the infection process will 
be discussed along with procedures which have been used to purify tem
plate and polymerases of two virus types. Finally both in vivo and in 
vitro product analyses will be discussed in terms of the individual virus 
groups known to possess virion enzymes. 

1.1. In Vitro Reaction Conditions Used for Assaying Virion RNA or 
DNA Polymerases 

A discussion of the reaction conditions necessary for obtaining in 
vitro synthesis of RNA by a virion polymerase is provided in the 
following sections. Many of the basic RNA polymerase reaction con
ditions are similar for both the pox viruses and the enveloped or non
enveloped RNA virus types; therefore, the following discussion will 
principally center on those RNA viruses which possess lipid envelopes. 
This will be followed by a discussion of the particular requirements and 
properties of reovirus and poxvirus polymerases and finally the reaction 
conditions and assay procedures for viruses which possess a reverse 
transcriptase. 

1.1.1. RNA Polymerases of RNA Viruses Which Possess a Lipid 
Envelope 

In the initial demonstration by Baltimore et al. (1970) that virions 
of the rhabdovirus vesicular stomatitis virus (VSV) possess an RNA 
polymerase enzyme activity, it was shown that to achieve in vitro RNA 
synthesis the lipid envelope of the virus had to be solubilized to allow 
access of reaction ingredients to the enzyme-template complex. Some 
enveloped RNA virus preparations do not exhibit an absolute require
ment for detergent solubilization, presumably because their envelopes 
are disrupted during the virus purification procedure. N onionic 
detergents such as Nonidet P40 and Triton N101, or weakly anionic 
detergents such as Triton X 100, are suitable for solubilizing viral 
envelopes and are the agents most commonly employed. Sodium 
deoxycholate, while efficient at solubilizing the viral membrane, is 
inhibitory to the reaction assay for VSV, Newcastle disease virus 
(NOV), and the orthomyxovirus influenza A, strain WSN (D. H. L. 
Bishop, unpublished observations; Hefti et al., 1975; Huang et al., 
1971 ). 
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TABLE 4 

Reaction Ingredients for Assaying RNA Polymerases or DNA Polymerasesa 

ATP 
CTP 
CTP 
[3HjUTP' 

RNA polymerase assay 

NaCl (or KCI, etc.) 
Tris-hydrochloride (pH S.O)" 
MgCl," 
and, or MnCI," 

ImM 
ImM 
ImM 
ImM 

0.1 M 
0.1 M 
SmM 
ImM 

DNA polymerase assay 

dATP 
dCTP 
dGTP 
[3HjdTTP' 

NaCI (or KCI, etc.) 
Tris-hydrochloride (pH S.O)" 
MgCI," 
and, or MnCI," 

ImM 
ImM 
ImM 
ImM 

0.1 M 
0.1 M 
SmM 
ImM 

N onidet P40' 0.1 % (w/v) N onidet P40' 0.1 % (w/v) 
(or Triton NIOI, X 100, etc.) (or Triton NIOI, XIOO, etc.) 

S-Adenosyl-L-methionine ImM 

Dithiothreitol (DTT) 2mM Dithiothreitol (DTT) 2mM 

a These reaction ingredients are not necessarily applicable to all polymerase assays. 
• Labeled nucleoside triphosphates are often used at lower concentrations to conserve label; 

however, as indicated in the text and in Fig. 2, too Iowa concentration can be detrimental to the 
rate of synthesis and possibly also the product size. Other labeled triphosphates can also be used, 
of course. 

C Other pH values may be optimal for some enzyme systems; see text. 
d Divalent cations used singly or in combinations must be tested for each system analyzed . 
• Detergent is used for lipid-enveloped viruses. 

The optimal concentrations of the various reaction ingredients 
have been determined for a variety of virion RNA polymerases, and a 
typical list is given in Table 4. 

I. I. la. Basic Techniques for Determining the Optimal Reaction 
Ingredients 

The usual criterion for determining the optimal reaction 
concentration of an ingredient is to determine the maximum rate of de 
novo RNA synthesis as a function of the ingredient concentration by 
measuring the incorporation of radioactivity into RNA using a labeled 
nucleoside triphosphate precursor. While the maximum rate of an in 
vitro enzyme reaction may not reflect the maximum fidelity of the 
transcription process, this procedure for obtaining the best in vitro con
ditions is the one most commonly employed. 
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The observed in vitro Vlflon polymerase activity is frequently 
expressed as the picomoles of nucleotide incorporated per hour per 
milligram of viral protein put into the reaction mixture. An alternative 
procedure is to relate the rate of product RNA synthesis to the amount 
of template RNA present. If the virus preparation has been grown in 
the presence of pH]nucleosides, then the amount of template RNA in 
the reaction mixture can be measured by the amount of 3H label 
present and the de novo RNA synthesis quantitated by the incorpora
tion of p 2P]nucleotides into acid-insoluble material. The advantages of 
the latter assay system are numerous but have to be balanced by the 
cost of performing dual isotope experiments. 

Of particular concern to an experimenter setting up an in vitro 
assay of RNA synthesis is the possible presence of nucleases or other 
agents in a virus preparation which might inhibit progression of the 
reaction by degrading the template RNA (or the accumulation of 
product nucleic acids) or directly inhibit the polymerase function in 
some way and consequently mislead the investigation. The virus purifi
cation procedure is one means for removing contaminating nonvirion 
cellular nucleases. Most virus preparations can be sufficiently purified 
by combining various procedures to remove nonviral agents. For 
example, when purifying virus from extracellular fluids, a polyethylene 
glycol-NaCI precipitation, followed by equilibrium and velocity 
gradient centrifugations in gradients of sucrose (or glycerol-potassium 
tartrate combinations), is a technique which has been shown to be suc
cessful for most rhabdoviruses (Roy and Bishop, 1972; Obijeski et al., 
1974). There has to be for each virus type a careful preliminary 
exploration of the purification procedures to be employed, whereby the 
removal of contaminants as well as the effects on virus viability and 
degree of virion degradation produced by the manipUlations are moni
tored. Purification of intracellular virus from cellular material poses a 
greater problem for achieving sufficient decontamination, although 
after mechanical disruption of infected cells the same basic centrifuga
tion procedures can be employed. 

The purification procedures commonly used, as outlined above, 
would not remove "contaminants" present within the virus particle as 
integral parts of the virus structure. There is an ever-increasing list of 
enzymes which have been recovered in supposedly highly purified virus 
(see later) and which are detected only upon detergent solubilization of 
the virus preparation. Although these may be present in vesicles which 
copurify with a virus preparation, it seems reasonable to suppose that 
virus particles contain something other than viral proteins, lipids, nu
cleic acids, carbohydrates, and water! 
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In summary, the presence and effect of intraviral as well as extra
viral inhibitory agents must be considered in relation to designing in 
vitro experiments to measure viral polymerase activity. In the situation 
where no in vitro polymerase activity is observed, suitable in vivo tests 
can be designed to detect the presence of a virion polymerase, as 
described later. 

l.l.lb. Optimal Detergent Concentration 

The effects of different Triton NlOl or Nonidet P40 concentra
tions on the rate of RNA synthesis by the endogenously templated 
virion polymerases of such rhabdoviruses as VSV or Kern Canyon virus 
(KCV) are shown in Fig. 1 (Aaslestad et al., 1971). The optimal 
detergent concentrations for these two viruses as well as other 
enveloped viruses range from 0.0 I % to I %, depending on the virus type 
and protein concentration in the reaction mixture. At high concentra
tions of detergent for VSV or KCV, RNA synthesis is inhibited. It is 
possible that detergents may bind to a polymerase component and 
affect its enzyme activity directly with regard to both the fidelity of the 
in vitro process and the optimal in vitro functioning of the enzyme. 
This has been suggested for the virion transcriptase of VSV, and could 
be one reason why the in vitro temperature optimum for VSV RNA 
transcriptase is lower than its in vivo optimum (Aaslestad et al., 1971; 
Szilagyi and Pringle, 1972). One way of overcoming the detergent 
inhibition is to prepare subviral cores free from detergent. 

l.l.lc. Monovalent and Divalent Cation Requirements 

For most in vitro assays of a virion polymerase, it has been found 
that monovalent cations are required at concentrations of up to 0.1-0.2 
M. Sodium, lithium, potassium, or ammonium ions have been shown to 
be equally effective for both the VSV or KCV RNA transcriptases 
(Aaslestad et al., 1971). High salt concentrations (greater than 0.3 M) 
are inhibitory for many virion polymerases, including VSV; however, 
this inhibition is reversible by dilution of the salt concentration. 

The divalent cations most commonly employed in reaction mix
tures are magnesium ('" 1 0 mM) or manganese ('" 1 mM) ions, or 
combinations of both. Manganese ions inhibit the transcription of 
VSV, even in the presence of magnesium ions (Aaslestad et al., 1971). 
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For influenza A, strain WSN, a combination of both cations gives an 
enhanced activity relative to that obtained in the presence of either one 
(Bishop et aI., 1971a). The same appears to hold for the bunyavirus 
Lumbo (Bouloy et al., 1975); however, Uukuniemi virus (Ranki and 
Pettersson, 1975) is reported to require only manganese ions (3-15 
mM). The transcriptase activity of certain NDV strains (H. O. Stone, 
personal communication) apparently prefers manganese ions, while 
other NDV strains are reportedly inhibited by manganese substitution 
(Huang et al., 1971). In the case of KCV transcriptase, cations such as 
nickel, iron, and calcium were found to be incapable of substituting for 
magnesium; however, zinc chloride was shown to give some stimulation 
of the KCV transcriptase activity (Aaslestad et al., 1971). 
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Fig. I. Effect of nonionic detergents on the RNA polymerase activities of vesicular 
stomatitis virus (VSV) or Kern Canyon virus (KCV). The rate of incorporation of 
[ 32P]uridine monophosphate by VSV virion polymerase or KCV virion polymerase into 
acid-insoluble product RNA as a function of detergent concentration in the reaction 
mixture using either Triton NIOI or Nonidet P40 was determined. From Aaslestad et 
al. (1971). 
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1.1.ld. Nucleoside Triphosphate Requirements 

In considering the nucleoside triphosphate requirements for 
demonstrating in vitro RNA synthesis, two initial questions have to be 
considered. Are all four nucleoside triphosphates required for enzyme 
activity, and, if not, why not? Second, what are the optimal or 
threshold concentrations for each triphosphate for RNA chain initia
tion and RNA elongation? 

The optimal concentrations for ATP, CTP, GTP, and UTP have 
been determined for several viral polymerases, and it appears that at 
least for VSV and influenza A, strain WSN, the concentrations of 
triphosphates required to give optimal activity vary depending on which 
triphosphate is being considered (Fig. 2). For both VSV and WSN, 
reaction concentrations of 0.5-1 mM for each triphosphate are suffi
cient to obtain maximal activity, except in the case of A TP, for which 
it appears that greater concentrations (2 mM or higher) are required 
(Bishop et al .. 1971a). 

The effects of omitting individual nucleoside triphosphates on the 
reaction rates of VSV or influenza A strain WSN transcriptases are 
shown in Table 5. In most cases, it has been found that there is a 
measurable amount of incorporation, albeit at a much lower level than 
for the complete mixture, when one nucleoside triphosphate is omitted. 
A variety of possibilities may explain these results. First, there could be 
more than one RNA polymerase activity present in the virus prepara
tions (e.g., homopolymer synthetases). Second, there could be alternate 
activities of the virion transcriptase which can only be detected under 
certain circumstances such as when particular precursors are omitted. 
Third, there could be nucleoside triphosphates present in the virus 
preparations at sufficient local concentrations to be able to adequately 
substitute for the precursors which were omitted from the reaction mix
ture. Fourth, the other triphosphates could be contaminated with suffi
cient amounts of the omitted ingredient for the reaction to proceed. No 
product analyses (nearest-neighbor analyses, hybridizations, or product 
size analyses, etc.) have been published for reactions run in the absence 
of one or more nucleoside triphosphate, to distinguish between these 
possibilities. However, in the case of influenza A, strain WSN, ribonu
cleoside triphosphates have been isolated from dialyzed, highly purified 
virus preparations (D. Teninges, personal communication), which 
means that the presence of virus-associated nucleoside triphosphates 
could be one reason for the lack of an absolute requirement for all four 
triphosphates. 
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Although the omission of one or another triphosphate substantially 
reduces the incorporation of nucleotides into RNA by the virion 
polymerase of the paramyxovirus ND V (Huang et al., 1971), the 
omission of one or more triphosphates from reaction mixtures tem
plated by the para myxovirus Sendai has been shown to cause either a 
stimulation of nucleotide incorporation or a three- to twentyfold reduc
tion in enzyme activity (Robinson, 1971a; H. O. Stone et al., 1971). 
Similar results to those obtained with Sendai have been reported for 

TABLE 5 

Effects of Omission of One Triphosphate from Influenza Virus 
(WSN) or Vesicular Stomatitis Virus (VSV) Virion Polymerase 

Reactionsa 

Incorporation 
(pmol/h/mg protein) 

Reaction 
Label condition WSN VSV 

[a-32P]ATP Complete 278 36,200 
-CTP 78 280 
-GTP 29 1,680 
-UTP 64 560 

[a_32P]GTP Complete 220 32,000 
-ATP 8 80 
-CTP 0 32 
-UTP 0 720 

[a-32P]CTP Complete 265 34,308 
-ATP 45 1,286 
-GTP 50 4,680 
-UTP 0 3,326 

[a_32P]UTP Complete 133 18,072 
-ATP 4 14 
-CTP 0 6 
-GTP 0 94 

a Sixteenfold reaction mixtures were set up lacking manganese, Triton N 10 I, virus, 
and unlabeled triphosphates but containing [a-32P]adenosine triphosphate (A TP, 
0.1 mCijlLmol) at a concentration of 0.8 mM. The mixture was divided into four 
equal portions, and either guanosine triphosphate (GTP), uridine triphosphate 
(UTP) and cytidine triphosphate (CTP), or GTP and UTP, or UTP and CTP, or 
GTP and CTP were added. Each mixture was then divided, and for the WSN set 
manganese, Trion NIOI, and [3H]uridine-Iabeled WSN virus were added, whereas 
for the VSV set Triton NIOI and [3H]uridine-Iabeled VSV virus were added. The 
reactions were incubated, and the rates of incorporation were determined and nor
malized to a constant VSV or WSN 3H recovery. In similar series, the labeled 
triphosphates employed were [a_32P]GTP (0.5 mCi/lLmol) at 0.4 mM concentra
tion or [a-32P]UTP (2 mCijlLmol) at 0.2 mM concentration, and similar reaction 
mixtures were set up in which appropriate triphosphates were lacking. 
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Fig, 2. Threshold requirements for triphosphates by influenza A, strain WSN, or VSV 
polymerases. A fiftyfold standard reaction was prepared containing 0.5 tlmol of one [a-
32PJribonucleoside triphosphate and 5 tlmol of the other three unlabeled ribonucleoside 
triphosphates, but lacking Triton NlOl, manganese chloride, or virus. The mixture was 
divided into ten equal portions, Unlabeled triphosphate (of the same type as the labeled 
one) was added to the mixture so that the specific activity of the label in pairs of reac
tions was diluted to 1, 2, 4, 10, or 20 times that of the original mixture, To one set of 
five mixtures, manganese chloride, Triton NlOl, and WSN virus were added in the 
normal WSN reaction proportions, whereas to the other set Triton N 10 1 and VSV 
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were added in the normal VSV reaction proportions. Portions were removed at 0, 15, 
30, 45, 60, 90, and 120 min of incubation at 30°C, and the acid-insoluble radioactivity 
was determined. The linear rate of incorporation of label (corrected for the differences 
in triphosphate specific activity and expressed as the picomoles of label per milligram 
of protein per hour) was plotted against the concentration of the [32Pjtriphosphate 
utilized. The same VSV preparation was used throughout. The WSN preparation in the 
A TP threshold experiment was not the same as that used in the other WSN experi
ments. A used [a-32PjGTP, Bused [a_32PjCTP, C used [a_32PjUTP, and 0 used [a-
32PjA TP. From Bishop et al. (l971a). 
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two other paramyxoviruses, mumps (Bernard and Northrop, 1974) and 
SV5 (Choppin and Compans, Vol. 4, this series). 

The ability of one, two, or three (but not four) ribonucleoside 
diphosphates to substitute for their triphosphate counterparts in reac
tion mixtures has been shown for preparations of VSV as well as for the 
orthomyxovirus influenza A, strain WSN (Hefti et af., 1975), and 
reovirus (Schochetman and Millward, 1972). Ribonucleoside 
mono phosphates were shown to be incapable of substituting for their 
triphosphate counterparts. In analyzing the transcriptase activity of 
VSV in the presence of one or more diphosphates, it was found that 
RNA synthesis occurred after an initial lag. Also, it was found that the 
amount of RNA synthesis was strongly influenced by the triphosphate 
concentration (Hefti et aI., 1975). It has been suggested from these 
results that the presence of a nucleoside diphosphate kinase activity 
(phosphotransferase) in virus preparations is responsible for providing 
enough substrate triphosphates from the added diphosphates for the 
transcriptase to function (Hefti et aI., 1975). Differential phase extrac
tions of virus preparations can be used to remove the kinase from the 
transcriptase-active nucleocapsids, which result suggests that the 
diphosphate kinase activity is not an integral part of the virion 
nucleocapsid or polymerase function (Hefti et af., 1975). 

l.l.le. Sulfhydryl Group Requirement 

The effect of omitting from a reaction mixture a reducing agent, 
such as 2-mercaptoethanol or dithiothreitol, on the enzymatic activity 
of the virion RNA polymerases of VSV or influenza A, strain WSN, is 
negligible (Aaslestad et af., 1971; Bishop et aI., 1971a). Kern Canyon 
and NOV viral transcriptases appear to require the presence of a reduc
ing agent in the in vitro reaction mixture (Aaslestad et al., 1971; Huang 
et af., 1971). Sendai viral transcriptase activity is stimulated by the 
presence of a reducing agent (H. O. Stone et af., 1971). 

1. 1. If. pH Optimum, Buffers, and Other Ingredients 

The pH optimum for transcription reaction mixtures using 
trishydrochloride buffer (0.01 M) has been reported for VSV, KCV, 
and WSN viral transcriptases to be pH 8.0 ± 0.2 at 31°C. However, 
NOV appears to have a pH optimum at pH 7.3 (Huang et aI., 1971; H. 
O. Stone, personal communication). Phosphate buffer inhibits the VSV 
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or WSN transcriptase activity; other buffer systems have not been 
investigated. 

A stimulatory effect of S-adenosyl-L-methionine (SAM) on the in 
vitro RNA polymerase activity of cytoplasmic polyhedrosis virus has 
been reported (Furuichi, 1974). A threefold stimulation by 1 mM SAM 
of the virion RNA polymerase of the rhabdovirus spring viremia of 
carp virus (SVeV) has been obtained (P. Roy, personal communica
tion). The transcriptase activity of other enveloped viruses (VSV, pike 
fry rhabdovirus or PFR, influenza A, strain WSN, D. H. L. Bishop, 
unpublished observations; or NDV and Sendai, H. O. Stone, personal 
communication) is not stimulated by SAM. 

The addition of an A TP-generating system has not been found to 
be necessary to obtain or enhance rhabdovirus or influenza 
transcriptase activities (D. H. L. Bishop, unpublished observations). 

l.l.lg. Temperature Optimum 

The temperature optimum for the maximum iniiiai ad.ivity of the 
virion polymerases of most mammalian rhabdoviruses (Table 1), as 
well as for influenza A, strain WSN, NDV, and Sendai, has been 
reported to be 28°-32°e. (Aaslestad et al., 1971; Bishop et al., 1971a; 
Huang et al., 1971; Robinson, 1971a; H. O. Stone et al., 1971). It has 
been found that these temperatures also give a more sustained synthetic 
activity (up to 8 h or longer) than mixtures incubated at 37°e. The 
300 e temperature optimum is in contrast to the 36-38°e in vivo 
optimum observed for primary transcription (i.e., transcription of the 
infecting virion genome by the virion polymerase) for both VSV and 
influenza A, strain WSN (Flamand and Bishop, 1973; D. H. L. Bishop, 
unpublished observations). For two fish rhabdoviruses, svev and 
PFR, the temperature optimum for transcriptase action ranges from 
18°e to 25°e (Roy et al., 1975; P. Roy, unpublished observations). For 
IHNV and VHS, an optimum of approximately l20e has been 
obtained (P. McAllister and R. Wagner, personal communication). 

l.l.lh. Inhibitors of RNA Synthesis by Viral RNA Polymerases 

In those systems tested (VSV, KeV, Sendai, NDV, influenza, and 
mumps), neither actinomycin D (up to 10 ILg/ml) nor deoxyribonu
clease (up to 100 ILg/ml) inhibits the in vitro RNA transcription 
process (Aaslestad et al., 1971; Baltimore et al., 1970; Bernard and 
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Northrop, 1974; Chow and Simpson, 1971; Penhoet et aI., 1971; 
Robinson 1971a; L. B. Stone et al., 1971a). The lack of actinomycin D 
inhibition for influenza viral transcriptases is in contrast to the inhibi
tion of primary transcription obtained in vivo by actinomycin D (Bean 
and Simpson, 1973), which suggests that the latter is not a direct inhibi
tion of the transcriptase by the drug (see the review by Bishop and 
Flamand, 1975). 

Addition of a-amanitin (8 JLg/ml) to reaction mixtures for 
influenza A, strain NWS, was also shown not to inhibit the 
transcriptase function (Penhoet et al., 1971). Similar results have been 
obtained for VSV (D. H. L. Bishop, unpublished observations). 
Rifampin (100 JLg/ml) also does not inhibit RNA transcription for 
VSV (except apparently for a rifampin-sensitive mutant of VSV, 
Moreau, 1974) or for influenza and NDV (Baltimore et al., 1970; Chow 
and Simpson, 1971; Penhoet et al., 1971; Robinson, 1971a). 

For NDV, pronase treatment was shown to partially inhibit the 
ability to demonstrate RNA transcription (H. O. Stone et aI., 1971). 
By way of contrast, bromelain pretreatment resulted in little inhibition 
of influenza transcriptase (Skehel, 1971 b). In all systems, ribonuclease 
inclusion in reaction mixtures has been shown to totally inhibit the 
accumulation of RNA product. 

A report by Hunt and Wagner (1975) demonstrated that addition 
of aurintricarboxylic acid (at 10 mM or higher concentrations) or poly
ethylene sulfonic acid (at 1 mM or higher concentration) to an in vitro 
reaction mixture before incubation totally inhibited VSV -directed 
RNA synthesis. A lag in the onset of inhibition of RNA synthesis was 
observed if either inhibitor was added after the commencement of 
RNA synthesis. Since both inhibitors are known to prevent initiation of 
RNA synthesis by Q(3 replicase (Blumenthal and Landers, 1973; Kondo 
and Weissmann, 1972), Hunt and Wagner suggested that the observed 
inhibition for the VSV polymerase might similarly involve inhibition of 
transcription initiation rather than chain elongation. 

An inhibitory effect of Sendai structural envelope proteins (glyco
proteins or matrix protein) on the isolated Sendai virion transcriptive 
complexes has been reported by Marx et af. (1974). Using purified 
virion transcriptive complexes shown to contain the viral RNA and two 
of the major virion polypeptides (but not the matrix protein or glyco
proteins), they demonstrated that these transcriptive complexes 
possessed a ninefold greater specific activity by comparison to the 
initial virus preparation and yet only half the total protein of the 
original virus. Both purified glycoproteins and matrix protein inhibited 
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the Sendai transcriptive complex, and this inhibition was totally 
abolished by prior brief heat treatment of the proteins. NDV envelope 
proteins also inhibited the Sendai transcriptive complexes, although 
bovine serum albumin, hemoglobin, or the glycoproteins fetuin or 
ovalbumin did not. Marx and collaborators suggested that the envelope 
protein of Sendai might interact with the viral RNA-polymerase com
plex and inhibit its activity during the virus budding-maturation 
process, although it is difficult to see how a glycoprotein resident on the 
outer surface of the virus particle can accomplish this, unless some 
parts of the glycoproteins penetrate the envelope. The specific activities 
of purified transcriptive complexes of influenza A, strain WSN, or 
VSV Indiana are the same as their respective un fractionated disrupted 
virions (Bishop and Roy, 1972; Hefti et at., 1975). 

1. 1. Ii. Promotors of RNA Synthesis by Viral RNA Polymerases 

Other than inclusion of standard feactioll iIlgn:dienis, ihe abiiity to 

promote in vitro RNA synthesis by other agents has been demonstrated 
for influenza fowl plague viral transcriptase (McGeoch and Kitron, 
1975) and for Sendai viral transcriptase (Stone and Kingsbury, 1973). 

For Sendai virus, it has been shown that polyanions (yeast RNA, 
polyadenylic acid, or polycytidylic acid) at concentrations ranging from 
30 to 300 1Lg/ml will increase RNA synthesis by as much as fivefold 
(Stone and Kingsbury, 1973; Marx et at., 1974). In all cases, it has been 
shown that the products made are complementary in composition to 
the viral genome and not copies of the adjuvant nucleic acid or 
homopolymers. Predigestion of yeast RNA with alkali was shown to 
abolish its capacity to stimulate the enzyme. It was found that polyas
partic acid, polyglutamic acid, and DNA (3-300 1Lg/ml) also stimulate 
the virion enzymatic activity whereas polyinosinic acid, polyguanylic 
acid, polyuridylic acid (at similar concentrations), and polyamines such 
as spermine, cadaverine, and putrescine neither stimulate nor depress 
the endogenously templated enzyme activity. Dextran sulfate, ammo
nium sulfate, and polyvinyl sulfate were shown to inhibit Sendai viral 
transcriptase, depending on the concentrations employed (Stone and 
Kingsbury, 1973). The mechanism of polyanion stimulation of Sendai 
transcriptase is not known. 

For VSV transcriptase, addition of VSV viral RNA, 28 S HeLa 
ribosomal RNA, or polio or Q{3 viral RNAs was found to inhibit the 
endogenously templated viral transcriptase (Bishop and Roy, 197Ia). 
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Assays for homopolymeric activity catalyzed by VSV transcriptase and 
templated by 2 f.Lg of polyinosinic acid, polyguanylic acid, polyadenylic 
acid, polyuridylic acid, or polycytidilic acid did not detect any 
polymerase function. Likewise, no synthesis of DNA was detected in 
endogenously templated VSV reactions or by reactions templated by 
synthetic heteropolymers or calf thymus DNA (Baltimore, 1970; 
Bishop and Roy, 1971a). Why polyanions promote one viral 
polymerase but have no effect on another is not known. 

The stimulation of influenza virion polymerase by guanosine, 
guanosine derivatives, and guanosine-containing nucleotides has been 
reported (McGeoch and Kitron, 1975). The stimulatory effect by 
guanosine was found to depend on the influenza strain employed; thus 
influenza A, strain BEL, was stimulated about sevenfold, influenza A, 
strain WS, threefold, and influenza B, strain LEE, two-and-a-half-fold. 
No stimulation by guanosine was detected using the paramyxovirus 
Sendai. 

Although ribose, guanine, and the 2' - or 3' -guanosine monophos
phate did not increase the endogenously templated activity of influenza 
fowl plague virus, guanosine-5' -monophosphate was found to have a 
stimulatory effect. Various guanosine derivatives (including 7-methyl
guanosine, I-methylguanosine, 2' -deoxyguanosine, 8-mercapto
guanosine, 6-mercaptopurine riboside, N2,N2-dimethylguanosine, and 
8-azaguanosine-5' -monophosphate) did not stimulate fowl plague 
virion transcriptase. For fowl plague virus, N2-methylguanosine and 6-
mercaptoguanosine and, for both fowl plague and influenza A, strain 
BEL, viruses, certain dinucleoside monophosphates containing 
guanosine (GpA, GpG, GpC, but not GpU) were effective in stimulat
ing the viral transcriptase. In a strange result, it was found that with 
fowl plague virus pretreated with detergent and then dialyzed (to 
remove virus-associated nucleotides) the incorporation of guanosine did 
not require the presence of either GTP or UTP (McGeoch and Kitron, 
1975). 

It was shown using labeled guanosine in complete reaction mix
tures that the label was present in virus-complementary RNA in a 
structure from which it could be totally released as guanosine by venom 
phosphodiesterase treatment and as guanosine-3' -monophosphate (but 
not guanosine-containing oligonucleotides) by ribonuclease Tl diges
tion. These results argue strongly for the precursor guanosine being 
incorporated at the 5' terminus of RNA, presumably the product 
RNA. Ribonuclease A digestion of reaction product RNA labeled by 
(3H]guanosine yielded labeled GpCp nucleotides. Neither the 
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mechanism nor the importance of the guanosine-mediated stimulation 
or incorporation into RNA is understood. 

1.1.2. RNA Polymerases of RNA Viruses Which Do Not Possess a 
Lipid Envelope 

Assays for demonstrating the presence of an RNA polymerase 
associated with virions of the diplornaviruses reovirus and cytoplasmic 
polyhedrosis virus also require partial dissociation of the viral particles 
before an enzymatic activity can be obtained. Since neither of these 
viruses is enveloped in a lipid membrane, the partial dissociation cannot 
be achieved with a nonionic detergent. 

In the initial demonstrations of the presence of an RNA 
polymerase in reovirus preparations, it was shown that brief heat treat
ment (e.g., 20 s at 70°C) or predigestion with 50 J.Lg chymotrypsin per 
milliliter, produced a subviral particle capable of showing RNA 
polymerase activity (Borsa and Graham, 1968; Shatkin and Sipe, 
1968). Since heating, as well as protease treatment, removes proteins 
from the viral surface (Mayor and Jordan, 1968; Shatkin and Sipe, 
1968), presumably activation requires removal of certain structural 
polypeptides. This is corroborated by the fact that inhibition of activa
tion can be achieved by anticapsid antibody pretreatment (J oklik, Vol. 
2, this series). 

Of the major virion polypeptides (AI, A2, J.Ll, J.L2, ai, a2, and (3), it 
appears that activation requires removal of the a3 and some, but not 
necessarily all, of the J.L2 polypeptides (Joklik, 1972). Activation of the 
viral transcriptase in vivo by lysozymal enzymes occurs even in the 
presence of cycloheximide and appears also to involve removal of 
certain structural polypeptides including a3 (Chang and Zweerink, 
1971; Levin et al., 1970b; Silverstein and Dales, 1968; Watanabe et al., 
1967 a,b). The exact molecular mechanisms involved in the activation of 
the dormant enzyme are not known, although presumably whatever 
protein is removed allows access of precursor nucleotides into the viral 
core for the transcriptase to function. It has been shown that by adding 
back reovirus a3 protein to activated particles, enzymatic activity can 
be repressed in vitro (Astell et al., 1972). If, as will be discussed later, 
there are specific exit sites for reovirus mRNA release from activated 
cores (Gillies et al., 1971), then it is conceivable that a3 protein blocks 
these ports in some as yet undetermined fashion. 

The pH optimum for reovirus transcriptase is reported to be pH 
8.5 ± 0.5 in 0.01 M tris-hydrochloride buffer, and the enzyme requires 
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magnesium ions. In some reports it is claimed that manganese ions 
cannot substitute for magnesium, while other reports mention that 
either ion can be used (Borsa and Graham, 1968; Joklik, Vol. 2, this 
series; Shatkin and Sipe, 1968). Like VSV transcriptase, the enzyme 
activity is inhibited by phosphate buffer (0.01 M) and does not require 
the presence of 2-mercaptoethanol. Unlike VSV transcriptase, the 
optimum temperature for in vitro transcription is around 50°C 
(Kapuler, 1970). Transcription of RNA for up to 48 h at 37°C has been 
obtained. Addition of an A TP-generating system apparently sustains 
the transcription process (Shatkin and Sipe, 1968). 

1.1.3. RNA Polymerases of DNA Viruses 

Of the five major groups of animal DNA viruses (poxviruses, 
papovaviruses, parvoviruses, adenoviruses, and herpesviruses), only 
members of the poxvirus group have been shown to possess virion 
DNA-dependent RNA polymerases. In the first demonstration that 
RNA polymerases were associated with animal viruses, Kates and 
McAuslan (1967), working with rabbit poxvirus, and Munyon et al. 
(1967), working with vaccinia, showed that an RNA polymerase 
activity was present in the cores of those two viruses. Later work with 
Yaba virus confirmed that that poxvirus also possessed a virion DNA
directed RNA polymerase (Schwartz and Dales, 1971). Studies on 
insect poxviruses have led to the demonstration that they too possess an 
RNA polymerase (Pogo et al., 1971; McCarthy et al., 1975). 

It has been shown, as in the case of other viruses which possess 
RNA polymerases, that the realization of enzymatic activity requires 
the presence of all four ribonucleoside triphosphates as well as divalent 
cations. Magnesium ions at 5-10 mM concentration are preferred over 
manganese ions in order to obtain optimal activities. In both of the 
initial reports of poxvirus virion polymerases, it was demonstrated that 
a reducing agent (e.g., 2-mercaptoethanol) and sonication or trypsin, 
followed by repurification of the treated material, were necessary to 
produce enzyme-active cores. Pretreatment of Yaba virus with 0.5% 
Nonidet P40 and 0.25% 2-mercaptoethanol has also been shown to be 
efficient in yielding enzyme-active cores (Schwartz and Dales, 1971). 
The necessity for treating viruses with some disruptive procedure 
argues that some structural barrier has to be removed before the 
enzyme can function. A lag of a few minutes before maximal RNA 
synthesis is achieved can also be interpreted to indicate that the virions 
in a reaction mixture undergo structural changes (Munyon et al., 1967). 
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The pH optimum for vaccinia viral polymerase has been reported 
to be pH 8.4 in 0.01 M tris-hydrochloride buffer (Munyon et al., 1967). 
Reaction concentrations of around 0.5-1 mM for CTP, GTP, and UTP 
but 6 mM for A TP have been shown to be necessary to give the highest 
rates of RNA synthesis (Munyon et al., 1967). Incubation at 35-38°C 
leads to RNA synthesis for several hours; however, it is not known 
what effects different temperatures have on the fidelity of transcription 
or the time course of RNA synthesis. Insect poxviruses possess low 
temperature optima for their viral transcriptases (Pogo et al., 1971; 
McCarthy et al., 1975). 

1.1.4. DNA Polymerases of RNA Viruses: Virion Reverse 
Transcriptases 

Since the initial demonstration by Baltimore (1970) and Temin 
and Mizutani (1970) that DNA polymerases were present in virions of 
Rauscher murine leukemia virus (R-MuLV), the Prague or Schmidt
Ruppin strain of Rous sarcoma virus (RSV), :lnd avian myelcb!astosis 
virus (AMV), DNA polymerases have been identified in virions of a 
large number of lipid-enveloped oncornaviruses (retraviruses) as well as 
in viruses of unproven oncogenicity but with similar genome 
components (Table 2). The term "reverse transcriptase" has been 
coined for the activity of the enzyme since it directs the synthesis of 
product DNA from an RNA template, which represents a reversal of 
the "normal" flow of information from DNA to RNA catalyzed by 
cellular DNA-templated RNA polymerases. 

Studies by Spiegelman et al. (1970a,b,c) subsequently identified 
reverse transcriptase activities in eight oncornaviruses: Rauscher murine 
leukemia virus (R-MuLV), murine sarcoma virus (MuSV), feline 
leukemia virus (FeLV), the BAI strain A of AMV, a monkey mammary 
tumor virus, murine and rat mammary tumor viruses, and an RSV
Rous-associated virus type 1 (RSV -RA VI) mixture. Green et al. (1970) 
demonstrated a reverse transcriptase activity in the Harvey and Moloney 
strains of murine sarcoma viruses, while Scolnick et al. (1970a,b) showed 
that MuMTV, R-MuLV, Moloney-MuLV, Kirsten murine leukemia 
virus, and the Gardner strain of feline sarcoma virus (FeSV) all 
possessed reverse transcriptase activities. No reverse transcriptase 
activity was found in preparations of non-oncornavirus types, e.g., VSV, 
Sendai, respiratory syncytial virus, lymphocytic choriomeningitis virus, 
influenza virus, and NDV (Baltimore, 1970; Bishop and Roy, 1971a; 
Scolnick et al., 1970b). 
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With so many analyses of reverse transcriptase activities present in 
virions of different oncornaviruses, it is hardly surprising that the 
reported optimal reaction conditions for the various viruses differ even 
for the same virus type analyzed in different laboratories (see the 
excellent review by Green and Gerard, 1974). 

1.1.4a. Reaction Requirements for Oncornavirus Reverse 
Transcriptases 

It has been shown that the requirement for a nonionic detergent to 
activate the enzyme is not always absolute (Baltimore, 1970; Temin and 
Mizutani, 1970). Presumably this is due to partial destruction of the 
integrity of the viral envelope during the preparative procedures. 

The effect of Triton N 101 concentration on the integrity of the 
virus particle of the avian oncornavirus Rous sarcoma virus (RSV) is 
shown in Fig. 3. It is evident that at high Triton concentrations the 
RSV genome is released from the virus particle, whereas at low 
concentrations it remains in a subviral particle which sediments only 
slightly slower than the untreated virus. 

The effect of addition of ribonuclease on RNA-directed DNA 
synthesis by RSV in reaction mixtures conta.ining high or low Triton 
NlOl concentrations is shown in Fig. 4. The results obtained indicate 
that at high detergent concentrations the viral genome is more suscepti
ble to degradation by the added ribonuclease than at lower concentra
tions. In point of fact, it has been shown by following the fate of 
[3H]nucleoside-Iabeled RSV template RNA during a reaction time 
course in the absence of added ribonuclease that the RSV template is 
rapidly degraded by nucleases present in the virus preparation when 
high Triton concentrations are used, but not when low concentrations 
are employed (Bishop et al., 1971c; Quintrell et al., 1971). The origin of 
such nucleases is not known, but these observations emphasize the 
problem of inhibitory agents present in virus preparations, and should 
caution an investigator against using too high a detergent concentration 
to solubilize the viral envelope. Detergents such as Nonidet P40, Triton 
X 100, Triton N101, Tween 40, and Tween 80 at around 0.01% final 
concentration for viral protein in a reaction mixture of up to 50-100 
JLg/ml (and proportionately higher for higher viral protein concentra
tions) have been found to be optimal (Garapin et al., 1970; Green et al., 
1970). Ether or Tween-ether combinations can also be used to disrupt 
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the viral envelope. Sodium deoxycholate at 1% (w Iv) is reported to be 
inhibitory in reaction mixtures templated by RSV or AMV (Garapin et 
al., 1970). Stromberg (1972) has reported that of some 60 nonionic 
detergents tested with AMV, those belonging to the polyoxyethylene 
alcohol class (e.g., Sterox SL) were the most effective at yielding 
enzyme-active AMV cores. In that study it was shown that Nonidet 
P40, which belongs to the polyoxyethylene alkyl phenyl class, was also 
efficient at giving enzyme-active AMV cores. 
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Fig. 3. Sucrose gradient velocity centrifugation of 3H-Iabe1ed Rous sarcoma virus 
(RSV) treated with low or high Triton NIOI concentrations. Samples of [3H]uridine
labeled RSV in 0.10 M NaCl and 0.01 M tris-hydrochloride buffer (pH 7.4) were 
incubated at 37°e for 3 min with Triton NIOI at a concentration of 10 p.g (low Triton) 
or 400 p.g (high Triton) per 125 p.1 and centrifuged in 10-30% gradients of sucrose 
containing 0.15 M NaCl, 0.01 M tris-hydrochloride buffer (pH 7.4), and 0.0002 M 
dithiothreitol for 60 min at 3°e and 25,000 rev/min"in a Spinco SW41 rotor. The dis
tribution of acid-insoluble 3H radioactivity was determined and compared to that of an 
untreated control. 
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The optimal temperature for most virion reverse transcriptases is 
between 35°C and 45°C depending on the virus type, length of incuba
tion, and laboratory, etc. Most investigators prefer 37°C for mam
malian reverse transcriptases, 38-40°C for avian enzymes. The optimal 
pH is reported to be between pH 7.5 and 8.5, using tris-hydrochloride 
or tris-acetate buffers at 0.01 M concentration, while acid pH values 
are inhibitory to the enzyme, as is phosphate buffer (Bishop et al., 
1971c; Garapin et al., 1970; Green et al., 1970). Some preference for 
potassium ions in lieu of (or in addition to) sodium ions has been 
claimed (Spiegelman et al., 1970a), and NaCI reaction concentrations 
of 0.06-0.14 M are in the optimal range for most enzyme activities 
(Scolnick et al., 1970a,b). 

Both in the initial demonstrations by Baltimore (1970) and Temin 
and Mizutani (1970) and in subsequent investigations by others (Green 
et al., 1970; Garapin et al., 1970), enhanced reverse transcriptase 
activity was demonstrated in the presence of dithiothreitol or 2-
mercaptoethanol (10-20 mM). Glutathione has also been employed as a 
reducing agent (Riman and Beaudreau, 1970). Magnesium chloride or 
acetate (1-10 mM, depending on the laboratory) or manganese chloride 
(usually 1 mM) or combinations of both (8 mM MgCl2, 0.8 mM 
MnCI2) have been reported to be optimal for the divalent cation 
requirement depending on the virus type, etc. (Bishop et al., 1971c; 
Green et al., 1970; Garapin et al., 1970; Scolnick et al., 1970b). 
Omission of magnesium or inclusion of EDTA or calcium ions 
drastically inhibits the enzyme activity (Green et al., 1970). It appears 
that in general the endogenous reaction of the reverse transcriptases of 
B-type oncornaviruses prefer magnesium ions, whereas those of the 
C-type oncornavirus prefer manganese ions. 

In most endogenously templated reverse transcriptase assays, all 
four deoxyribonucleoside triphophates are required; ribonucleoside 
triphosphates cannot substitute for their deoxyribonucleoside coun
terparts, as shown by Baltimore (1970). The optimal concentrations for 
the triphosphates vary depending on the virus and laboratory; 
concentrations of 1 mM for unlabeled deoxyribonucleoside triphos
phates (dATP, dCTP, and dGTP) and 0.01 mM for labeled TTP are 
commonly employed. However, reports suggest that high concentra
tions of all four triphosphates should be employed (possibly up to 5 
mM) in order to obtain large product DNA species (Collett and Faras, 
1975; Efstratiadis et al., 1975; Imaizumi et al., 1973; Rothenberg and 
Baltimore, 1976). Some DNA synthetic activity with detergent
disrupted virus preparations in the absence of dA TP or dGTP has been 
noted (Spiegelman et al., 1970a), but not in the absence of dATP. 
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Purified reverse transcriptase templated by DNA or RNA requires all 
four deoxyribonucleoside triphosphates (Kacian et at., 1971). 

Reaction mixtures templated by oncornaviruses have been shown 
to be capable of synthesizing DNA for 12 h or longer under the right 
conditions (Garapin et at., 1970). A triphosphate-regenerating system 
(phosphoenolpyruvate and pyruvate kinase) is reported to be helpful in 
maintaining the rate of DNA synthesis (Temin and Mizutani, 1970; 
Garapin et at., 1970). Whether nucleoside triphosphates are involved in 
the polymerization process in ways other than for direct precursor 
polymerization into DNA is not yet known. 

1.1.4b. Template Nucleic Acids Which Can Be Used by Reverse 
Transcriptases 

One characteristic of viral reverse transcriptases which is not 
shared by the virion polymerases of other RNA viruses is their ability 
to accept exogenous nucleic acids as templates. Exogenous nucleic 
acids which have been tested include natural RNA, DNA, or synthetic 
polymers containing ribonucleotides or deoxyribonucleotides. Both 
single-stranded and double-stranded nucleic acid species including long 
single-stranded polymers hydrogen-bonded to short oligonucleotide 
primers have been extensively investigated using either purified 
enzymes, disrupted virions, or disrupted virions from which the viral 
RNA has been removed by preincubation with suitable nucleases, such 
as pancreatic ribonuclease. From early studies using added native or 
deoxyribonuclease 1 nicked DNA (activated DNA) as well as in sub
sequent studies involving RNA or synthetic homopolymers hydrogen
bonded to primer oligonucleotides, it was determined that the presence 
of a 3' -hydroxyl group was required for the exogenous stimulated 
DNA polymerase activity (Baltimore and Smoler, 1971; Duesberg et 
at., 1971b; Hurwitz and Leis, 1972; Kiessling and Nieman, 1972; Leis 
and Hurwitz, 1972a; Mizutani et at., 1970; Riman and Beaudreau, 
1970; Roy-Burman, 1971; Spiegelman et at., 1970c). This conclusion 
suggests that the polymerase uses a preexisting nucleotide sequence to 
prime and chain-elongate, a suggestion which has been reinforced by 
the identification of primers associated with the 60-70 S RNA genome 
of oncornaviruses (see later). 

The exogenously templated reaction using synthetic homopolymer 
duplexes (DNA, RNA, or DNA: RNA hybrids) yields many times 
more product DNA than the endogenously templated reaction-as 
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initially shown for the AMV enzyme by Spiegelman et al. (1970c). 
Solely single-stranded homopolymeric DNA or RNA species (i.e., 
without primer oligonucleotides) were found to be poor templates 
depending on the constituent nucleotide, although those which 
possessed, per se, some secondary structure did serve as templates for 
some DNA synthesis. Of the various duplexes tested with the AMV 
reverse transcriptase in the presence of 12 mM magnesium, those which 
would template polydeoxyguanylic acid product synthesis [e.g., 
poly(C):oligo(dI) and poly(dC):oligo(G)] were shown to be excellent 
templates for the AMV enzyme. Other experimenters have shown that 
for various mammalian oncornaviruses changing the divalent cation 
from magnesium to manganese and its concentration to 0.4 mM allows 
templates such as poly(l): poly(C), poly(dC): poly(G), or poly(A): 
poly(U) to be transcribed into DNA (Scolnick et al., 1970a). 

The nature of product synthesis, primer requirements, and details 
of the process will be discussed later; suffice it to say that since 
exogenous templates of the right constitution and under the right 
experimental conditions give much more product DNA than the 
endogenously templated reaction, iilt: ability to detect a reverse 
transcriptase is greatly enhanced by their use and this has greatly 
facilitated the purification and characterization of reverse transcriptase 
enzyme proteins for several oncornaviruses. 

1.1.4c. Inhibitors of Viral Reverse Transcriptases 

In the initial studies by Baltimore (1970) and Temin and Mizutani 
(1970) with R-MuLV, RSV, and AMV virus preparations, it was 
shown that ribonuclease A pretreatment (50-1000 J.Lgjml) potently 
inhibited DNA synthesis. Lysozyme or cytochrome c pretreatments (at 
50 J.Lgjml) were not inhibitory to enzyme activity and even provided a 
small increase in DNA synthesis. Ribonuclease inhibition of the 
endogenously templated activity has been demonstrated for all virion 
reverse transcriptases so far investigated. 

Studies in many laboratories to obtain and characterize drugs or 
antibiotics which would inhibit viral reverse transcriptases have turned 
into a bonanza involving analyses of several different drugs and anti
biotics. In an initial study in Maurice Green's laboratory (Gurgo et al., 
1971), it was shown that for a variety of RNA tumor viruses including 
MuSV, FeLV, and AMV, rifampicin, which is known to be an effective 
inhibitor of certain bacterial RNA polymerases, did not inhibit the 
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endogenously templated DNA synthesis by the reverse transcriptases of 
those viruses. Similar results were obtained in J. Michael Bishop's labo
ratory using AMV and RSV (Garapin et al., 1970). Green and 
collaborators subsequently examined the effects of various rifamycin 
derivatives and then showed that dimethylrifampicin and other deriva
tives (AF / ABDMP, AF / ABP, AF /013, and C27; see Fig. 5) are in fact 
effective inhibitors of the RNA-directed synthesis of DNA when used 
at concentrations greater than 100 JLg/ml (Gurgo et al., 1971; Green et 
al., 1972). These compounds did not, however, inhibit the exogenous 
DNA-templated synthesis of product DNA, which observation led 
Green and associates to suggest that in some way these materials 
acted at the level of RNA-directed, rather than DNA-directed, DNA 
synthesis. 

In systematic studies of various derivatives of rifamycin, involving 
amine, benzoxazino, and quinoxalino substitutents (at the R position in 
Fig. 5), Green and collaborators (Green et al., 1972; Gurgo et al., 1971) 
and others (Yang et al., 1972) demonstrated that rifamycin piperidyl 
derivatives containing cydohexyl substitutents were particularly active 
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-CH=N'N N-M Rifampicin 

'--I 

M 

D 
-Q-CH C-27 

'0 
M M 

MO 

NH 

R = 
1'\ 

-CH=M-N NH 

'--I 
Demethyl Rifampicin 

MI"\ 
-CH=NV -CH2 -0 AF/ABDMP 

M 

O---+--~ 
M 

Fig. 5. Chemical structures of rifampicin and certain derivatives. 
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in inhibiting certain reverse transcriptase enzymes (50% inhibition at 
0.002 mM concentration). 

Evidence has been obtained, again principally in Maurice Green's 
laboratory, which strongly suggests that the site of action of various 
rifampicin derivatives is the polymerase itself and that in some way the 
antibiotic thereby inhibits the RNA-directed synthesis of DNA (Gurgo 
et al., 1971; Green and Gerard, 1974). Results have been obtained 
which suggest that neither the RNA, DNA, nor nucleoside triphosphate 
binding sites on the polymerase are affected by AF / ABDMP treat
ment, and that possibly some allosteric modification of the enzyme 
results in an inhibition of an early step in DNA synthesis-maybe at 
the level of the initial induction of DNA polymerization by a primer 
molecule (see later). 

Another set of antibiotics which have been analyzed for their effect 
on the in vitro reverse transcriptase reaction are the streptovaricins A, 
C, and D, as well as the streptovaricin complex of antibiotics, 
to1ypomycin, streptolidigan, and geldanomycin (Brockman et al., 1971; 
Gurgo et al., 1971). It has been shown that some inhibition of reverse 
transcriptase activity can be obtained by treatment with members of 
the streptovaricin complex or by streptovaricins A, C, and D, but only 
at relatively high drug concentrations (400 J,lg/ml). The site where these 
antibiotics inhibit is not kn9wn (Green and Gerard, 1974). 

Aminopiperazines (AP4, AP5, and AP8) have been found to be 
poor "inhibitors of MuSV DNA polymerases (Gurgo et al., 1971). 
However, the same authors reported that actinomycin D, a potent 
inhibitor of cellular DNA-directed RNA polymerases, was a partial 
inhibitor (50-70%) of the endogenously templated MuSV(MuL V) 
reverse transcriptase when used at concentrations of 20-100 J,lg/ ml. 
They suggested that probably the synthesis of RNA-directed DNA was 
not inhibited whereas the subsequent synthesis of DNA-directed DNA 
synthesis was inhibited. This was confirmed when they showed that 
addition of exogenous DNA to a reaction mixture increased product 
DNA synthesis sevenfold over the endogenous levels but that this 
increase was almost completely abolished by addition of 100 J,lg 
actinomycin D per milliliter. The sevenfold increase was not, however, 
inhibited by addition of similar amounts of ribonuclease. 

The conclusions drawn by Green and collaborators regarding the 
mode of inhibition by actinomycin D were corroborated by Manly et 
al. (1971) using M uL V and confirmed the predictions by J. Michael 
Bishop and associates concerning the effect of actinomycin D on the 
RSV reverse transcriptase reaction (Garapin et al., 1970). Since 
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actinomycin D does not prevent the formation of RNA: DNA duplexes 
by the reverse transcriptase reaction (Garapin et al., 1970; Manly et al., 
1971; McDonnell et al., 1970), and the antibiotic is known to inter
calate its planar polycyclic ring in duplex DNA between base-paired 
dinucleotide sequences involving G: C base pairs (Sobell and Jain, 
1972), but only poorly to DNA: RNA duplexes, single-stranded RNA 
or DNA, or double-stranded RNA polymers, it has been concluded 
that the action of the antibiotic is at the stage of duplex DNA synthe
sis. How duplex DNA is obtained in the reverse transcriptase reaction 
is not known, so that the exact site at which actinomycin D inhibits 
duplex DNA synthesis is still conjectural. 

Some inhibition by daunomycin of MuLV, MuSV(MuLV), and 
RSV DNA polymerase activities has been reported by several labora
tories (Mueller et al., 1971; Chandra et al., 1972) using relatively high 
concentrations (70 J.Lg/ml) of the antibiotic. Daunomycin is also a 
substance which can intercalate into DNA (Krueger and Mayer, 1970). 
Effects of the antibiotic on both the endogenous and DNA-templated 
reverse transcriptase reaction have been reported. 

Distamycin and analogues have been shown to be poor inhibitors 
of the endogenously templated reactions of RSV, MuLV, and 
MuSV(MuLV), but better inhibitors of those three viral polymerases 
when templated with certain synthetic templates-particularly those 
containing deoxyadenosine and thymidine (Chandra et al., 1972; Kotler 
and Becker, 1971, 1972). Again these antibiotics are believed to inhibit 
the reaction by intercalating into DNA. Another intercalator, ethidium 
bromide, has been demonstrated to be a potent inhibitor at 0.01 mM 
concentration for both the endogenous and exogenously templated 
reverse transcriptase reactions, again depending (l) the constitution of 
the template (e.g., particularly with those templates containing 
deoxyadenosine and thymidine) and (2) the enzyme source (Fridlender 
and Weissbach, 1971; Hirschman, 1971; Mueller et al., 1971). 

A set of drugs which have been shown to be active against the 
MuSV(MuLV) or MuLV reverse transcriptase reactions (Chandra et 
al., 1972) are the polycyclic aromatic compounds related to 
fluoranthrene (e.g., tilorone). Green and associates showed that 
fluoranthrene derivatives (e.g., anthraquinone, dibenzofuran, fluorene, 
fluorenone, and xanthenone) at concentrations as low as 0.002 mM 
inhibited the purified reverse transcriptase of AMV when templated by 
either synthetic polynucleotides, activated calf thymus DNA, or 70 S 
oncornavirus RNA (Green and Gerard, 1974). They postulated that 
these compounds may also derive their antipolymerase activity by inter-
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calating between specific nucleotide sequences on a template nucleic 
acid. 

Other compounds which have been shown to inhibit the poly
merase activity are acridine orange, bleomycin, chromomycin, Congo 
red, histone, olivomycin, protamine, calcium elenolate, thiose
micarbazide, and N-methylisatinthiosemicarbazone (Green and Gerard, 
1974; Hirschman, 1972; Levinson et al., 1973). Neither mitomycin C 
nor chloroquinone inhibits reverse transcriptase activities (Mueller et 
al., 1971). 

Other than antibiotics and drugs, inhibitory effects have been 
noted with (1) synthetic polynucleotides such as 0.1 mM poly(U) 
(Tuominen and Kenney, 1971) and poly[(2' -O-methyl)inosinate] (Green 
and Gerard, 1974), (2) nucleoside triphosphate analogues such as 
arabinofuranosylcytosine triphosphate (using MuL V and synthetic tem
plates, Tuominen and Kenney, 1971), and (3) salts of cadmium, copper, 
mercury, nickel, silver, and zinc (Levinson et al., 1973). In this context, 
it should be borne in mind that the AMV and possibly other viral 
reverse transcriptases are probably a zinc metalloenzyme containing 1 
g-atom zinc per mole of enzyme (Poiesz et al., 1974). 

From all these studies on the effects and modes of action of anti
biotics or drugs on the reverse transcriptase reaction, several important 
practical consequences have developed. First, it has been possible to 
define experimentally the reverse transcriptase reaction into two basic 
phases, an RNA-directed synthesis of DNA and a DNA-directed syn
thesis of DNA. Second, by using actinomycin D to block the latter 
reaction, it has been possible to produce single-stranded DNA and 
RNA: DNA duplexes (Garapin et al., 1973; Ruprecht et al., 1973). Since 
RNA can be easily removed from RNA: DNA duplexes by alkali diges
tion or ribonuclease treatment after heat denaturation, these reaction 
products have been converted into sources of single-stranded viral com
plementary DNA (vcDNA) which have been used as probes for deter
mining viral homologies and detecting viral nucleic acid sequences in 
infected cells, tissues, or tumors (see review by Green and Gerard, 1974). 

Since certain antibiotics and drugs are obviously potent inhibitors 
of the in vitro reverse transcriptase reaction, the natural question which 
has been asked is what are their effects in vivo. A detailed discussion of 
the relevant experiments performed to answer that question is outside 
the scope of this chapter. However, certain claims have been made 
which will be summarized briefly below in the context of what is cur
rently known about the oncornavirus infection process. 

Although the processes involved in cell transformation induced by 
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an oncornavirus infection are poorly understood, both genetic and 
other evidence indicate that an early activity of the virion reverse 
transcriptase is required in an infected cell for transformation to occur. 
The mutant RSV(a) lacks a functional reverse transcriptase or even 
any virion proteins identifiable as reverse transcriptase proteins. It does 
not synthesize DNA in infected cells, nor does it possess the ability to 
transform chick cells (Hanafusa and Hanafusa, 1971; Hanafusa et al., 
1972; Weissbach et al., 1972). Certain temperature-sensitive, condi
tional lethal mutants of RSV (Linial and Mason, 1973; Mason et al., 
1974; Verma et al., 1974a) or R-MuLV (Tronick et al., 1975) have been 
shown to possess thermolabile reverse transcriptases. These RSV 
mutants are also defective in their ability to transform cells at nonper
missive temperatures. The inability either of these or of the RSV ts 
mutants to give transformation has been shown to be an early function so 
that after a few hours at permissive temperatures, shifting infected cells 
to nonpermissive temperatures does not inhibit the maintenance or con
tinuation of transformation. Similar results have been obtained for 
MuSV(tsR-MuLV) pseudotypes (Tronick et al., 1975). Such evidence 
indicates that the activity of the virion reverse transcriptase is an early, 
obligatory, function. As will be discussed later in this chapter, it is cur
rently believed that upon infection the viral reverse transcriptase supplies 
a DNA copy of the viral genome and that this copy is then made into a 
closed circular DNA which is integrated into, and then replicated along 
with, the host's genome. The enzymes responsible for replicating viral 
DNA or transcribing viral RNA from that DNA have not been 
characterized, but the viral reverse transcriptase does not seem to be one 
of those enzymes. There is no known function of the reverse 
transcriptase enzyme late in an infection; however, the door is not shut 
on the possibility that reverse transcriptases may be involved either as 
backup viral DNA replication enzymes or in continuously or occa
sionally providing DNA copies from RNA sequences. 

In considering, therefore, whether drugs and antibiotics known to 
be effective in vitro on the activity of a viral reverse transcriptase might 
also inhibit the in vivo activity of a viral reverse transcriptase, what has 
to be considered is the stage at which such potential inhibitors exhibit 
their maximum effect. Clearly early in an infection is one point at 
which an antiviral reverse transcriptase inhibitor might be expected to 
be effective. However, if an antiviral reverse transcriptase inhibitor 
inhibits an infected cell late in an infection, then there is a good possi
bility that its effect is not against the viral enzyme but against some 
other cellular component. Ideally, late in an infection drugs should be 
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used that are capable of selectively inhibiting viral RNA transcription 
from integrated DNA (or closed circular DNA) sequences, as well as 
host transformation specific transcription processes. 

One further point which should also be borne in mind in these 
considerations before weighting the importance of the effects of inhibi
tors on transformed cells is the overall toxicity of the drug to a 
"normal" cell. When the required concentration of a drug approaches 
or equals that at which "normal" cells are killed, the value of the 
inhibitor is obviously slight. 

Many of the antibiotics or drugs listed and discussed in preceding 
paragraphs of this section have been tested in vivo, and a variety of 
claims have been made concerning their effects. As far as the 
rifampicin derivatives are concerned, in early studies it was reported 
that rifampicin itself (not an inhibitor of in vitro reverse transcriptase 
activity) inhibited RSV -induced chick cell transformation, focus forma
tion, but not virus replication (Diggelman and Weissman, 1969). The 
optimal effectiveness of the antibiotic was shown to be between 36 and 
60 h postinfection. Vaheri and Hanafusa (1971) obtained similar results 
except that they showed that following rifampicin treatment cell 
transformation occurred, but cell division did not. Other investigations 
have indicated that, depending on the concentration of antibiotic 
employed, both RSV -induced focus formation and virus replication are 
inhibited but that at those antibiotic concentrations normal cell growth 
is also affected (Richert and Balduzzi, 1971; Robinson and Robinson, 
1971 ). 

It has been claimed that the rifampicin derivative AF / ABDMP 
inhibits virus replication, MuSV -directed cell transformation, chemi
cally induced rat tumors, and MuLV-induced cell transformation 
(Calvin et at., 1971; Green et at., 1972; Hackett and Sylvester, 1972 
a,b; Joss et at., 1973). Since the levels used were shown to be inhibitory 
in vitro to nonviral polymerases (e.g., normal cell DNA polymerase), it 
is not known whether these effects represent inhibitions specific to the 
reverse transcriptase or general inhibitions of one or more normal 
cellular polymerases (Greenet at., 1972). It has also been reported that 
certain rifampicin derivatives do not inhibit RSV -induced focus 
formation but do inhibit virus replication in transformed cells (Barlati 
and Vigier, 1972a,b). 

The streptovaricin antibiotics have been shown to inhibit MuSV
induced focus formation and spleen enlargement in R-MuL V -inocu
lated mice (Borden et al., 1971; Carter et at., 1971). Although the drug 
levels used were lower than those found to be toxic for normal cell 
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growth, the possibility of increased sensitivity of transformed cells 
being the cause cannot be discounted. Distamycins and fluorenone de
rivatives have also been claimed to inhibit MuSV-induced focus forma
tion (Chandra et al., 1972; Green and Gerard, 1974; Kruegar and Mayer, 
1970). 

What future value the anti-reverse transcriptase drugs will have in 
the treatment of cancer remains to be seen; suffice it to say here that 
several compounds have been extensively studied in vitro (and to some 
extent in vivo) and shown to be effective in one way or another against 
the reverse transcriptase enzyme and/or against oncornavirus-induced 
processes. Identification and characterization of specific transcription 
processes involved in maintenance of the transformed state or viral 
transcription from DNA (if they exist) are major hurdles to be over
come before these or other drugs can be developed as specific agents 
which will interfere with the neoplastic state. 

1.2. In Vivo Assays for Virion RNA or DNA Polymerases 

It has been documented in the preceding section that members of 
eight major groups of viruses (arenaviruses, bunyaviruses, orthomyxo
viruses, paramyxoviruses, poxviruses, oncornaviruses, reoviruses, and 
rhabdoviruses) possess virion polymerases. Do all members of these 
eight virus groups possess demonstrable quantities of such enzymes? 
The presumption in that question is that some viral polymerases may 
require certain cell cofactors before they can function. Such cofactors 
are not unlikely in view of the recent evidence for mRNA modification 
(see Shatkin et al., Chap. 1, this volume). Requiring host cofactors 
could result in a tropism of a virus for one form of differentiated cell 
but not another. Although the answer to the question of whether all 
members of the different virus groups possess demonstrable enzyme 
activities requires investigations of hundreds of viruses-many of which 
have yet to be cloned, grown, and analyzed-in one particular case, 
that of rabies virus, the presence of a virion polymerase in preparations 
of the virus has proved hard to demonstrate. In in vitro reaction assays 
in which various reaction ingredients have been optimized (including 
the addition of polyanions or SAM), the highest in vitro RNA 
polymerase activity observed in our laboratory with freshly prepared 
preparations of rabies HEP virus is 5 pmol nucleotide incorporated per 
hour per milligram of protein. No DNA polymerase activity has been 
detected. Reaction incubations which yield this small amount of RNA 
synthesis have a temperature optimum of 33°C and give a linear incor-
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poration of nucleotides into acid-insoluble material for 40 min, but no 
longer. Mixtures of rabies preparations and preparations of VSV 
Indiana viruses synthesize RNA in amounts equivalent to those 
expected for the VSV contribution. It appears, therefore, that no 
ribonuclease or other general inhibitor is responsible for the low level of 
demonstrable transcriptase activity in rabies virus preparations. In 
order to determine whether rabies, a type-member of the rhabdovirus 
group of viruses, possesses a virion RNA polymerase, another 
approach has been utilized, namely that of seeking in vivo transcription 
in the presence of inhibitors of de novo protein synthesis, puromycin, 
and/ or cycloheximide. 

The in vivo assay which has been developed (Flamand and Bishop, 
1973) allows the detection of small amounts of virus-complementary 
RNA synthesized in infected cells from the infecting virion genomes 
(primary transcription). The procedure basically involves using 
(3H]nucleoside-Iabeled virus preparations of high specific activity to 
infect cells at multiplicities as low as 5 PFU per cell, incubating the 
cells in the presence of inhibitors of protein synthesis (puromycin and/ 
or cycloheximide at 50-100 J,Lg/ ml), extracting the cell nucleic acids, 
and determining the presence and amounts of virus-complementary 
RNA therein by self-annealing the extracted nucleic acids and deter
mining the increase in ribonuclease resistance of the 3H label (Fig. 6A). 
By annealing samples of the infected cell nucleic acids to excesses of 
added viral [3H]RNA and determining the maximum increase in 
[3H]ribonuclease resistance, the total quantity of intracellular virus
complementary RNA can be determined. 

The results of such in vivo analyses for VSV -infected BHK cells 
are shown in Fig. 6B (Flamand and Bishop, 1974). Such in vivo 
primary transcription assays have demonstrated virus-complementary 
RNA synthesis in rabies-infected cells in both the presence and the 
absence of protein synthesis (Fig. 7), and this observation raises the 
possibility that cell factors or conditions are necessary before rabies
directed RNA transcription can occur (Bishop and Flamand, 1975). 
Whether rabies utilizes some intracellular protein or polymerase is an 
open question which needs further investigation. 

Certain temperature-sensitive (ts) mutants of VSV Indiana belong
ing to the group I complementation group of ts mutants exhibit little or 
no synthesis of virus-complementary mRNA in infected cells at non
permissive temperatures (usually 39-40°C). Reduced synthetic capa
bility is also apparent for mutants belonging to complementation group 
IV or some group II mutants, but not for those belonging to group V or 
group III (see reviews by Pringle, 1975; Bishop and Flamand, 1975; 
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Fig. 7. RNA synthesis by rabies in BHK cells. The synthesis of rabies (HEP strain) 
virus-complementary RNA in BHK cells in the presence or absence of cycloheximide 
was determined as described in Fig. 6B. Data of Bishop and Flamand (1975). 

Bishop and Smith, 1976). Do virions of mutants of complementation 
groups I, II, and IV possess thermolabile polymerases? 
Answering this question by in vitro analysis is immediately ruled 
out by the fact that the in vitro temperature optimum for sustained 
RNA synthesis is between 28°C and 32°C, even for preparations of 
wild-type virus (Aaslestad et al., 1971). Not only is the in vitro 
temperature optimum lower than the optimal in vivo temperature for 
growing virus in cells, but also the in vitro kinetics of RNA synthesis at 
37°C, as well as the genome complexity of the product that is made, is 
different from that obtained at 28-32°C (Bishop, 1971; Bishop and 
Roy, 1971b). Consequently any results obtained in vitro with ts mutants 
of VSV Indiana could reflect quirks of the in vitro assay rather than the 
true expression (or lack of expression) of a thermolabile viral function. 

Through the use of in vivo transcription analyses described above. 
it has been possible to show that some but not all ts mutants of group I, 
and all VSV Indiana ts mutants of group IV so far investigated, 
perform primary transcription at nonpermissive temperatures, as does 
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the only group II mutant (tsII52) so far investigated (Bishop and 
Flamand, 1975; Bishop and Smith, 1976; Flamand and Bishop, 1973, 
1974). It has been concluded, therefore, that some ts mutants of VSV 
Indiana belonging to group I have temperature-sensitive (i.e., thermola
bile) polymerase activities and some have poly me rases which when 
synthesized at 31°C are functional (i.e., thermostable) at high tempera
tures (Flamand and Bishop, 1974). 

There are several advantages to the in vivo procedure for detecting 
and analyzing virion polymerase activities. Answers to a variety of 
questions can be obtained which in vitro assays cannot answer or for 
which in vivo product labeling procedures either are too insensitive or 
are confused by the background of cell-directed nucleic acid synthesis. 
For instance, is primary transcription influenced by the host cell type? 
What is the effect of interferon pretreatment (or interferon inducer 
pretreatment) on the ability of a virus to transcribe nucleic acid? Is 
transcription complete? What are the rates of viral complementary 
RNA synthesis? How is the process affected by drugs or temperature 
changes? Where does primary transcription take place? etc. etc. 
Answers to some of these questions have been obtained for VSV and 
other viruses and will be described later. 

In vivo assays for detecting virion (as opposed to intracellular 
virus-induced) RNA polymerases have been applied to a variety of 
virus types, including members of the reoviruses, poxviruses, rhabdo
viruses, bunyaviruses, and orthomyxoviruses. The results obtained will 
be discussed for each virus type in later sections. 

2. PROOF THAT POLYMERASES ARE VIRION 
COMPONENTS 

Evidence that a polymerase activity observed to be associated with 
a virus preparation is indeed a virion function has been obtained for 
most viruses by demonstrating (1) that the enzyme activity is present in 
material possessing the same density as infectious viral particles and (2) 
that the polymerase is present in the viral core in association with the 
nucleocapsid. Additional evidence which has been obtained for some, 
but not all, viruses is (3) that the enzyme activity can be purified from a 
virus preparation and that it is antigenically or enzymatically distinct 
by comparison to similar viruses grown in the same cell type, and/or 
(4) that an enzyme isolated from a purified virus preparation is required 
for the infectivity of the nucleocapsid. In addition, for some viruses, 
certain temperature-sensitive mutants have been shown to possess a 
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thermolabile polymerase function (either in vivo or in vitro). These cri
teria for concluding that polymerase activities associated with viral 
preparations are indeed virion functions (and in some cases clearly 
virus-determined functions) are discussed below. 

2.1. Association of Polymerase Activities with Virus Particles 

In the initial pioneering studies with poxviruses (rabbitpox and 
vaccinia), it was shown that the polymerase activity was present in 
material which could be recovered from an equilibrium gradient in the 
position where virus particles were present (Kates and McAuslan, 1967; 
Munyon et al., 1967). This was confirmed later for Yaba poxvirus 
(Schwartz and Dales, 1971). 

Studies with reovirus (Borsa and Graham, 1968; Shatkin and Sipe, 
1968), bluetongue virus (Martin and Zweerink, 1972; Verwoerd and 
Huismans, 1972), cytoplasmic polyhedrosis virus (Lewandowski et al., 
1969), and wound tumor virus (Black and Knight, 1970) have also 
demonstrated that for these diplornaviruses an RNA polymerase 
activity coincided in an equilibrium gradient with infectious virus parti
cles or was present in preparations identified by electron microscopy to 
contain virus particles. Analyses of other virus types (rhabdoviruses, 
arenaviruses, orthomyxoviruses, paramyxoviruses, bunyaviruses, and 
oncornaviruses) have given similar results. 

Another piece of evidence which indicates that polymerase func
tions reside within virus particles is provided by the demonstration that 
polymerase activity can often only be observed following teatment of a 
virus preparation with materials which disrupt the virus particle. This 
has been discussed in preceding sections. 

Additional evidence that a polymerase is a virus-associated activity 
has been provided by the demonstration that subviral nucleocapsids 
possess some, most, or all of the polymerase functions. 

Although, as will be described later, the identification of the 
polypeptides responsible for poxvirus or reovirus polymerase activities 
has eluded diligent research, for certain oncornaviruses and 
rhabdoviruses the polypeptides responsible for the enzyme activity have 
been purified and shown to be virion components. In the case of 
influenza virus, or the paramyxoviruses NOV and Sendai, identification 
of the polymerase protein(s) has been narrowed to a few of the 
structural polypeptides (Bishop et al., 1972; Hightower et al., 1975; 
Stone et al., 1972; Robinson, 1971b; Zaides et al., 1975). Other virus 
systems either have not been studied or are in the same category as the 
myxoviruses. 
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Various procedures can be used to relate enzyme activity to a 
subviral core. One simple procedure which we have found to be suc
cessful for a variety of lipid-enveloped viruses involves treating a virus 
preparation with a nonionic detergent in the presence of 1 M NaCl and 
subjecting the mixture to polyethylene glycol-dextran T500 phase 
separation. For VSV Indiana and other rhabdoviruses, as well as for 
the orthomyxovirus influenza A, strain WSN, all of the initial 
endogenously templated virion transcriptase activity is recovered in the 
dextran phase while all of the viral glycoprotein and nonglycosylated 
membrane proteins are recovered in the polyethylene glycol phase 
(Bishop and Roy, 1972; Hefti et a/., 1975). Since for both virus types all 
of the viral RNA, nucleoproteins as well as some of the minor proteins, 
is also recovered in the dextran phase, these results suggest that the 
viral polymerase functions are associated with the nucleocapsid cores 
of those viruses. 

Another procedure which has been successfully applied to 
influenza virus preparations is to centrifuge the detergent-dissociated 
material in a velocity gradient and demonstrate (1) that enzyme activity 
is recovered in association with the viral nucleocapsid and (2) that these 
nucleocapsids lack the major structural glycoproteins and membrane 
protein (Bishop et a/., 1972). Studies by Emerson and Wagner (1972) 
involving separation of VSV Indiana nucleocapsids from solubilized 
viral components by differential centrifugation have also provided 
definitive evidence that the polymerase resides in the nucleocapsid core. 

2.2. Purification of Viral Polymerases 

The clearest proof that a polymerase is a component of a virus is 
the purification of the enzyme polypeptides and a demonstration that 
not only are those polypeptides always found in viral particles but also 
are capable of transcribing and rendering infectious the enzyme-strip
ped nucleocapsid. Such unambiguous proof has yet to be obtained for 
poxviruses, reoviruses, paramyxoviruses, orthomyxoviruses, bunya
viruses, or arenaviruses. It has been obtained by Emerson and collabo
rators for the rhabdovirus VSV Indiana (Bishop et al., 1974; Emerson 
and Wagner, 1972, 1973; Emerson and Yu, 1975). 

It has been shown that both purified L protein and NS protein are 
required to transcribe the genome of VSV Indiana (Emerson and Yu, 
1975). The additional fact that removal of the transcriptase proteins 
results in loss of the ability to productively infect a cell (Szilagyi and 
Uryvayev, 1973) and restoration of these proteins restores that ability 
as well as transcriptase activity (Fig. 8 and Table 6) (Bishop et al., 



20 A 40 B 
VSV Indiana atone Cocal alone 

'" 

/ 30 
vsv pellet 

'0 vs V supernatant M 

0 \ '" 
0 

X Y X Cocal petret 

E 10 E 20 
su;e\\tQ~y'" 0. 0. 

Cocal 
v '" v 

0.. 0.. 

'" '" "'/ 
M "" 

10 

Cocal pellet 

; 6Coca' supernatant 

60 120 60 120 

time (min) time (min) 

400 C 40 0 
Virus mixtures Virus mixtures 

300 30 

':' M 

0 Cocal pellet 0 
'" X vsv sup~rnQtQny X vsv pellet 

E 200 E 20 
0. "\'" 0. Cocal su~ernQtQnt ~'" 
v ",/ 

v 

0.. 0.. "\'" '" '" "'/ M M 

100 ",/ 10 

'" 

60 120 60 120 

time (min) time (min) 

Fig. 8. Reconstitution of transcriptase activity from homologous and heterologous 
combinations of templates and enzymes of various rhabdoviruses. In (A-D), the 
reconstitution of transcriptase activity by dissociated components of VSV (Indiana 
serotype) and Cocal viruses is shown. Purified preparations of [3Hluridine-Iabeled VSV 
Indiana and Cocal viruses were dissociated as described by Bishop et af. (1974). Sam
ples of each fraction were assayed for transcriptase activity either separately or in the 
indicated combinations. The initial VSV Indiana virus preparation possessed a specific 
enzyme activity of 118 pmol [32PlUMP incorporated per hour per 10' 3H cpm viral 
RNA. The observed reconstituted VSV template plus VSV supernatant specific activity 
was equivalent to 130 pmol [32PlUMP incorporated per hour per 10' 3H cpm. The 
initial Cocal virus preparation possessed a specific enzyme activity of 94 pmol 
[32PlUMP incorporated per hour per 10' 3H cpm. The observed reconstituted Cocal 
template plus Cocal supernatant specific activity was equivalent to 7.S pmol [32PlUMP 
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incorporated per hour per 10' 3H cpm while that of the Cocal template plus VSV 
supernatant was 80 pmol per hour per 104 3H cpm. In (E-J), the reconstitution of 
transcriptase activity by dissociated components of VSV (Indiana serotype), VSV (New 
Jersey serotype), and Chandipura viruses was attempted. Purified preparations of 
[3H]uridine-labeled VSV Indiana, VSV New Jersey, and Cocal viruses were dissociated 
as described by Bishop et al. (1974). Samples of each fraction were assayed for 
transcriptase activity either separately or in the indicated combinations. The initial 
specific activities of the virus preparations of VSV Indiana, VSV New Jersey, and 
Chandipura were 95, 54, and 47 pmol [32P]UMP incorporated per hour per 104 3H cpm 
of virus RNA, respectively. The specific activities of the homologous reconstituted 
activities of VSV Indiana, VSV New Jersey, and Chandipura viruses were 92, 60, and 
50 pmol [32P]UMP incorporated per hour per 10' 3H cpm of RNA, respectively. Data 
of Bishop et al. (1974). 
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1974) is the final proof needed to demonstrate that the viral 
transcriptase is a required structural component of the VSV virion. 

Partial or complete purification of various oncornavirus reverse 
transcriptases has also been reported (Abrell and Gallo, 1973; Abrell et 
aJ., 1975; Baltimore and Smoler, 1972; Duesberg et al., 1971a; Faras et 
aJ., 1972; Gerard and Grandgenett, 1975; Gerwin and Milstein, 1972; 
Grandgenett et aJ., 1973; Howk et aJ., 1973; Hurwitz and Leis, 1972; 
Kacian et aJ., 1971; Leis and Hurwitz, 1972a,b; Livingston et al., 
1972a,b; Miller and Wells, 1971; Moelling, 1974, 1975; Moelling et aJ., 
1971; Robert et al., 1972; Ross et al., 1971; Tronick et aJ., 1972; 
Twardzik et aJ., 1974; Verma, 1975; Verma and Baltimore, 1973; Wells 
and Fluegel, 1972). 

2.3. Antigenic Comparisons of Virion Polymerases from Similar Virus 
Types 

Few serological comparisons of polymerases or polymerase 
components are available for arenaviruses, bunyaviruses, orthomyxo
viruses, paramyxoviruses, poxviruses, rhabdoviruses, or reoviruses. 

Only one report exists concerning antigenic comparisons of 
rhabdovirus transcriptase components, and that is for VSV Indiana and 
its distant cousin VSV New Jersey. Imblum and Wagner (1975) 
demonstrated that antibody made against whole VSV Indiana or 
purified VSV Indiana NS phosphoprotein was unable to inhibit the 
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TABLE 6 

Reconstitution of Infectivity by Dissociated Components of VSV (Indiana 
Serotype), VSV (New Jersey Serotype), Cocal, and Chandipura Virusesa 

Component mixtures PFU Increase 

VSV Indiana pellet .......................... less than 2 x 10'" 
VSV Indiana supernatant ..................... less than 20' 
VSV Indiana pellet and VSV Indiana 

supernatant ............................... 6 X 105 .... at least 3000-fold 
Cocal pellet ................................ less than 10'" 
Cocal supernatant ..... . . . . . . . . . . . . . . . . . . . . .. less than 17* 
Cocal pellet and Cocal supernatant. . . . . . . . . . . .. 1.2 X 103 · ..... at least 12-fold 
VSV New Jersey pellet ....................... 3 x 10' 
VSV New Jersey supernatant .................. less than 10'" 
VSV New Jersey pellet and VSV New Jersey 

supernatant ............................... 4 X 105 · ............ 13-fold 
Chandipura pellet ........................... 10' 
Chandipura supernatant ...................... less than 10'" 
Chandipura pellet and Chandipura superna-

tant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 X 105 · ............ 20-fold 
VSV Indiana pellet and VSV New Jersey 

supernatant" .............................. 2 x 10' none" 
VSV Indiana pellet and Chandipura superna-

tant" .................................... 3 x 10' .............. none" 
VSV Indiana pellet and Cocal supernatant 1.5 x 10' · ............ 75-fold 
Cocal pellet and VSV Indiana supernatant ...... 4 X 10' · . . . . .. at least 4-fold 
VSV New Jersey pellet and VSV Indiana 

supernatant" .............................. 4 x 10' .............. none 
VSV New Jersey pellet and Chandipura super-

natant ................................... 6 x 10' .................. 2 
Chandipura pellet and VSV Indiana superna-

tant" .................................... 10' .............. none 
Chandipura pellet and VSV New Jersey super-

natant ................................... 2 x 10' .................. 2 

a Purified preparations of VSV Indiana, VSV New Jersey, Cocal, and Chandipura viruses were 
dissociated, and the pellet (= RNA-N) and supernatant (= transcriptase) were assayed 
separately or in combinations as described by Bishop e/ af. (1974). The PFU observed is 
expressed as the total obtainable for the complete 0.35 ml fraction (or 0.70 ml combination). In 
some instances, no plaques were observed at the lowest dilutions plated (*). Homologous 
reconstitution of infectivity was significantly greater than the component infectivities. 

"In these combinations, different VSV Indiana pellet and supernatant preparations were used 
possessing 4 x 10' and less than I x 10' PFU, respectively. Other than Cocal-VSV Indiana 
combinations, heterologous reconstitution of infectivity was not significantly different from the 
template infectivities; however, small quantities of heterologous reconstitution (less than 10') 
would have been missed. 
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endogenously templated transcriptase activity of VSV New Jersey 
under conditions in which either antibody preparation did inhibit chain 
elongation (82-89%) by VSV Indiana transcriptase. This result points 
to the degree of evolutionary divergence that those two viruses have 
experienced (see review by Bishop and Smith, 1976). 

Scholtissek et al. (1971) showed that. in fowl plague convalescent 
serum antibodies existed that inhibited the polymerase activity of six 
human, avian, or equine influenza A strains but not the influenza B 
strain Lee or the paramyxovirus NDV. The similar inhibitions of the 
various A strains by these antibodies suggest that the polymerase 
enzymes of influenza A strains are homologous to each other but dis
tinct from those of influenza B, strain Lee. 

Antibody raised against purified, semi purified, or unpurified 
reverse transcriptases of various oncornaviruses has been used to 
determine the relatedness of those polymerases. Nowinski et al. (1972) 
demonstrated, using a monospecific antiserum raised against purified 
AMV reverse transcriptase (Watson et al., 1972), that the DNA 
polymerase activities of both. AMV and RSV were inhibited to similar 
extents by antibody treatment, suggesting that these two enzymes 
possess at least some similar primary sequences. This has been con
firmed by comparative polypeptide mapping (Gibson and Verma, 
1974). Antibody against AMV did not neutralize chick cell polymerases 
or the reverse transcriptases of the avian reticuloendotheliosis virus 
(REV), murine oncornaviruses (MuMTV, R-MuLV), feline leukemia 
virus (FeLV), visna virus, or the monkey isolate M-PMV. It did neu
tralize both Rous sarcoma and Rous-associated viruses of various sorts, 
and it was shown that the antibody did not react with other structural 
antigens of AMV. Panet et al. (1975a) have developed a sensitive 
radioimmune assay involving rat antiserum made against the AMV 
enzyme and 125I-Iabeled pure enzyme. They confirmed the relatedness 
of AMV and RSV enzymes and detected a small proportion of anti
genic sites on the AMV enzyme which were not present on the RSV 
enzyme. 

Mizutani and Temin (1973) using antibodies raised against AMV 
also confirmed Nowinski's results and demonstrated that the viral 
reverse transcriptases of various avian reticuloendotheliosis-type viruses 
(i.e., CSV, DIA V, REV, TDSNV) were not related to the avian 
leukemia-sarcoma viruses (e.g., AMV, avian induced leukosis virus, 
RSV, RAV), nor was the AMV enzyme homologous to two cellular 
DNA polymerases. 

Antibody produced against mammalian C-type oncornaviruses has 
been shown to be incapable of inhibiting avian virus reverse 
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transcriptases but capable of inhibiting certain, but by no means all, 
mammalian C-type viral reverse transcriptases (Aaronson et al., 1971; 
Oroszlan et al., 1971; Parks et al., 1972; Sherr et al., 1975). Antisera 
against the reverse transcriptase of FeLV and R-MuLV showed recip
rocal cross-reactivity but did not significantly inhibit the enzymes of 
five other C-type viruses (GALV, M7, PK, RDl14, and SSAV). 
Antisera against the monkey SSA V inhibited the enzyme of a gibbon 
ape virus (GAL V) and cross-reacted to lesser extents with the enzyme 
of pig (PK) virus or with Rauscher murine leukemia virus. Antiserum 
against GALV gave similar results, although less cross-reactivity was 
obtained with the murine than with PK enzyme. Antiserum raised 
against the pig (PK) viral enzyme strongly inhibited SSA V and GAL V 
and to a lesser extent R-MuLV. Interestingly, antiserum against 
RD114 and the baboon endogenous virus M7 reciprocally cross-reacted 
but showed no inhibition of the polymerases of the other five viruses 
tested (R-MuLV, FeLV, SSAV, GALV, or PK). From such data, 
Sherr and associates concluded that they could identify three sets of 
interspecies antigenic determinants for polymerases from different 
groups of mammalian C-type viruses. 

3. PRODUCT ANALYSES OF VIRION POLYMERASE 
REACTIONS 

In most analyses of transcnptlOn products synthesized by 
endogenously templated virion polymerases, the product alone is 
analyzed. In many cases this is sufficient, although analyses involving 
both labeled template and product have certain advantages, not the 
least of which is the ability to monitor the fate and integrity of the tem
plate species as a function of the reaction time course. In several of the 
results described below, use has been made of pH]nucleoside-labeled 
virus in reaction mixtures containing [a32P]nucleoside triphosphates. 
The feasibility of having both template and product labeled depends on 
the system being studied and cost of performing dual isotope experi
ments. Procedures are available for the synthesis of high specific 
activity [32P]ribo- or p2P]deoxyribonucleoside triphosphates labeled in 
the a, {3'Y, or 'Y position (Bishop, 1973). Most 3H_ or 32P-Iabeled 
triphosphates are also available commercially. After a reaction incuba
tion, excess precursor-labeled triphosphates can be conveniently 
removed from the product nucleic acids by SDS-phenol extraction 
followed by Sephadex G50 column chromatography (Bishop, 1973). 
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Product analyses can be performed using a variety of procedures 
in order to determine (1) its size, using sucrose gradient centrifugation 
or polyacrylamide or agarose-polyacrylamide gel electrophoresis; (2) 
the product base ratio and nearest-neighbor ratios (for product labeled 
by [a-32P]nucleoside triphosphates); (3) the sequences at the 5' and 3' 
ends; (4) the strandedness of the product (single or double stranded) as 
determined by its resistance to single-strand-specific nucleases; (5) the 
nature of the transcriptive intermediates; (6) the association of product 
with the template nucleic acids as monitored by gels, or cesium sulfate 
centrifugation (e.g., to resolve RNA: DNA duplexes from single
stranded RNA or double-stranded DNA); (7) the presence or absence 
of virus-complementary nucleic acid sequences as determined by the 
extent that the product can anneal to viral RNA; (8) the integrity of 
virus-complementary mRNA as determined by its ability to be trans
lated; (9) the repetitive nature of the transcription process; (10) the 
completeness of transcription and the proportional representation of 
the various products. From such analyses, answers to two important 
questions can be obtained. How is product nucleic acid synthesized? 
How is its synthesis regulated? 

Apart from the obvious interest in determining the mechanism and 
specificity of mRNA or DNA transcription, the question of mRNA 
transcriptional control is one which is important in order to understand 
how a virus regulates the production of its own proteins. For several of 
the RNA virus types listed in Table 1, the mRNA species are shorter 
than the viral genome from which they are transcribed; therefore, the 
questions of whether replication initially involves the same sequence of 
events as transcription and how transcription of mRNA and viral 
genome replication are interrelated are also important ones to be 
answered. What is known about these processes for various virus types 
which possess virion polymerases will be discussed below in relation to 
the virus type, and in consideration of both in vitro and in vivo 
analyses, as well as in relation to what extent the in vitro analyses 
reflect what occurs in vivo. 

3.1. Arenaviruses 

There is only one published report concerning the presence of a 
virion RNA polymerase in preparations of the arena virus Pichinde 
(Carter et al., 1974). No viral reverse transcriptase has been detected in 
Pichinde preparations. The reaction requirements for demonstrating 
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polymerase activity and the synthesis of RNA have been shown to be 
essentially similar to those used for the orthomyxovirus influenza A, 
strain WSN (e.g., a requirement for magnesium and manganese, 
dependence on the presence of a nonionic detergent, enhanced synthesis 
of RNA at 32°C by comparison to 37°C, and no requirement for a 
reducing agent). The Pichinde virion, like other arenaviruses, possesses 
not only a segmented RNA genome but also ribosomal particles as well 
as 4 S RNA (Carter et at., 1973a,b). Therefore, analyses of Pichinde 
transcription products are complicated by the fact that there are at 
least five size classes of virion RNA (28 Sand 18 S ribosomal species, 
31 Sand 22 S viral species, and 4 S RNA of unknown origin). Suctose 
gradient centrifugation of Pichinde transcription product has revealed 
that the product RNA is present in two size classes, one corresponding 
to 22-26 S and the other 4-6 S. The faster-sedimenting material has 
been shown to be partially resistant to pancreatic ribonuclease digestion 
('" 40%), whereas the smaller material was shown to be ribonuclease 
sensitive (i.e., single stranded). No other product analyses have been 
performed, so that neither the origin nor the constitution of the product 
is known. 

No in vivo primary transcription or intracellular mRNA analyses 
have been published for Pichinde virus, lymphocytic choriomeningitis 
virus, or other members of the arenavirus group. The coding relation
ship of the viral segments to the viral proteins (Table 7) is not known. 

3.2. Bunyaviruses (and Bunyaviruslike Viruses) 

There are more than 140 bunyavirus isolates (including the 
Bunyamwera supergroup of serologically related viruses and bunya
viruslike viruses not serologically related to the supergroup). Most of 
these isolates have yet to be adapted to tissue culture, cloned, or 
analyzed. Several members of the Bunyamwera supergroup, including 
Bunyamwera itself, snowshoe hare, La Crosse, and Main Drain viruses, 
appear from in vivo studies to perform primary transcription in the 
absence of de novo protein synthesis (see below), and two bunyaviruses, 
Lumbo and Uukuniemi viruses, have been shown to possess virion 
RNA-dependent RNA polymerases. 

The basic characterization of these viruses is in its infancy; 
however, it is known for all six viruses listed above that the RNA 
recovered from purified virions is in three size classes ("-'3 x 106 , 1.8 X 

106 , and 0.5 x 106 daltons), arranged, at least for Uukuniemi, Lumbo, 
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and La Crosse viruses, in circular RNA-protein complexes (although 
the RNA therein is not circular, D. H. L. Bishop, unpublished observa
tions). It is also known (Table 8) that the viruses are enveloped viruses 
possessing two glycoproteins, a major nucleocapsid protein as well as a 
minor large protein (Bouloy et al., 1974; McLerran and Arlinghaus, 
1973; Obijeski et al., 1976; Pettersson and Kaariainen, 1973; Pettersson 
and von Bonsdorff, 1975; Ranki and Pettersson, 1975; Samso et al., 
1975). 

3.2.1. In Vitro Transcription Analyses of Bunyaviruses 

The RNA-dependent RNA polymerase of Lumbo virus was shown 
by Bouloy et al. (1975) to be capable of synthesizing RNA in vitro in a 
linear fashion for 12 h at 32°C or 37°C. The synthesis was shown to 
require the presence of all four ribonucleoside triphosphates and a 
nonionic detergent, and it produced more RNA in the presence of both 

TABLE 7 

Arenavirus Pichinde Structural Components, Viral RNA, and 
mRNA Speciesa 

VI 
VII 
VIII 
VIV 

31 S 
22 S 

Species 

Species 

28 S (ribosomal) 
18 S (ribosomal) 
4 S (cellular) 

Viral proteins 

Mol. wt. 

72,000 
72,000 
34,000 
12,000 

Viral RNA 

Approximate 
mol. wt. 

2 x 10" 
1.1 x 10" 

Viral mRNA 

Not identified 

Approximate number 
per virion 

Not determined 

Number per 
virion 

Not determined 

a Polypeptides V II and V I II are glycoproteins (Ramos et 01 .. 1972). 
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TABLE 8 

Bunyavirus La Crosse Virion Structural Components, Viral 
RNA, and mRNA Speciesa 

Species· 

L 
GI 
G2 
N 

Species 

2 
3 

Viral proteins 

Mol. wt. 

1.8 X JO' 
1.2 X JO' 

0.34 X 10' 
0.23 X JO' 

Viral RNA species 

Mol. wt. 

3 x J06 
1.8 x 106 

0.45 x J06 

mRNA species 

Unknown 

Approximate 
number per virion 

50 
750 
770 

2440 

Approximate 
coding capacity 

3 X 10' 
1.8 X JO' 

0.45 X 10' 

a Information is for La Crosse virus (Obijeski el al., 1976; J. F. Obijeski and 
D. H. L. Bishop, unpublished observations). Other bunyaviruses (and 
bunyalike viruses) possess different sizes of viral polypeptides and RNA 
species (unpublished observations). 

• L, Large; GI, glycoprotein I; G2, glycoprotein 2; N, nucleoprotein. GI and 
G2 are on the outer surface of virions, Nand L are associated with the viral 
RNA. 
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magnesium and manganese ions (8 and 1.5 mM, respectively) than in 
the absence of either or both. The transcription of product RNA was 
not affected by the addition to a reaction mixture of either 
deoxyribonuclease, actinomycin D, exogenous RNA, or DNA. All the 
in vitro product accumulation was abolished by ribonuclease treatment. 
About 60-90% of the product was found to be ribonuclease resistant. 
Purified single-stranded product was shown to be capable of hybridiz
ing in toto to Lumbo viral RNA (but not to Sindbis viral RNA), indi
cating that it was complementary in composition to the viral RNA 
species (Bouloy et al., 1975). 

Ranki and Pettersson (1975) have demonstrated for Uukuniemi 
virus that it too possesses an RNA polymerase whose enzyme activity 
also requires all four triphosphates and a nonionic detergent. The 
required cation for Uukuniemi was determined to be manganese (3-15 
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mM); magnesium ions did not substitute for or enhance this manganese 
requirement. The pH optimum for the Uukuniemi viral polymerase 
(pH 7.2-8.5) was found to be much broader than that reported for 
other viral polymerases (e.g., VSV). The highest Uukuniemi enzyme 
activity was observed for reaction mixtures incubated for 2-3 h at 37-
40°C (-30 pmol UMP incorporated per hour per milligram of pro
tein). Neither actinomycin D, rifampin (20 JLg/ml), deoxyribonuclease 
treatment, nor changes in the monovalent cations affected this reaction 
rate to any significant extent. Studies to characterize the product 
synthesized by Uukuniemi virus showed that about 20-40% of the 
product was ribonuclease resistant. Self-annealing total reaction 
product (template and labeled product) rendered 70-80% of it ribonu
clease resistant. Upon sedimentation in a sucrose gradient, some of the 
product RNA was recovered in the size class of the smaller two viral 
RNA species, while very little cosedimented with the largest species. 
Most of the product sedimented as 3-7 S RNA species. Which virion 
polypeptide(s) constitute the transcriptase is not known. 

Whether other bunyaviruses possess virion polymerase activities 
which can be demonstrated in vitro remains to be determined. 

3.2.2. In Vivo Assays of the Bunyavirus Primary Transcription Process 

Primary transcription analyses with certain bunyavirus isolates 
have been performed in order to detect the synthesis of virus-comple
mentary RNA in infected cells in which de novo protein synthesis has 
been inhibited. The protocol used for such analyses is identical to that 
described previously for VSV Indiana (Flamand and Bishop, 1973, 
1974) and involves the detection by hybridization of virus-comple
mentary RNA in infected cells. The results obtained for the bunyavirus 
snowshoe hare are shown in Fig. 9; similar results have been obtained 
for three other bunyaviruses (Main Drain, Bunyamwera, and La Crosse 
viruses). the conclusions drawn from such results are that these viruses 
synthesize virus-complementary RNA in the absence of protein syn
thesis-a result compatible with their possessing virion RNA poly
merases. Whether host proteins or factors are involved in the in vivo 
primary transcription will have to await further experimentation. No 
information is available concerning the size, constitution, or propor
tionality of bunyavirus mRNA species in vivo. 
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Fig. 9. Synthesis of viral complementary RNA (left-hand panel) in BHK-21 cells 
infected by ["H]nucieoside-labeled snowshoe hare virus. The synthesis of viral comple
mentary RNA in the presence or absence of 100 J.Lg puromycin/ml was determined as 
described in Fig. 6 and Bishop and Flamand (i 975). The concomitant release of 
infectious snowshoe hare virus is given in the right-hand panel. 

3.3. Orthomyxoviruses: Influenza Viruses 

The genetic material of influenza virus has been shown to consist 
of single-stranded RNA segments which, in dual infections, probably 
segregate independently of each other and are the explanation for 
recombinant progeny containing characteristics of both parents (Simp
son and Hirst, 1961). Estimates of five to ten for the number of the seg
ments and 1 x 106 to 3 X 106 daltons for their sizes have been made 
(Bishop et al., 1971a; Duesberg, 1969; Content and Duesberg, 1971; 
Lewandowski et al., 1971; Skehel, 1971a); eight can be resolved upon 
extended polyacrylamide gel electrophoresis (W. J. Bean, personal 
communication). Associated with the RNA is the nucleocapsid protein 
(NP) as well as one to three minor proteins (P 1, P2, and P3). Whether 
the RNA segments have some structural interrelationship with each 
other, as suggested by Li and Seto (1971), is not known, although the 
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nucleocapsids can be visualized from virus or infected cell extracts by 
electron microscopy as free hairpin forms of various sizes (Kingsbury 
and Webster, 1969; Pons et al., 1969; Compans et al., 1972; Schulze, 
1972). 

It has been shown that the sizes of seven of the genome pieces of 
influenza A strains correspond to the sizes of seven of the virion proteins 
(PI, P2, P3, HA, NP, NA, and MP), while the eighth corresponds to an 
intracellular nonstructural NS protein (Compans and Choppin, Vol. 4, 
this series) (see Table 9). Apart from an unresolved question of whether 
there may be other intracellular nonstructural proteins, these similarities 
suggest that there is not a single multicistronic mRNA for all influenza 
A proteins. It is now known from analyses of polysome-associated, 
poly(A)-containing influenza mRNA that it is virus complementary in 
composition, and can program the synthesis of certain viral proteins in 
vitro (Etkind and Krug, 1974, 1975; Glass et al., 1975; Kingsbury and 
Webster, 1973). Although in the studies of Etkind and Krug (1975) most 
but not all of the influenza proteins were demonstrated to be synthesized 
in vitro by RNA extracted from infected cell polysomes, it was shown 
that polysomal RNA was complementary in composition to 84% of the 
viral genome. It is believed that the synthesis of influenza virus-comple
mentary RNA is catalyzed by an RNA-directed RNA polymerase, so 
that if there is transcriptional control of influenza mRNA synthesis it 
must be reflected in the ability of the transcriptase(s) to accept the dif
ferent segments of the genome as templates. 

The presence of an RNA polymerase in influenza virus particles 
has been demonstrated (Chow and Simpson, 1971; Penhoet et al., 1971; 
Skehel, 1971a). Most of the analyses of the in vitro or in vivo transcrip
tion processes have centered on certain laboratory-adapted strains of 
influenza A viruses (WS, WSN, and fowl plague virus). The basic 
characteristics and requirements for demonstrating RNA-directed 
RNA polymerase activities associated with preparations of influenza A 
strains or influenza B, strain Lee, have been determined in various labo
ratories; there are no published reports of analyses for enzyme 
associated with influenza C strains (Bishop et al., 1971a; Chow and 
Simpson, 1971; Penhoet et al., 1971; Scholtissek et al., 1971; Skehel, 
1971b). 

3.3.1. In Vitro Transcription Analyses of Influenza A Strains 

Both magnesium and manganese ions are required to obtain 
maximal in vitro activity of the virion polymerase (Bishop et aI., 
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1971a). Neither deoxyribonuclease, actinomycin D, rifampicin, nor a
amanitin inhibits the in vitro transcription, although phenanthroline 
derivatives, selenocystamine, and thiosemicarbazones are reported to 
be inhibitory-an observation commensurate with the presence of zinc 
ions in virus particles (Oxford, 1973a; Oxford and Perrin, 1974, 1975). 

TABLE 9 

Orthomyxovirus Influenza A, Strain WSN Virion 
Structural Components, Viral RNA, and mRNA 

Speciesa 

Viral proteins 

Approximate 
Species Mol.wt. number per virion 

PI 0.9 x 10" 30 
P2 0.8 x 10" 30 
P3 0.8 x 10" 30 
HAb 0.78 x 10" 800 
HAl 0.53 x 10" 
HA2 0.3 x 10" 
NP 0.60 x 10" 700 
NA 0.55 x 10" 170 
MP 0.26 x 10" 2800 

Viral RNA 

Approximate Possible protein 
Species Mol. wt. coding capacity equivalent 

1.15 x 10" 
I x IO"} 

2 1.10 x 10" I x 10" (PI, P2, P3) 
3 1.05 x 10" I x 10· 
4 0.82 x 10" 0.8 x 10· HA 
5 0.70 x 10" 0.7 x 10" NP 
6 0.58 x 10" 0.6 x 10· NA 
7 0.35 x 10" 0.3 x 10" MP 
8 0.32 x 10" 0.3 x 10" NS 

Viral mRNA 

Possibly equivalent in size to the viral RNA species, 
although this has not been proven for all or any species . 

• Based on Compans and Choppin (Vol. 4, this series) and 
Bishop et al. (1971b and unpublished observations). 

b HA is the unc1eaved precursor of HA I and HA2 (see Com
pans and Choppin, Vol. 4, this series). 

C Protein NS is a nonvirion, intracellular protein found in virus
infected cells. The number of proteins per virion may vary with 
the host cell used to grow virus. 
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It has been suggested that different strains of influenza A virus 
possess different enzyme-specific activities (Chow and Simpson, 1971; 
Bean and Simpson, 1975). Although at face value this may appear to be 
true when expressed as the transcription rate per milligram of viral pro
tein, it should be borne in mind that the number of inactive particles in 
a virus preparation will affect that observation, so that lower specific 
activities may not reflect inherent or inheritable enzyme differences. 
That influenza B strains possess a demonstrably different enzyme has 
been discussed in Section 2.3 (Scholtissek et al., 1971). In vitro studies 
by Oxford (1973b) have led to similar conclusions. 

Analyses of early reaction products templated by 3H-Iabeled 
influenza A, strain WSN, in the presence of [a-32P]UTP have shown 
that by 10 min of incubation at 30°C all of the product RNA is 
associated with template RNA species of every size class (Bishop et al., 
1971b). Product synthesis was demonstrated to be linear through 2 h of 
incubation, and by the 2 h point most of the product was present in 
RN A size classes which migrated on polyacrylamide gels either (1) in 
complexes with template viral species which moved slower than free 
single-stranded viral RNA or (2) in complexes which migrated in the 
position where single-stranded viral RNA was recovered. Some tem
plate-free products were obtained, and these migrated faster than the 
viral RNA species. Melted reaction product nucleic acids were found, 
for the most part, to possess electrophoretic mobilities somewhat 
greater than that of the smallest viral RNA segments (i.e., they 
possessed sizes of from 3 X 105 to 1 X 104 daltons), indicating that the 
transcription process was incomplete. At the 2 h point, 60% of the total 
product RNA was shown to be ribonuclease resistant, although it could 
be converted into a ribonuclease-sensitive form by heat denaturation. 
Annealing experiments demonstrated that all of the influenza product 
RNA was complementary to the viral RNA. These annealing experi
ments, which were performed on the total mixture of 3H template and 
32p product labeled reaction nucleic acids, also demonstrated that when 
all of the 32p was rendered ribonuclease resistant only 14% of the 3H 
label was converted into ribonuclease-resistant structures (Bishop et al., 
1971b). Similar experiments performed with influenza A, strain WS, 
have shown that for reaction product nucleic acids obtained from an 8 
h incubation, 85% of the template was rendered ribonuclease resistant 
when the reaction products were self-annealed, indicating that at least 
85% of the influenza genome was transcribed by the viral polymerase 
(Bishop et aI., 1972). Since under those annealing conditions some 70% 
of the product RNA was rendered ribonuclease resistant and possessed 
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size ranges upon melting comparable to those of the viral segments, 
these results indicated that the transcription process was repetitive and 
essentially complete (D. H. L. Bishop, unpublished observations; 
Bishop et al., 1972). Why so much of the product remains associated 
with the template is not known, although this observation raises the 
possibility that the in vitro process may lack some host factor which is 
required for mRNA release or efficient transcription. 

Additional information that the virion polymerase transcribes 
most if not all of the viral segments has been obtained by partially 
resolving (Pons, 1971) the various nucleocapsids of influenza A, strain 
WS, and demonstrating that transcriptase enzyme activity is associated 
with all of the various nucleocapsid size classes (Bishop et aI., 1972). 
The various nucleocapsids were shown to possess the major virion pro
tein NP and minor proteins P (probably PI, P2, and P3) but not the 
major viral matrix protein MP, the glycoproteins HA (HAl and HA2), 
or NA. Whether the proteins P are the polymerase is not known (Table 
9). In unpublished observations, we have been able to separate P proteins 
from RNA-NP complexes and concomitantly lose enzyme activity; 
however, we have yet to achieve reconstitution of the enzyme activity (D. 
H. L. Bishop, unpublished observations). 

Evidence has been presented using polyethylene glycol-dextran 
T500 phase-separated nucleocapsids of influenza A viruses that the 
initiation of transcription involves pppGpCp ... sequences (Hefti et aI., 
1975). Since the 3' -nucleosides of the RNA segments of influenza A 
virus are reported to be ... pUOH (Lewandowski et al., 1971), this 
result suggests that in vitro transcription does not start at the terminal 
nucleoside of the 3' end of the template RNA. Where it does start or 
terminate is not known. On the assumptions that viral RNA replication 
does start at the 3' -terminal nucleoside and that these in vitro observa
tiqns reflect what happens in vivo, it is possible that transcription and 
the initial phase of replication are not identical (as suggested for the 
rhabdovirus VSV Indiana; see below). The relationship of guanosine 
incorporation in fowl plague transcription assays (McGeoch and 
Kitron, 1975) to the initiation of transcription is, as discussed earlier, 
not known. 

3.3.2. In Vivo Primary Transcription Analyses of Influenza A, Strain 
WSN 

Primary transcription analyses of influenza A, strain WSN, 
infected cells have been undertaken (Bean and Simpson, 1973; Repik et 
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aI., 1974a). It has been shown that primary transcription occurs in a 
linear fashion through 14 h in the presence of cycloheximide and/or 
puromycin (50-100 JLg/ml) but not in the presence of actinomycin D 
(Bean and Simpson, 1973; D. H. L. Bishop and A. Flamand, 
unpublished observations; Repik et al., 1974a). 

Primary transcription is not inhibited in interferon or interferon 
inducer pretreated cells using chick embryo fibroblasts or mouse L 
cells, although the same materials totally inhibit secondary transcrip
tion (i.e., that which occurs in the presence of de novo protein syn
thesis, Repik et aI., 1974a). This result indicates that, as far as 
influenza is concerned, the action of the intracellular mediators induced 
by interferon is not at the level of RNA-directed virus-complementary 
RNA synthesis. 

It is noteworthy that primary transcription in mouse L cells is on a 
par masswise (but possibly not in terms of genome complexity) with 
that observed in chick embryo fibroblasts, even though the L-cell infec
tion is almost nonproductive, and secondary transcription is severely 
curtailed by comparison to that of the chick cell host (Bishop and 
Flamand, 1975; Repik et al., 1974a). The reason for this cell tropism is 
not known but points to a requirement for some host organization or 
factors for productive influenza infections. 

How much of the viral RNA is transcribed during primary 
transcription? Using [3H]nucleoside-Iabeled influenza A, strain WSN, 
virus, it appears that primary transcription is developed by only a low 
number of the virus particles which adsorb to a cell. This has been 
shown by the slight (3%) increase in the [3H]ribonuclease resistance of 
the viral RNA (before annealing) during the infection process (Bean 
and Simpson, 1973; Repik et al., 1974a). Because of the low number of 
genomes participating in primary transcription, it has been diffiGult to 
obtain enough intracellular, virus-complementary RNA in cyclohexi
mide-treated cells to determine by self-hybridization if all the genome is 
transcribed. A minimum figure of 35% has been obtained for influenza 
virus grown in chick embryo fibroblasts (Repik et al., 1974a). However, 
this value was not a plateau value and can only be considered as a 
minimal estimate. 

It has been claimed that primary transcription is blocked by treat
ing cells with UV light, actinomycin D, a-amanitin, cordycepin, and 
high concentrations of mitomycin C (W. J. Bean, Ph.D. thesis). We 
have confirmed the actinomycin D effect. although it has been claimed 
that cordycepin inhibits primary transcription, studies with fowl plague 
virus have indicated that replication of this virus is not inhibited by 
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cordycepin (Mahy et al., 1973). It has been proposed that the effect of 
cordycepin may vary from cell type to cell type, as well as when the 
drug is added, or depending on what virus is used (Rochovansky and 
Pons, 1975). Cordycepin does not inhibit the cytoplasmic transcription 
processes of VSV, although it has been shown that it does inhibit host 
nucleolar RNA synthesis in HeLa and other cell types (Penman et al., 
1970). In view of the observation that the transcriptase activity in vitro 
is not inhibited by actinomycin D (Chow and Simpson, 1971), the in 
vivo results with that antibiotic are puzzling, if one just considers that 
the antibiotics are inhibitors of nucleic acid synthesis and processing. 

3.3.3. The Putative Nuclear Involvement in Influenza Transcription 

Where does primary transcription take place? Because of the 
relevance of the abovementioned antibiotics to cell nuclear functions 
and the observation that influenza virus does not productively infect 
enucleated cells (Follett et al., 1974), the possibilities must be 
considered that primary transcription either involves DNA synthesis or 
requires a nuclear function (e.g., a cell protein or RNA) or occurs 
within the nuclear organization. Evidence has been recently obtained 
that one or other of these possibilities may well be the case. No viral 
proteins or virus-complementary RNA can be detected in enucleated 
BHK cells (Kelly et al., 1974). Altogether, the evidence is mounting 
which suggests that influenza viruses have some nuclear involvement. 
Both viruslike RNA and NP and NS proteins have been isolated from 
nuclear preparations (Krug, 1972; Krug and Etkind, 1973; Etkind and 
Krug, 1974; Lazarowitz et al., 1971; Taylor et al., 1970). 

Preparations of nuclei from infected cells have been shown by 
comparison with uninfected cells to contain an RNA-dependent RNA 
polymerase activity, which is insensitive in vitro to actinomycin D 
(l:Iastie and Mahy, 1973; Mahy et aI., 1975). The time course of 
appearance of this nuclear activity is important; studies have shown 
that it occurs earlier (although in lesser amounts) than a cytoplasmic 
enzyme activity which has also been isolated from infected cells and 
which is maximally active 5 h or later postinfection (Compans and 
Caliguiri, 1973; Hastie and Mahy, 1973; Scholtissek, 1969). Also, the 
nuclear enzyme activity appears to decrease from 3 h postinfection. 
Comparative analyses of known host nuclear and host cytoplasmic 
enzymes, in relation to the distribution of this RNA-dependent RNA 
polymerase activity, have given reasonably clear evidence that it is 



178 Chapter 3 

probably not due to cytoplasmic contamination (Hastie and Mahy, 
1973). At least part of the product of the nuclear activity has been 
shown to be virus complementary, although whether viruslike RNA 
sequences are synthesized is not known. 

As if this abundance of evidence for nuclear-related activities dur
ing influenza viral infections is not enough, it has been suggested that 
by comparison with uninfected cells there is, in addition to the RNA
dependent synthesis, a stimulation of nuclear DNA-dependent RNA 
polymerase activity in influenza infected cells (Mahy et at., 1972, 1975). 
This poses the question of what host function is being turned on. The 
nuclear DNA-dependent synthesis reaches a maximum about 90 min 
postinfection. Addition of a-amanitin (a known inhibitor of host DNA
dependent RNA polymerase II) to an infected cell culture inhibits the 
first but not the second phase of nuclear RNA synthesis. It has been 
suggested therefore that there are at least two operationally distinct 
nuclear phases of RNA synthesis: one host DNA dependent (early, 
peaking around 90 min) and the other virus dependent (later, peaking 
around 2-3 h). Secondary transcription starts before 1 h postinfection 
(Repik et al., 1974a). This means that primary transcription and the 
earliest round of replication also start before 1 h postinfection. The 
nuclear and cytoplasmic enzyme activities have to be considered in this 
light. Is primary transcription influenced by a product of host DNA
dependent RNA polymerase activity? The actinomycin D results would 
support this view. 

It should also be mentioned that although actinomycin D is a com
plete and efficient inhibitor of the replication cycle when added early in 
an influenza infection time course (Barry, 1964; Rott et al., 1965; Pons, 
1967; Gregoriades, 1970), it does not significantly inhibit virus yield if 
added after 2 h postinfection. However, it has been claimed that 
actinomycin D does inhibit virus-complementary RNA synthesis to 
some extent when added later. Whereas a-amanitin is a less efficient 
inhibitor (Mahy et al., 1972; Rott and Scholtissek, 1970), it apparently 
does not inhibit RNA synthesis at all when added later. 

In recent experiments, Armstrong and Barry (1974, 1975) have 
obtained evidence to suggest that virus-induced RNA synthesis in vivo 
can be detected only in the nucleus, not in the cytoplasm. Their experi
ments involved pulse-labeling infected cells in the presence or absence 
of antibiotics followed by auto radiographic examination. Although 
these analyses may not be sensitive enough to detect the site of primary 
transcription, they suggest that both replication and secondary 
transcription may be nuclear events. 
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In relation to all these considerations, the glaring observation 
which needs an explanation is that primary transcription proceeds in 
puromycin- or cycloheximide-treated cells but not in the presence of 
actinomycin D (Bean and Simpson, 1973; Repik et al., 1974a). If a cell 
protein is needed for developing the viral infection and its availability 
requires host cell DNA-directed mRNA synthesis (sensitive to 
actinomycin D and possibly a-amanitin, mitomycin C, ultraviolet light, 
and cordycepin), then why is influenza primary transcription not 
likewise inhibited by cycloheximide or puromycin? It could be sug
gested that a newly synthesized protein is not involved, and that 
whatever host RNA is synthesized, if related to primary transcription, 
it is involved as an RNA and not as a protein translational product. For 
instance, the host RNA could act as primer molecule for RNA synthesis 
or influence transcription, as demonstrated for Sendai by the polyanion 
stimulation of transcription. Although some transcription initiation has 
been demonstrated in vitro to involve de novo pppGpCp ... initiations 
(Hefti et al., 1975) or guanosine initiations (McGeoch and Kitron, 1975), 
it is possible that another mechanism of RNA synthesis exists involving 
RNA primers (as in the oncornaviruses) or that the putative host cell 
RNA species is involved in another phase of the transcription process. 

Other explanations which could be advanced are that DNA syn
thesis from the influenza genome occurs in vivo and that this DNA 
synthesis is actinomycin D sensitive. Alternatively, it could be postu
lated that cycloheximide or puromycin treatment of a cell in arresting 
the ribosomal translation machinery thereby makes available a host 
protein which influences the influenza virus-complementary RNA syn
thesis by stabilizing or releasing the transcripts from the transcriptive 
complexes. This would promote repetitive transcription and give rise to 
the observed intracellular primary transcription in the presence of those 
drugs. In the absence of cycloheximide or puromycin, this theory. would 
have to predict that there is no protein available and that the normal 
source of the host protein is by translation of newly synthesized, 
actinomycin D-sensitive messenger RNA formed in the nucleus by the 
DNA-dependent RNA polymerase II. Such host messenger RNA syn
thesis might normally be turned on by the association with the nucleus 
of an infecting virion component. 

Another possible explanation of the actinomycin D effect relates to 
transport questions concerning the viral genome. Let us suppose that 
for primary transcription the infecting virion genome has to enter or 
associate with the cell nucleus. It has been shown that certain anti
biotics, including those which inhibit influenza replication, cause some 
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physical change in the nuclear structure-particularly the nucleolus 
(Schoefl, 1964; Busch and Smetana, 1970; Marinozzi and Fiume, 
1971). If these physical changes involve a subsequent prohibition of the 
normal nuclear association of the infecting virion transcription com
plexes, then this might also be an explanation of the observations. 

Another possibility which has been advanced by Scholtissek et al. 
{l969} is that the various inhibitors which are known to block viral 
infection (actinomycin D, mitomycin C, and ultraviolet light, to which 
one could add a-amanitin and for some cases cordycepin) do so by 
stimulating or liberating a nuclease which destroys the viral RNA (or 
RNA transcripts as they are being synthesized during primary 
transcription). Since these drugs do not inhibit VSV or certain 
paramyxoviruses, presumably the activity of this nuclease would be a 
local restricted one (e.g., unique to a nuclear location). 

Clearly the interrelationships of virus-directed or host-mediated 
control of influenza RNA transcription and replication need further 
investigation to unravel some of these problems, especially in relation 
to understanding the host nuclear involvement and determining the 
actinomycin D effect on primary transcription. 

3.4. Paramyxovirus Viral Transcriptases 

The genome of the paramyxoviruses consists of a single, negative
stranded 57 S RNA of molecular weight 5-6 X 106 associated with a 
nucleocapsid protein. Other RNA species frequently found in virus 
preparations are believed to be of host origin; however, complementary 
viral RNA species (including some of full length) have been obtained 
from purified virus preparations (Kolakofsky et al., 1974; Robinson, 
1970). 

As in the case of VSV, the virus-complementary messenger RNA 
synthesized both in vitro and in vivo is smaller than the viral genome 
(Table 10) (Barry and Bukrinskaya, 1968; Blair and Robinson, 1968; 
Bratt and Robinson, 1967; Collins and Bratt, 1973; Kingsbury, 1966; 
Pridgen and Kingsbury, 1972; Weiss and Bratt, 1974). Since the viral 
genome is not segmented, this suggests that either messenger RNA is 
transcribed from the genome as a single molecule and then cleaved or it 
is transcribed in sections with particular initiation signals (and possibly 
particular termination signals) for transcription. Although most investi
gators tend to support the latter contention, no definitive evidence has 
been obtained to rule out one or the other possibility. 
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TABLE 10 

Paramyxovirus Sendai Virion Structural Components, Viral 
RNA, and mRNA Species 

Viral proteins" 

Approximate 
Protein number 
species Mol. wt. per virion 

L 1.0 x 10' 10 
P 0.74 250 
H,N 0.70 450 
FO 0.63 x 10' 600 
(F) (0.45 x 10') 950 
NP 0.60 x 10' 2000 
M 0.40 X 10' 2000 

Viral RNA (5.4 x 10· mRNA species)" 

Approximate Possible protein 
Species Mol. wt. coding capacity eq uivalents 

I 28 S 1.6 x J06 1.6 X 10' L 
2 18 S 8.7 x JO' 0.9 X 10' P 
3 18 S 8.1 x 10' 0.8 X 10' HN 
4 18 S 7.2 x JO' 0.7 X 10' F 
5 18 S 5.8 x 10' 0.6 X 10' NP 
6 18 S 4.1 x JO' 0.4 X 10' M 

" Information supplied by K. Glazier and D. Kingsbury (personal communi
cation); see also Zaides et al. (1975). Basically similar data are available for 
NDV and SV5 (see Choppin and Compans, Vol. 4, this series; Hightower et 
al .. 1975). Protein molecules per virion, their size, and their number vary 
depending on the virus strain, its form, conditions of growth, etc. H,N is a 
hemagglutinin-neuraminidase glycoprotein; FO (and its derivative F) is a 
glycoprotein believed to be responsible for fusion; NP is a nucleocapsid pro
tein; M is an internal matrix or membrane protein; the functions of P and L 
are not known but may be related to the virion transcriptase (D. W. 
Kingsbury, personal communication). 

3.4.1. In Vitro Analyses of the Transcription Process 

181 

Subviral complexes possessing transcriptase activity have been 
isolated from Sendai virus (Marx et al., 1974) and NDV (Meager and 
Burke, 1973), and shown to consist principally of the viral RNA, a 
major nucleocapsid protein and minor amounts of a large viral protein 
(Marx et al., 1974). Similar complexes have been obtained with SV5 
virus preparations (Choppin and Compans, Vol. 4, this series). No 
reconstitution of enzyme or infectivity experiments have been per-
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formed, presumably because of the low specific enzyme activity of 
paramyxovirus virion transcriptases (Huang et al., 1971; Robinson, 
1971a; H. O. Stone et al., 1971; Bernard and Northrop, 1974). The 
identification of the transcriptase polypeptides has not yet been 
achieved, although it is presumed that the large protein is a polymerase 
component (Table 10). 

An issue discussed in Section 1.1.1 d which has complicated in 
vitro product analysis experiments, and which has been apparent for 
preparations of paramyxoviruses of all types, relates to the RNA 
polymerase activity that is obtained in reaction mixtures lacking one or 
more of the precursor nucleoside triphosphates. Substantial residual 
RNA polymerase activity can be found in many para myxovirus 
preparations when one or another triphosphate is omitted (H. O. Stone 
et al., 1971; Bernard and Northrop, 1974). The nature and product of 
this reaction are not known, nor is it clear if this is due to a viral func
tion, a contaminant cellular enzyme, or virion triphosphates. 

Other interesting aspects of the in vitro transcription process of 
Sendai virus are (1) the stimulation of the enzyme activity by poly
anions (Stone and Kingsbury, 1973) and (2) the inhibition by viral 
membrane protein or glycoproteins (Marx et al., 1974). These aspects 
have been discussed in Sections 1.1.1 hand 1.1.1 i. Whether viral pro
teins or cellular polyanions have regulatory roles in intracellular 
transcription is not known. 

In vitro transcription product size analyses for NOV have shown 
that the transcripts possess a size range comparable to that of the 
various NOV messenger RNA species isolated from infected cells and, 
like their in vivo counterparts, have 3' sequences of polyadenosine 
nucleotides (Pridgen and Kingsbury, 1972; Weiss and Bratt, 1974). No 
poly(U) tracts are present in NOV viral RNA (Marshall and Gillespie, 
1972), so that it appears that poly(A) addition is an untemplated func
tion of some virion enzyme, possibly the polymerase itself or a cellular 
enzyme incorporated into virions. 

It has been demonstrated that mRNA, extracted from infected 
cells, programs the synthesis of viral proteins in vitro (Kingsbury, 1973) 
and that the size ranges of these RNA species are approximately those 
expected for monocistronic messenger RNA species (Bratt et al., 1975; 
Collins and Bratt, 1973). 

Using the Beaudette C strain of NOV, Colonno and Stone (1975) 
demonstrated that the in vitro 18 S viral complementary transcripts 
synthesized in the presence of S-adenosyl-L-methionine (SAM) possess 
5' sequences with blocked and methylated components. Methylation 



Virion Polymerases 183 

was shown to occur only in the presence of RNA synthesis (i.e., none 
was obtained in the absence of magnesium or manganese ions, CTP, 
Triton NI0l, NaCI, or virus). The presence of SAM neither stimulated 
nor depressed the RNA transcription rate. In the presence of 
PH]SAM, the kinetics of methylation and RNA synthesis were 
observed to be similar. Methylation could be inhibited 90-100% by the 
presence of 0.1-0.3 mM S-adenosyl-L-homocysteine in addition to 
PH]SAM, although again the rate of overall RNA synthesis was not 
inhibited. These results indicate that NOV virions possess methylation 
enzyme(s) which is not an obligatory component of the virion 
transcriptase. 

It has been concluded that the only site of methylation for NOV 
transcripts is at the 5' terminus of the product RNA and that on 
average 1.6 methyl residues are incorporated per 18 S molecule 
(Colonno and Stone, 1975). The 5' sequence is believed to be 
m7G5 'ppp5 'Gp(Py), possibly also ribose-methylated (Colonno and 
Stone, 1975; H. O. Stone, personal communication). Similar 5' termini 
have been identified for NOV in vivo messenger RNA species (H. O. 
Stone, personal communication). It is not known if the methylation of 
NOV transcripts is obligatory for subsequent translation as shown for 
reovirus transcripts (see Shaktin et al., Chap. 1, this volume). 

Nothing has been published concerning the extent or proportional 
representation of the various in vitro transcripts for NOV or Sendai 
viruses (or other para myxovirus ). 

With respect to the question of whether the viral mRNA 
synthesized in vitro is produced as a single unit which is then cleaved 
into messenger-size pieces, the evidence obtained so far does not ex
cl ude the possibility. 

3.4.2. In Vivo Analyses of the Transcription Process 

It is known that the mRNA isolated from polyribosomes extracted 
from NOV-or Sendai virus-infected cells is complementary to their 
respective viral genomes, and possesses 3' -poly(A) sequences. The 
extent of the genome that is represented therein has been shown to be of 
the order of at least 65-70% (Bratt and Robinson, 1967; Kaverin and 
Varick, 1974; Portner and Kingsbury, 1970; Pridgen and Kingsbury, 
1972; Weiss and Bratt, 1974; Bratt et al., 1975). In studies with Sendai 
virus-infected cell extracts, Roux and Kolakofsky (1975) claimed that 
there is a 33 S intracellular RNA species which is complementary to 
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40% of the viral genome and an 18 S set of RNA species comple
mentary to the remaining 60% of the viral RNA. The 33 S component, 
sufficient to code for the viral L protein, is a minor cellular component 
by comparison to the 18 S mixture. This suggests that at least in the 
cell all of the genome is transcribed into viral complementary RNA 
and that there is some form of transcriptional control whereby some 
parts of the genome are transcribed more frequently than others. Such 
observations argue that these mRNA species do not represent cleavage 
products of a whole-length precursor (from which one would expect to 
obtain equivalent molar proportions of the cleavage products). This 
sort of evidence, however, is the only evidence to date for separate 
initiation and transcription of the various mRNA species. 

Primary transcription for Sendai virus has been demonstrated 
(Robinson, 1971c) and shown to lead to the synthesis of both 18 Sand 
35 S RNA species but not virion 57 S species. The ability of 
paramyxoviruses to replicate in the presence of actinomycin D or other 
inhibitors of DNA synthesis, or in UV -irradiated cells, differentiates 
these viruses from the influenza viruses (for review, see Choppin and 
Compans, Vol. 4, this series). 

3.4.3. An RNA-Dependent DNA Polymerase Activity Associated with 
a Mutant NDV Obtained from a Persistent Infection 

Thacore and Youngner (1969, 1970) obtained from L cells origi
nally infected with the Herts strain of NDV a persistently infected cell 
culture which (1) continuously produced low levels of a mutant NDV, 
(2) produced some interferon, and (3) was resistant to superinfection by 
VSV. The mutant NDV (NDVpi) was shown to be more thermolabile 
than the original virus (NDVo), and gave small plaques in chick embryo 
fibroblast cultures. It also was more sensitive to interferon inhibition 
than the original strain. 

In 1973, Furman and Hallum reported that NDVpi grown in 10-
day-old embryonated eggs or chick embryo fibroblasts possessed an 
RNA-directed DNA polymerase activity which was not present in the 
original NDVo strain. The requirements for the reverse transcriptase 
assay were shown to be a nonionic detergent (Triton X 100), magnesium 
ions, and all four deoxyribonucleoside triphosphates. The in vitro syn
thesis of DNA was totally abolished by inclusion of ribonuclease in the 
reaction mixture. It was shown that the product of the reaction was 
DNA on the basis of its sensitivity to deoxyribonuclease and density in 
cesium sulfate. 
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The reverse transcriptase activity of NOV pi was demonstrated to 
be associated with particles in the virus preparation which possessed a 
chick erythrocyte hemagglutination property (i.e., like other strains of 
NOV) and a density equivalent to that of NOV (or other enveloped 
viruses). Hybridization studies revealed that the product made by the 
NOV pi particles was capable of hybridizing to RNA extracted from 
either NOV pi or NOVo virus particles, but not to VSV viral RNA. No 
investigation was undertaken to rigorously prove that the ONA would 
hybridize to purified 57 S viral RNA (as opposed to other viral 
species). 

Although the possibility of stable heterozygotes with some form of 
passenger oncornavirus derived from the L cells could not be rigorously 
excluded, a search for the presence of RNA tumor-type antigens, as 
detectable by immunodiffusion tests, was negative (Furman and 
Hallum, 1973). These results, taken together, argued strongly for a 
reverse transcriptase associated with the NOV pi particles and raise the 
intriguing question that possibly during a persistent infection a reverse 
transcriptase activity was endowed upon the NOV mutant. Whether an 
NOV ONA copy was present in infected cells (either L cells or chick 
cells) was not determined; however, Simpson and Iinuma (1975), using 
another paramyxovirus (respiratory syncytial virus), have obtained evi
dence for a ONA copy in persistently infected cultures. The ONA they 
isolated was capable of transfecting permissive cells, and this transfec
tion was deoxyribonuclease sensitive but not ribonuclease sensitive. 

3.5. Reoviridae (Diplornavirus) Transcriptases 

Characteristically, the genomes of various Reoviridae (diplor
naviruses) consist of 10-12 double-stranded RNA segments named, for 
convenience, "large" (Ll, L2, etc.), "medium" (M 1, M2, etc.), and 
"small" (S 1, S2, etc.), and possessing size ranges varying from 0.3 x 
106 to 2.8 X 106 daltons (see Table 11). Virus particles of some 
members (e.g., reovirus) but not others (e.g., bluetongue virus) also 
contain a substantial mass of short oligonucleotides of unknown func
tion but possessing particular nucleotide sequences of various types 
(Joklik, Vol. 2, this series). 

For reovirus, the ten double-stranded segments are in equimolar 
proportions and add up to a total RNA mass per virion of 1.5 x 107 

daltons (i.e., 7.5 x 105 dalton equivalents of protein, J oklik, Vol. 2, this 
series). The reovirus particle is known to contain seven major 
polypeptides (outer shell: f.L2, 0"1, and 0"3; inner core: ,\,1, ,\,2, f.Ll, and 
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TABLE 11 

Reovirus Virion Structural Components, 
Viral RNA, and mRNA Species 

Protein 
species 

Al 
A2 
III 

0t2) 
0"1 
0"2 
0"3 

RNA 
species 

Ll 
L2 
L3 
MI 
M2 
M3 
51 
52 
53 
54 

RNA 
species 

11 
12 
13 
ml 
m2 
m3 
sl 
s2 
s3 

Viral proteins· 

Mol. wt. 

1.55 X 10' 
1.40 X 10' 
0.80 X 10' 

(0.72 x 10') 
0.42 x 10' 
0.38 X 10' 
0.34 X 10' 

Approximate 
number 

per virion 

110 
90 
20 

550 
30 

200 
900 

Viral double-stranded RNA species 

Mol. wt. 

2.8 X 10" 
2.7 X 10" 
2.6 X 10" 
1.6 X 10" 

1.55 X 10" 
1.4 X 10" 
0.9 X 10" 
0.8 X 10" 

0.65 X 10" 
0.6 X 106 

Viral mRNA species 

Mol. wt. 

1.4 X 106 

1.35 X 10" 
l.3 X 106 

0.8 X 10" 
0.78 X 10" 

0.7 X 10" 
0.45 X 10· 

0.4 X 10· 
0.23 X 10" 

Number 
per virion 

Possible virion 
protein 

equivalents 

(AI, A2) 

0"1,0"2,0"3 

• Information based on Joklik (Vol. 2, this series); see 
also 5hatkin et af. [Chap. I, this volume (Table 2)]; 
for the protein assignment to mRNA species, refer to 
those two reviews for possible assignments. Protein 112 
is a cleavage product of Ill. 

Chapter 3 
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0-2). Of these polypeptides, J.L2 is a cleavage product of J.Ll and exists in 
the form of two small polypeptide chains held together by disulfide 
bonds. From the known sizes of the ten individual genome segments of 
reovirus and their coding capacity, it is likely (Table 11) that six of the 
virion proteins are the primary gene products of six of the ten virion 
RNA species (i.e., not counting the J.L2 protein). 

Various types of cores, lacking some or all of the outer shell 
polypeptides, can be obtained from preparations of certain reovirus 
strains by heat treatment or chymotrypsin digestion (see Section 1.1.2). 
Chymotrypsin, depending on the conditions, removes the oj, J.L2, and 0- 1 
polypeptides in sequence, leaving a chymotrypsin-resistant core. Given 
a source of nucleoside triphosphates, magnesium ions, or manganese 
ions (etc.), chymotrypsin-derived cores (i.e., virions lacking 0-3 and at 
least some of the J.L2 polypeptides) possess the capacity of supporting 
the in vitro transcription of the viral genome (Joklik, 1972, and Vol. 2, 
this series). Such transcription results inthe synthesis of single-stranded 
RNA which is complementary to only one strand of each duplex and 
which is also equivalent to the reovirus messenger RNA found in 
infected cells (Hay and Joklik, 1971; Watanabe et al., 1968; Zweernik 
and Joklik, 1970). 

It is not known which of the reovirus core polypeptides comprise 
the transcriptase. However, an elegant electron microscopic examina
tion of cores involved in producing transcripts has shown that up to 
nine strands of product RNA can be simultaneously extruded from an 
active core, each from a separate port in the core particle (Fig. 10) 
(Gillies et al., 1971). This observation suggests that not only are there 
structural sites for product extrusion but also there are several 
transcriptase enzyme polypeptides in the virion particle. 

3.5.1. In Vitro Transcription Analyses of Reovirus and Other 
Diplornaviruses 

Transcriptase enzyme activities have been demonstrated in blue
tongue virus, cytoplasmic polyhedrosis virus, reovirus strains, and 
wound tumor viruses (Table 1). Oth~r than that for the reovirus strains, 
the temperature optimum for three of those four virus types is between 
25°C and 30°C. For reovirus, the maximum in vitro activity is obtained 
between 45°C and 55°C (Kapuler, 1970). The preferred divalent cation 
for the bluetongue viral transcriptase is reported to be manganese, 
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Fig. 10. Release of reovirus transcripts from reovirus cores is shown in an electron 
micrograph of transcription-active particles of reovirus. Courtesy of R. Bellamy. 
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while that for the other three viruses is magnesium. Bluetongue virus 
and reoviruses require activation by removal of certain outer virion 
polypeptides. Some preparations of cytoplasmic polyhedrosis viruses 
also have to be activated (e.g., by extraction with difluorodichloro
methane, Shimotohno and Miura, 1973); others do not (Donoghue and 
Hayashi, 1972; Lewandowski et af., 1969). Wound tumor virus prepara
tions apparently do not require activation (Black and Knight, 1970). As 
mentioned previously, caps orner removal is a required procedure for 
activating reovirus to a transcription functional form. The removal can, 
however, be blocked by anticapsid antibody treatment, which stabilizes 
the outer shell (Joklik, Vol. 2, this series). 

It has been shown that the single-stranded reovirus transcripts 
synthesized in vitro possess (l) the same length as RNA obtained by 
denaturation of the double-stranded genome (Banerjee and Shatkin, 
1970; Skehel and J oklik, 1969) and (2) the same length as reovirus 
mRNA isolated from infected cells (Hay and Joklik, 1971; Watanabe 
et af., 1968; Zweernik and Joklik, 1970). 

For reovirus the in vitro (or in vivo mRNA) transcripts can be 
sized into three major classes represented by decreasing order of size as 
large (11,12,13), medium (ml, m2, m3), and small (sl, s2, s3, s4). 

Under optimal conditions, the in vitro rates of synthesis of the 
individual RNA transcripts appear to be equivalent (Skehel and Joklik, 
1969), therefore resulting in essentially similar masses of the various 
species but different molecular ratios due to the size differences 
between the largest and smallest species (Table 11). This observation 
indicates that chain initiation under these conditions is not a rate-limit
ing process. Changing the in vitro reaction conditions (e.g., lowering 
the magnesium concentration from 10 to 1 mM) not only reduces the 
rate of RNA synthesis but also changes the mass proportions of the 
various RNA species synthesized. For instance, the large (I) species are 
less well represented at low magnesium concentrations (J oklik, Vol. 2, 
this series). Presumably chain initiation can be rate limiting under 
particular circumstances, and this could be a way in which transcrip
tion regulation is achieved in vivo (see below). Reducing the ATP 
concentration to trace amounts in the reaction mixture and incubating 
at 31°C result in a curtailment of all RNA synthesis except certain 
small (s) RNA species, and this has been used to selectively obtain s 
RNA for nucleotide sequencing purposes (Nichols et af., 1972). The 5' 
sequence of the product obtained by such procedures was found to be 
(p)ppGCCAUUUUUGCUCUUCCAGACGUUG . . .. It is not 
known if this sequence represents the normal transcript 5' sequence; 
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however, it is noteworthy that it does not contain any initiating AUG 
codons for protein synthesis. 

An interesting characteristic of the in vitro (and in vivo) transcrip
tion process is its conservative nature (Levin et al., 1970a); Shatkin and 
Rada, 1967; Skehel and Joklik, 1969). Neither viral strand is released 
as single-stranded RNA during the transcription process. It is not 
known how transcription (which involves some form of minus strand 
templated plus strand synthesis) occurs on a duplex RNA without dis
placement of the parental plus strand. Presumably, if plus strand dis
placement occurs, it is a local, transitory phenomenon which is 
reversed as an area of the template is transcribed. 

The fact that only one strand of each duplexes is copied repeti
tively in vitro has been established by showing (1) that purified product 
cannot self-anneal and (2) that it can anneal to the melted viral du
plexes and thereafter be resolved into ten duplexes by polyacrylamide 
gel electrophoresis (Skehel and Joklik, 1969). 

Kapuler (1971) was able to use ethidium bromide to measure 
f1uorometrically the synthesis of RNA in vitro due to an increased 
fluorescence obtained as the reaction was incubated. Since to fluoresce 
the drug has to bind to double-stranded RNA regions, this was 
interpreted to indicate that the product species (and in fact all size 
classes of product species) contain highly ordered structures even 
though they are linear single strands (Warrington et al., 1973). 

The rate of reovirus RNA synthesis has been estimated to involve 
the incorporation of between 10 and 60 nucleotides per second 
(Banerjee and Shatkin, 1970; Skehel and J oklik, 1969), with all classes 
of RNA product present by 1-2 min of reaction incubation. Reactions 
can be incubated productively for 2 days or more (Levin et a/. , 1970b). 

Furuichi (1974) has recently shown that addition of S-adenosyl-L
methionine (SAM) to reaction mixtures templated by cytoplasmic 
polyhedrosis virus (CPV) stimulates the endogenous transcription rate 
more than tenfold and that there is a methylation coupled transcription 
of CPV product RNA. The 5' -terminal nucleotide sequences of the 
various double-stranded RNA segments of CPV have been determined 
(Furuichi and Miura, 1975; Miura et al., 1974) and shown to be 
m7GpppAmpGpUp ... for all the plus strands (mRNA) and ppGpGpCp 
... for all the minus strands (see Fig. 11). The 3' sequences are all ... 
pXpCpCOH or ... pXpCpUOH , respectively (X = purine). The 5' -ter
minal sequences of CPV in vitro product RNA have also been shown to 
be m7G5'p-8p5AmpGpUp (Fig. 11). In this structure, the m7G is 7-
methylguanosine, Amp is 2' -O-methyladenylic acid, and the origins of 
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Cytoplasmic polyhedrosis virus: 

mRNA: 

Reovi rus: viral 

m7 GpppAmpGpUp ••••••••••••••• pXpcpCOH 

HOUpCpXp ••••••••••••••• pCpGpGpp 

7 m GpppAmpGpUp ••••••••••••••••••••• 

m7 GpppGmpCpUp ••••••••••••••• pApUpCOH 

HOCpGpAp •••.••••••••••• pUpApGpp 

mRNA: m7 GpppGmpCpUp •••••••••••••••••••• 

x = purine 

Y = pyrimidine 

m7 GpppAmpGp •••• 
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plus strand. 

mi nus strand. 

plus strand. 

minus strand. 

Fig. 11. The 3' - and 5' -nucleoside sequences of cytoplasmic polyhedrosis virus and 
reovirus. 

the phosphates in the bridge are indicated. The implications of these 
observations are that during transcription an inverted guanosine 
nucleotide (the cap) is added to the product strand and this guanosine is 
methylated at the 7 position, while the next nucleotide is methylated on 
the ribose 2' position. The enzymes responsible for the capping and 
methylation activities of CPV are not known. Nor is it known if the 
m7G is added from a methylated precursor GTP or is methylated in situ 
(see discussion below). 

It has been shown that reovirus cores (in the absence of SAM) 
synthesize product RNA species possessing the 5' sequence ppGpCp 
... (Banerjee et al., 1971: Levin et aI., 1970a). Recent studies have 

shown that when given a source of SAM, reovirus cores also synthesize 
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methylated and capped species possessing the 5' sequence m7G5 '
ppp5'GmpCp ... (Furuichi et aI., 1975a). Methylation does not involve 
an m7GTP (A. Shatkin, personal communication) and probably occurs 
in situ. Unlike with CPV, the rate of reovirus transcription is not mark
edly altered by the presence of SAM. Previous analyses by Levin et al. 
(1970a) using [fj,,),_32P]GTP (and no SAM) were interpreted to indicate 
the additional presence of ~~p5'Gp ... product sequences; however, 
since no phosphatase analyses were performed, it is possible that the 
sequence they obtained was G5 'pGp5 'Gp ... , and in fact this latter 
sequence has been identified as a minor component (up to 30% depend
ing on the reaction conditions) in reaction mixtures incubated in the 
absence of SAM (A. Shatkin and Y. Furuichi, personal communica
tion; Both et al., 1975d). 

The sequence XpppGmpCpUp ... (presumably m7GpppGmp
CpUp ... ) has been shown to be present on the plus strands of all the 
reovirus virion double-stranded genome species (Fig. II), while the 
minus strand of each segment possesses the 5' sequence ppGpPupPyp 
... (presumably ppGpApUp ... ; Banerjee and Shatkin, 1970; Chow 
and Shatkin, 1975). The 3' sequences of the two strand types are ... 
ApUpCOH and ... ApGpCOH ' respectively (Muthukrishnan and 
Shatkin, 1975). Again the enzymes responsible for methylation and 
capping in reovirus virions are not known. However, it has been 
demonstrated that the methylation can be specifically blocked by S
adenosylhomocysteine and that capping and methylation are required 
for the in vitro translation of in vitro synthesized reovirus mRNA (Both 
et al., 1975b; Muthukrishnan et aI., 1975; see Shatkin et aI., Chap. I, 
this volume). 

Studies with wound tumor virus have indicated that its in vitro 
RNA transcripts possess the 5' sequence m7G5'ppp5'AmpXp ... (A. 
Banerjee, personal communication). 

Other than the transcriptase enzyme activity, it has been shown 
that reovirus cores catalyze an exchange reaction between inorganic 
pyrophosphate and all four ribonucleoside triphosphates, or just GTP, 
e.g., [fj,,),_32P]GTP + PP i ;= GTP + 32PP i (Wachsman et al., 1970). 
Also, reovirus cores possess a nucleoside triphosphatase enzyme 
activity which is capable of catalyzing the reaction [,),_32P]GTP ----> GDP 
+ 32pjo with ATP > GTP > CTP > UTP being the order of preferred 
substrates (Borsa et al., 1970; kapuler et al., 1970). The virion 
polypeptides (or their origins, i.e., viral or cellular) responsible for these 
enzyme activities are not known. How these reactions relate to the 
initiation of transcription (see Fig. 12) or the transcriptase poly
peptide( s} is also not known. 
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Fig. 12. A model for the sequence of transcription and 5' modification of reovirus 
mRNA transcripts. In this model, the transcription process is indicated as being con
servative and involving a product transiently possessing a 5' -triphosphate (not 
definitely identified). Also, capping is represented as occurring prior to transcription 
elongation (Y. Furuichi, S. Muthukrishnan, J. Tomasz, and A. Shatkin, personal com
munication). Capping and modification of released transcripts are alternative possi
bilities (see text). Scheme of capping and modification courtesy of A. Shatkin. 
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In terms of possible transcription initiation mechanisms, if the in 
vitro transcription process involves an initial synthesis of product 
pppGpCp ... sequences (not yet proven), then it is conceivable that the 
rriphosphatase catalyzes their conversion in situ to ppGpCp ... , ter
mini suitable for addition of the capping nucleotide (to give 
G5'ppp5'GpCp ... ) and subsequent methylation (to give m7G5'ppp5'
GpCp ... ). If so, then one might ask how soon do capping and 
methylation have to occur after the initiation of transcription? It is con
ceivable that neither capping nor methylation are reovirus-specified 
functions or even required processes for transcription since the necessary 
enzymes appear to be present in uninfected cells (see Shatkin et al., 
Chap. 1, this volume). However, for CPV (but not reovirus) methyla
tion and transcription are coupled processes in vitro so that this sug
gests that for some viruses transcription is rate-limited by capping and 
methylation processes. At what stage or in what way the process is 
limited is not known. 

Various pathways for transcription initiation can be envisaged, one 
of which is displayed in Fig. 12. Evidence has been obtained which indi
cates (1) that 32ppGpCp dinucleotides given to reovirus cores can be 
capped and methylated to give Gp32ppGpCp sequences and (2) that 
reovirus cores convert GpppGp ... to m7GpppG ... but not GpppA 
... to m2GpppA ... (Y. Furiuchi and A. Shatkin, personal communi

cation). These observations not only would tend to support the pathway 
indicated in Fig. ,12 but also indicate a substrate specificity of the 
reovirus enzymes distinct from that of the VSV enzymes (see later). 

In summary, the in vitro transcription process of reovirus has been 
shown to be conservative, capable of synthesizing under some but not 
all circumstances plus-stranded mRNA in equimass proportions 
(depending on the reaction conditions). These product strands possess 
5' sequences of ppGpCp ... , GpppGpCp ... (and possibly pppGpCp 
... ) sequences, or m7G5'ppp5'GmpCp ... sequences (when given a 

source of S-adenosyl-L-methionine). The in vitro transcript can func
tion as mRNA in in vitro translation systems provided they are capped 
and methylated (see Shatkin et al., Chap. 1, this volume). 

3.5.2. In Vivo Transcription Analyses of Reovirus and Other 
Diplornaviruses 

Following absorption, reovlTlons are converted by lysozomal 
enzymes to subviral particles (SVP) by 1 h postinfection, and this 
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process involves the removal of the polypeptide oj and a 8000 dalton 
fragment of f.l2 (Chang and Zweerink, 1971); Silverstein et al., 1970, 
1972). The SVP particles exhibit transcriptase activity in vivo or when 
isolated from infected cells in vitro, and are responsible for the syn
thesis of early reovirus mRNA (Levin et aI., 1971, Watanabe et al., 
1967a,b). Reovirus mRNA is principally found in infected cells in 
association with polysomes. 

By hybridizing pulse-labeled intracellular mRNA (extracted from 
cells 2 h postinfection or later) to unlabeled double-stranded RNA, 
then separating the hybrids by gel electrophoresis and determining the 
radioactivity in each hybrid (Watanabe et al., 1968; Zweerink and 
J oklik, 1970), it has been shown that the in vivo mRN A synthesis is 
neither in equimass nor in equimolar proportions (Table 11). This is in 
contrast to certain in vitro results described above. Although Zweerink 
and J oklik (1970) found that all transcripts were present in similar pro
portions throughout the infection cycle (Table 11), Watanabe et al. 
(1968) found that only 13, m3, s3, and s4 mRNA species were found 
early (or when cycloheximide was used to inhibit protein synthesis) but 
that all ten mRNA species were found late in a productive infection. 
Similar results have been obtained by Shatkin and LaFiandra (1972) 
using chymotrypsin-treated virions (i.e., all ten transcripts are syn
thesized in productive infections but predominantly only s3, s4, and m3 
in cycloheximide-treated cells). 

It is not known if the particular mRNA species seen in cyclohexi
mide-treated cells are artifacts of the drug treatment or a true 
expression of early transcriptional control. If the latter, then one could 
reasonably postulate that some cellular protein structure or local condi
tion suppresses the transcription of some of the reovirus segments and 
that a newly synthesized viral or cell protein is needed to release that 
inhibition. Although the in vivo subviral particle is not exactly com
parable to the in vitro particle, it has been shown that recovered 
subviral in vivo particles synthesize all ten mRNA species in vitro. 

Recent analyses have shown that the in vivo reovirus mRNA 
species, like their in vitro counterparts, also possess capped and 
methylated 5' sequences (Furuichi et al., 1975b). No 3' -polyadenylic 
sequences have been identified on reovirus mRNA species (Stoltzfus et 
al., 1973). 

The infection process of reovirus, involving different phases of 
mRNA transcription (i.e., early primary transcription and late secon
dary transcription-which are dependent on de novo protein synthesis 
and replication), has been reviewed by J oklik (Vol. 2, this series). 



196 Chapter 3 

Although it is believed that plus strand mRNA species serve as the 
templates for minus strand synthesis, it is not known if or how the 
eozyme(s} responsible for synthesizing minus strand RNA is related to 
the virion transcriptase. The conservative natures of the transcription 
and replication cycles are noteworthy features of reovirus infections, 
and it has been reported that there is a release of the parental infecting 
virion together with progeny virions late in an infective time course 
(Joklik, Vol. 2, this series). For a comprehensive review and discussion 
of these and other aspects of the infection process of reovirus and other 
diplornaviruses, the reader is referred to Joklik's chapter in Volume 2 
of Comprehensive Virology. 

3.6. Rhabdovirus Transcriptases 

It has been demonstrated that rhabdoviruses are negative-stranded 
viruses which possess a virion-associated RNA-directed RNA poly
merase. (Baltimore et al., 1970). Certain characteristics of rhabdovirus 
in vivo or in vitro transcription processes have been discussed in Sec
tion 1 and 2; others will be described below. 

For discussions of the basic structural features of rhabdoviruses, 
the reader is referred to reviews by Wagner (Vol. 4, this series) and 
Bishop and Smith (1976). The bullet-shaped enveloped viruses, possess
ing an outer glycoprotein and envelope-associated membrane pro
tein(s), contain a helical nucleocapsid core which consists of an RNA 
molecule in association with a nucleoprotein and other proteins. For 
VSV Indiana there are three major virion proteins, i.e., a single glyco
protein, G, a single membrane protein, M, and a nucleoprotein, N 
(Table 12). Other rhabdoviruses may possess one or two membrane pro
teins. There is no evidence to date which suggests that the VSV Indiana 
G, M, or envelope components affect the virion-associated transcriptase 
function either in vitro (Bishop and Roy, 1972; Emerson and Wagner, 
1972) or in vivo (see Section 1.1.1 h). 

The nUcleocapsids of several rhabdoviruses, e.g., VSV Indiana, 
VSV New Jersey, Cocal, Chandipura, and Piry, contain not only RNA 
and N protein but also (Table 12) small amounts of a large protein, L, 
and a phosphoprotein, NS (Obijeski et al., 1974; Sokol et al., 1974; 
Wagner et al., 1972). Rabies appears to possess some phosphorylated N 
protein as well as an L protein but no separate NS protein (Sokol and 
Clark, 1973; Sokol and Koprowski, 1975). 

Although for VSV Indiana the known structural polypeptides cor-
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respond to almost all the genetic information of the virus (Table 12), 
other proteins and various enzyme activities have been observed to be 
present in rhabdovirus preparations (see later). In our laboratory, we 
consistently find in VSV Indiana and other rhabdovirus preparations 

TABLE 12 

Structural Components of the Rhabdovirus 
Vesicular Stomatitis Virus (VSV) Indiana 

Serotype 

Viral proteins· 

Approximate 
Protein number 
species Mol. wt. per virion 

L 1.5 X 10' 52 
G 0.67 X 10' 1800 
N 0.52 X 10' 2000 
NS 0.4-0.25 X 10'· 200 
M 0.25 X 10' 4000 

Virus RNAc 

3.8 X 10" 

Virus mRNA species· 

RNA Protein 
Species size Mol. wt. specified 

1 28 S 1.7 X 10" L 
2 17.5 S 0.70 X 10" G 
3 15 S 0.55 X 10" N 
4 12.5 S 0.28 x 10" M 
5 12.5 S 0.28 X 10" NS 

• Data from Bishop and Roy (1972) and Bishop and 
Smith (1976). 

• NS protein is a phosphoprotein whose electrophoresis 
mobility varies with pH (Obijeski et al., 1974). G pro
tein is a glycoprotein; N is the nucleocapsid protein; 
M is a membrane or matrix protein; NS and L form 
the transcriptase (Wagner, Vol. 4, this series). Other 
virus protein species (e.g., A and B observed by Bishop 
and Roy, 1972) are regularly observed in association 
with nucleocapsids of virus preparations, but may be 
of host origin (see text). 

C Data from Repik and Bishop (1973). 
d Data from Rose and Knipe (1975) and Both et al. 

(1975b,c and unpublished observations). 
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minor but distinct protein bands possessing an electrophoretic mobility 
slightly faster than that of the N protein. Such proteins, A and B, 
described by Bishop and Roy (1972), are associated with the 
nucleocapsid when viral cores are made (i.e., lacking lipid, G, and M 
proteins). Other investigators have observed similar bands (J. F. 
Obijeski, personal communication). We do not know what function 
these protein species have or if they are derived from other viral 
structural proteins or are host proteins packaged during maturation. 

The genome of rhabdoviruses consists of a linear, single-stranded 
RNA possessing a size of 3.8 x 106 daltons (Repik and Bishop, 1973). 
Associated with this RNA is about 100 X 106 daltons of N protein 
(Bishop and Roy, 1972). The 5' -terminal sequence of VSV Indiana 
viral RNA has been shown to be pppApCpGp ... (Hefti and Bishop, 
1975a). It is neither capped nor methylated (Hefti and Bishop, 
1975a,b). The ratio of N protein to RNA in the nucleocapsid is not 
only sufficient to protect the RNA from ribonuclease digestion but also 
even prevents the removal of the 5' terminal pppApCp sequence by 
pancreatic ribonuclease treatment (Hefti and Bishop, 1975b). There
fore, it can be concluded that the viral N protein completely covers the 
RNA and, from the size of the whole nucleocapsid, probably maintains 
it in an extended form (Wagner, Vol. 4, this series). How the RNA~N 
protein complex is synthesized or how the N protein interacts with the 
RNA is not known. 

For rhabdoviruses, like other viruses, the productive infection of a 
cell involves the synthesis of virus-specified products in sufficient quan
tities, location, and timeliness to execute the necessary procedures to 
produce infectious progeny. Following uncoating, the next critical step 
to a successful infection is the synthesis of viral messenger RNA (plus 
strands) by transcription of the virion genome (minus strand). How and 
in what form these mRNA species are synthesized will be discussed 
below in relation to evidence gleaned from both in vitro and in vivo 
rhabdovirus studies. Since certain viral proteins are evidently required 
before others, a second set of questions which has to be asked is 
whether there is any regulation of viral messenger RNA synthesis in 
vivo (or as seen in vitro) to give unequal amounts of the various mRNA 
species at one time or another so that through translation certain pro
teins species are available in greater amounts than others. Evidence 
pertaining to the answer of some of these questions will be discussed 
below. 

As mentioned previously, transcription from the infecting rhabdo
virus genome is termed "primary transcription," and transcription of 
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mRNA from progeny replicas of the infecting genome is termed 
"secondary transcription." In order to obtain progeny genome RNA 
species, it has been shown by molecular and genetic procedures that 
both protein synthesis and replication must occur (reviewed by Bishop 
and Flamand, 1975; Bishop and Smith, 1976; Wagner, Vol. 4, this 
series). Clearly, the processes of mRNA transcription and replication 
must somehow involve the same template. However, these processes are 
not necessarily conflicting, and this could be an important attribute of 
the infection process evolved by rhabdoviruses, as will be proposed later 
in this chapter. The interrelationships of primary transcription, replica
tion, and secondary transcription will be discussed using evidence 
gleaned from both in vivo and in vitro analyses. 

3.6.1. In Vitro Studies on the Viral Transcriptases of Rhabdoviruses 

The properties of the in vitro transcription process of VSV Indiana 
serotype have been studied extensively subsequent to the initial 
demonstration by Baltimore et al. (1970) that VSV Indiana virions 
possess an RNA-directed RNA polymerase. Since the virus nucleo
capsid is enclosed in a membrane, in order to assay the synthesis of 
RNA in vitro it is necessary to solubilize the structure to allow access 
of labeled nucleoside triphosphates to the enzyme-template complex as 
discussed in Section 1.1.1. The optimal reaction ingredients have been 
determined for various rhabdoviruses (see Section 1.1.1) including VSV 
Indiana, VSV New Jersey, Chandipura, Piry, Cocal, and Kern Canyon 
viruses, and, apart from KCV, each of the other five rhabdoviruses 
appears to have similar requirements to that of VSV Indiana (Aas
lestad et al., 1971; Chang et al., 1974). 

It is noteworthy that for all rhabdoviruses so far investigated 
except the fish rhabdoviruses, the optimal temperature for the in vitro 
transcription reaction is between 28°C and 32°C (Aaslestad et al., 
1971; D. H. L. Bishop, unpublished observations; Huang et al., 1971; 
Roy et ai., 1975). Thi~ is in clear opposition to the results obtained in 
vivo, where the optimal temperature for primary transcription was 
shown for VSV Indiana to be 38°C (Flamand and Bishop, 1973). Why 
is the in vitro temperature optimum so low? The reason is not definitely 
known and could reflect a quirk of the in vitro reaction conditions. It 
has also been shown that the in vitro transcription process is not sus
tained at 37°C (Aaslestad et ai., 1971) and that it is also selective and 
incomplete (Bishop and Roy, 1971b). Within an infected cell, the 
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primary transcription process is both sustained and complete at 38°C, 
or even 40°C (Flamand and Bishop, 1973). Some evidence has been 
presented which suggests that the observed in vitro inhibition may be 
due to the presence of a nonionic detergent (see Section 1.1.1 b). 
However, it is known for other enzyme systems, such as that of the 
oncornavirus Rous sarcoma virus, that the in vitro RNA-directed DNA 
synthesis in the presence of Triton N101 is greater at 38°C than at 
31°C (see Section 1.1.4a). 

The optimal temperature for the in vitro assay of the virion 
transcriptase of pike fry rhabdovirus is around 20°C (Roy et af., 1975), 
and that of SVCV or Egtved viruses around 18°C (P. Roy and D. H. L. 
Bishop, unpublished observations). 

The endogenously templated virion transcriptase enzyme-specific 
activities (assayed in terms of pmoles of nucleoside monophosphate 
incorporated into product RNA per hour per milligram of viral protein, 
or per milligram of viral RNA) vary considerably from one rhabdo
virus to another. The highest rhabdovirus enzyme-specific activity we 
have observed was obtained with preparations of VSV Indiana, giving 
values of about 30,000 pmol GMP per hour per milligram of protein 
(Bishop et af., 1971a). Other rhabdoviruses exhibit ten- to a hundred
fold lower in vitro specific activities: VSV New Jersey, Cocal, Chan
dipura, Piry (Chang et aI., 1974), KCV (Aaslested et aI., 1971), PFR 
(Roy et af., 1975), SVCV, Egtved, and rabies viruses (P. Roy and D. H. 
L. Bishop, unpublished observations). However, their lower activities 
do not correlate with the observed in vivo primary transcription rates 
(P. Repik and D. H. L. Bishop, unpublished observations). As men
tioned previously (Section 1.2), rabies virus preparations exhibit very 
little, if any, in vitro transcriptase activity (usually less than 5 pmol 
UMP incorporated per hour per milligram of protein), while the in vivo 
primary transcription rate for rabies is on a par with that obtained for 
influenza virus-which possesses an in vitro transcriptase specific 
activity of around 1000 pmol per milligram of protein per hour (Bishop 
and Flamand, 1975; D. H. L. Bishop, unpublished observations). It is 
not known if the rabies intracellular activity reflects an interaction with 
some specific factors in the cell which facilitate transcription. 

3.6.2. Other Enzymes Associated with Rhabdovirus Preparations 

Apart from the virion transcriptase, certain other enzymes have 
been consistently observed in preparations of all rhabdoviruses so far 
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investigated. One of these enzyme activities is a nucleoside diphosphate 
kinase activity (nucleoside triphosphate phosphotransferase). This 
activity is activated by a nonionic detergent and is capable of catalyz
ing reactions such as GTP + CDP ~ GDP + CTP (Roy and Bishop, 
1971). It has been shown that, provided an excess of at least one 
nucleoside triphosphate is supplied, the in vitro transcription of RNA 
by VSV Indiana preparations can function in the presence of the three 
other nucleoside diphosphates following their conversion into triphos
phates (see Section 1.1.Id). 

Nucleoside triphosphatase enzyme activities (e.g., ATPase) are 
also present in all rhabdovirus preparations so far investigated (Roy 
and Bishop, 1971). These enzymes appear to be inhibited by Triton 
N 101 and probably do not inhibit the in vitro transcription process 
unless limiting concentrations of triphosphates are present. Whether 
they are involved in the transcription initiation process is not known. 

The presence of a protein kinase enzyme activity associated with 
the nucleocapsids of VSV Indiana and other rhabdoviruses has been 
demonstrated (Sokol and Clark, 1973; Strand and August, 1971). The 
preferred endogenous substance for the VSV protein kinase is the 
resident NS phosphoprotein, although the viral M protein and other 
exogenous substances can be phosphorylated. When VSV Indiana 
virion nucleocapsids are prepared from virus particles by nonionic 
detergent extraction, the protein kinase activity is not completely 
removed (lmblum and Wagner, 1974; Moyer and Summers, 1974). In 
fact, in unpublished studies we have performed, all of the endogenously 
templated protein kinase activity remains with the nucleocapsids even 
when 95% of the viral G, M, and lipids are removed by detergent and 
polyethylene glycol-dextran T500 phase separation (D. H. L. Bishop, 
unpublished observation). Parenthetically, it has been shown that such 
detergent extraction separates into the PEG phase the G, M, lipids, 
some L protein, as well as all the triphosphatase and phosphotrans
ferase enzyme activities, while the nucleocapsid core (RNA-N, NS and 
L, protein kinase plus the A and B proteins) is removed in the dextran 
phase (Bishop and Roy, 1972; Hefti et al., 1975). Which proteins 
constitute the protein kinase activity or these other enzyme activities is 
not known, although it has been shown that neither highly purified 
RNA-N complexes nor L or NS proteins possess protein kinase 
activities (lmblum and Wagner, 1974). Since the viral protein kinase 
specific activity varies depending on the host cell selected for virus 
growth, this is suggestive evidence that the enzyme may be a host pro
tein (lmblum and Wagner, 1974). 
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3.6.3. Template and Enzyme Components of VSV Indiana and Other 
Rhabdovirus Transcriptases 

The RNA-N complex serves as the template for the VSV Indiana 
virion transcriptase; naked VSV viral RNA will not function in lieu of 
that complex (D. H. L. Bishop and S. U. Emerson, unpublished 
observations; Bishop et aI., 1974; Emerson and Yu, 1975; Emerson and 
Wagner, 1972, 1973). The viral N protein is not permanently removed 
from the viral RNA during transcription. It is not recovered in associa
tion with the product RNA species (Bishop and Roy, 1972). 

As discussed in Section 2.2.1, S. U. Emerson and R. R. Wagner 
have conclusively shown in an elegant series of experiments that the 
VSV Indiana transcriptase consists of the viral L protein and NS phos
phoprotein (Emerson and Yu, 1975; Emerson and Wagner, 1972, 1973; 
Imblum and Wagner, 1975). The number of transcriptase enzymes per 
virion are not known, although from the number of Land NS proteins 
per virion it appears that there are several (Bishop and Roy, 1972). 
Purified template (RNA-N) possesses no transcriptase activity and is 
not infectious per se. Purified enzyme preparations or enzyme 
components also exhibit no transcriptase activity, nor are they 
infectious per se. Suitable combinations of template and enzyme 
(RNA-N plus NS and L; but not RNA-N plus L or RNA-N plus NS) 
both exhibit transcriptase activity in vitro and are infectious (Bishop et 
al., 1974; Emerson and Yu, 1975; S. Emerson and D. H. L. Bishop, 
unpublished observations). The molecular interrelationships of NS with 
L and the template RNA-N complex are not known. 

It has been shown that enzyme preparations of VSV Indiana can 
transcribe the template components of Cocal virus (a rhabdovirus 
known by the criteria of serology, Federer et al., 1967, and by RNA 
genome homology, Repik et al., 1973, to be closely related to VSV 
Indiana), and render the Cocal template infectious (Table 6 and Fig. 8). 
Likewise, the reverse heterologous reconstitution of transcriptase and 
infectivity between Cocal enzyme and VSV Indiana template has been 
demonstrated (Bishop et al., 1974). In contrast, VSV Indiana enzyme 
shows little if any ability to transcribe or render infectious the VSV 
New Jersey template (Table 6 and Fig. 8), even though VSV New 
Jersey is a distant cousin of VSV Indiana (again based on the criteria 
of serology, Federer et al., 1967, or RNA homology, Repik et al., 
1973). The VSV New Jersey enzyme will transcribe and reconstitute 
infectious entities only with VSV New Jersey template (Table 6 and 
Fig. 8). 

The results of these experiments suggest that the enzyme of one 
rhabdovirus is specific for its own template and will not accept a tem-
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plate of a distantly related (or presumably unrelated) virus. Whether 
this specificity is due to an RNA sequence or relates to the recognition 
processes of one· or all of the transcriptase proteins for the template 
remains to be determined. However, it should be noted that these 
results provide the clearest proof that virion transcriptases are required 
functions for a productive infection by a rhabdovirus. 

It is not known whether the transcriptase enzyme components of 
all rhabdoviruses are composed of L proteins and NS phosphoproteins. 
Although all rhabdoviruses so far investigated have been shown to 
possess L proteins, some appear to possess phosphorylated N proteins 
and others both phosphorylated N and other proteins of unknown func
tion. The functional or evolutionary significance of these differences is 
not known (see review by Bishop and Smith, 1976). 

3.6.4. Transcription Product Analyses for VSV Indiana 

It has been shown that the in vitro transcription process for VSV 
Indiana is complete at 31°C under optimal conditions (Bishop, 1971). 
This has been demonstrated by showing that the product is comple
mentary to the viral genome and on annealing can render the genome 
almost completely ribonuclease resistant (Bishop, 1971). No viruslike 
product sequences have been detected in in vitro transcription analyses 
(Aaslestad et al.. 1971). It has been shown that the in vitro transcrip
tion process is repetitive, sequential, and disproportionate in that some 
sequences are transcribed more frequently than others (Bishop and 
Roy, 1971b; Roy and Bishop, 1972). This has been demonstrated by 
hybridizing the product RNA either to VSV viral RNA or to VSV 
defective T -particle RNA (representing a unique one-third of the viral 
genome). By such studies it was shown that (1) much less than one
third of the product could hybridize to the defective particle RNA for 
any timepoint examined and (2) those product sequences whiCh did 
hybridize to the T-particle RNA could only be detected late in a reac
tion time course and not at all in reactions conducted at 37°C (Bishop 
and Roy, 1971 b). Product RNA species are, for the most part, smaller 
than the viral genome (Bishop and Roy, 1971b; Roy and Bishop, 1972). 

3.6.5. Direction of Product Synthesis, Transcription Initiation 

The direction of product RNA synthesis has been shown by [-y-
32P]ribonucleoside triphosphate incorporation studies and pulse-chase 
experiments to occur in a 5' to 3' mode (Roy and Bishop, 1973). 
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In early experiments, a variety of 5' initiation sequences were 
identified among the in vitro transcription reaction products. These 
sequences were shown to possess either pppAp ... or, to lesser extents, 
pppGp ... 5' nucleotides (Roy and Bishop, 1973; Chang et al., 1974). 
No product initiations have been obtained commencing with pyrimidine 
nucleotides, and this has been documented for VSV Indiana, VSV New 
Jersey, Chandipura, Cocal, and Piry viruses (Chang et al., 1974). Of 
the product RNA sequences initiated in vitro with purine nucleotides, 
four were partially sequenced for VSV Indiana, and gave sequences 
pppApCpGp ... , pppApApPypXpGp ... , pppGpCp ... , and 
pppGpGpPyp ... (Roy and Bishop, 1973; Chang et al., 1974). What 
roles do these initiation sequences have in the process of in vitro 
mRNA transcription or viral RNA replication? Before proposing 
answers to these questions, let us first consider the evidence for specific 
posttranscriptional modification of VSV mRNA species. 

The transcription process of VSV RNA can be delineated into 
several phases: (1) initiation, (2) 5' modification involving capping and 
methylation, (3) chain elongation, and (4) release and polyadenylation 
of the 3' terminus. The temporal relationship of 5' modification to 
initiation or chain elongations is not known, nor is it definitively known 
if there are unique or multiple sites for mRNA initiation (see later). 

The results obtained on transcription initiation with cores of VSV 
Indiana isolated by polyethylene glycol-dextran phase separation to 
remove the phosphotransferase from the transcriptase-active complexes 
(RNA-N protein, NS and L proteins) and utilizing [-y-32P]ribonu
cleoside triphosphates (Roy and Bishop, 1973) indicated that initiation 
involved purine nucleotides (Fig. 13). The 32P-Iabeled terminal nucleo
tides can be recovered from the whole product RNA by alkali 
hydrolysis or, for [-y-32P]GTP-labeled product RNA, by ribonuclease Tl 
digestion (Roy and Bishop, 1973; Hefti and Bishop, 1975b, 1976). The 
label in these termini is sensitive to alkaline phosphatase (Fig. 13), and 
is present on uncapped, unmodified sequences. When the [,),_32P]ATP_ 
or [-y-32P]GTP-Iabeled product is digested by pancreatic ribonuclease 
and resolved by DEAE-cellulose column chromatography at pH 5.5, 
four distinguishable termini can be identified (Roy and Bishop, 1973). 
Nearest-neighbor analyses using [a-32P]ribonucleoside triphosphates as 
well as analyses involving ribonuclease T 1 digestion have been used to 
characterize these termini as pppApCpGp ... , pppApApCpXpGp ... , 
pppGpAp ... , pppGpCp ... , and pppGpGpPyp ... (Chang et al., 
1974; Hefti and Bishop, 1975b. 1976; Roy and Bishop, 1973). The pro
portions of the different termini usually obtained for VSV reactions 
incubated for extended periods (up to 8 h) are given in Table 13. 
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Fig. 13. Viral complementary transcripts of the rhabdovirus VSV Indiana which 
possess 5' sequences starting with pppAp ... or pppGp .... VSV in vitro transcription 
product RNA labeled by either ['Y_32P]ATP or ['Y_32P]GTP was purified and digested 
with alkali or ribonuclease T\ and the labeled nucleotides were resolved by DEAE
cellulose column chromatography with suitable marker nucleotides. The respective 
32pppAp and 32pppGp nucleotides were recovered (pool A or B), digested with alkaline 
phosphatase, and shown to give in both cases labeled phosphate (inserts). Data of Hefti 
and Bishop (1 975b ). 
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TABLE 13 

Proportions of Various 5' Product Termini Observed in 
VSV Transcription Analysesa 

-SAM +SAM 
Sequence (%) (%) 

pppApCpGp ... 25~35 20~30 

pppApApPyp ... 5~10 Not determined 
GpppApAp. " 30~40 Not detected 
m'GpppAmpApCp ... Not detected 4Q.-50 
pppGpCp ... 5~15 5~15 

pppGpAp ... 5~15 5~10 

pppGpGp ... 1O~15 5~10 

Unidentified 5~15 

a The ranges of percentage occurrence of various 5' -terminal 
nucleotides found among VSV in vitro transcription product RNA 
are data obtained by Hefti and Bishop (1976), Chang et al. (1974), 
and Roy and Bishop (1973). Other investigators have so far detected 
only GpppAp ... and m'GpppAmpAp ... sequences (see text). 
Triphosphate-terminating nucleotides have been identified by both 
[1'_32P]_ and [a-32P]ribonucleoside triphosphate precursors. 

Chapter 3 

3.6.6. Modification of the 5' Sequences of Transcripts by Capping and 
Methylation 

The observations that virions of the double-stranded RNA viruses, 
cytoplasmic polyhedrosis virus (CPV), and human reovirus synthesize 
capped and uncapped 5' sequences (in the absence of SAM) or addi
tional methylated sequences in the presence of SAM (see Section 3.5.1) 
have been extended by Banerjee and associates and shown to apply to 
VSV Indiana transcription reactions (Abraham et al., 1975; Rhodes et 
ai., 1974), and in part their results have been confirmed in our labora
tory (Hefti and Bishop, 1975b, 1976). The effects of a methyl donor 
(SAM) on the reaction rates of VSV Indiana, PFR, or SVCV virion 
transcriptases are shown in Fig. 14 (D. H. L. Bishop and P. Roy, 
unpublished observations). Although the effects on VSV Indiana and 
PFR transcription rates are marginal, for SVCV (like CPV) the 
stimulation is significant. The results obtained by Banerjee and 
associates, or in our laboratories, indicate that the VSV Indiana 
transcript methylation Involves a posttranscriptional modification of 
certain RNA species synthesized by the virion transcriptases (Abraham 
et al., 1975; Hefti and Bishop, 1975b, 1976). Whether this modification 
is obligatory or occurs while product RNA is being completed or after 
it is released is not known, although the observations for SVCV (Fig. 
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14) that the reaction rate is stimulated by the presence of SAM argue, 
as in the case of CPV, for the former. 

The termini analyzed in the experiments discussed in the previous 
section represent only those sequences which have retained their 'Y
phosphates. When transcription initiation studies are performed in the 
presence of [a-32P]ribonucleoside triphosphates (±SAM), a substantial 
number of capped termini can be demonstrated (Table 13) possessing 
the sequence GpppApA ... , which in the presence of SAM are quanti
tatively converted into termini possessing the sequence m7GpppAmp
ApCpXpGp ... (Abraham et al., 1974; Hefti and Bishop, 1975b, 1976; 
Rhodes et al., 1974). In the analyses reported from Banerjee's labora
tory, only capped (-SAM) or capped and methylated (+SAM) 
sequences were detected, whereas in our analyses both uncapped and 
capped (-SAM) or uncapped and capped and methylated (+SAM) 
sequences have been detected (Table 13). The explanation for the dif
ferences observed between these two laboratories is not immediately 
apparent, but as shown in Fig. 15 it is not because the h_32P]A TP
labeled product is smaller than the mRNA species (12-28 S, Table 12). 
As will be discussed later, Rose (1975), has obtained evidence which 
indicates that VSV messenger-size RNA species isolated from infected 
cells possess a variety of capped and methylated 5' sequences as well as 
a small proportion of uncapped termini possessing pppAp ... or 
pppGp ... sequences. One possible explanation for the difference 
between the results obtained by Banerjee and by us is that there are 
strain or growth differences for various VSV Indiana isolates and such 
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Fig. 15 . Size of VSV in vitro transcription 
product RNA labeled by ['Y_32P]GTP and 
['Y_32P]A TP. Product RNAs were purified 
and resolved by polyacrylamide gel elect
rophoresis. A parallel electrophoresis of E. 
coli 23 S, 16 S, and 4 S RNA species was 
used to provide size markers. 

differences are reflected in the ability of the virus transcriptase to 
initiate and cap or modify at particular sites on the template. Other 
explanations which might be entertained are that in vitro replication 
attempts can occur (see later) or that in vitro the transcriptase can 
initiate incorrect! y. 

Two points stand out from the results obtained: one is that the 
sequence pppApCpGp , . . is not capped or methylated and the other is 
the basic similarities between the sequences pppApApPypXpGp , , , , 
GpppApAp, , . , and m7GpppAmpApCp" ., This suggests that the 
precursor for the capped sequence is pppApApPypXpGp, . , (giving 
GpppApApPypXpGp, , ,) which in the presence of SAM is converted 
into the methylated component m7GpppAmpApCpXpGp,., (Hefti 
and Bishop, 1976), To support this view, it has been found that capped 
product termini in reactions lacking SAM or capped and methylated 
termini (in reactions containing SAM) are released by ribonuclease Tl 
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digestion of suitably labeled reaction products and these can be 
recovered from DEAE chromatograms in positions two charges greater 
than those isolated by pancreatic ribonuclease digestion (D. H. L. 
Bishop, unpublished observation). Although this evidence is not in itself 
sufficient, since no pulse-chase experiments have been performed, it 
does suggest one plausible mechanism for initiation, capping, and 
methylation of VSV product termini as exemplified in Fig. 16. Other 
mechanisms will be discussed below. 

Banerjee and associates have been able to resolve the different in 
vitro transcription product RNA species into distinct RNA species (28 
S; 17.5 S; 14.5 Sand 12 S RNA; see Table 12) and show that when 
synthesized in the presence of SAM the 17.5-12 S species possess the 
5' sequence m7G5'p~-pAmpAp (Abraham et at., 1975; Moyer et at., 
1975b). 

If there are uncapped and! or capped 5' sequences of VSV product 
RNA formed in vitro and destined to become capped and methylated 
m7GpppAmpAp ... mRNA species, then what are the functions, if 
any, of the uncapped species which do not appear to become capped or 
methylated? The major one of these is the pppApCpGp ... sequence; 
others detected involve pppGp ... sequences. The relevance of these 
other observed sequences to the transcription process producing VSV 
mRNA is not known. Possibly they represent alternate initiations either 
for the 28 S mRNA or for the other mRNA species. Since they 
represent both variable and minor proportions of the various 5' 
sequences, these questions will be hard to resolve. It has been noted 
that a second capped and methylated sequence can be detected among 
VSV Indiana product sequences (Hefti et at., 1976). This sequence is 
bigger than the m7GpppAmpAp ... but occurs in minor quantities. It 
is possible that it represents a m7GpppAmpAmpCp ... sequence (like 
some of the methylated and capped 18-12 S VSV mRNA species 
detected in vivo, Rose, 1975) or another sequence related to the 
guanosine initiations. 

The occurrence in vitro of the pppApCpGp ... sequence is of 
interest since it has been demonstrated among transcription products of 
several rhabdoviruses (Chang et at., 1974; Roy and Bishop, 1973) and is 
the same sequence found at the 5' end of VSV viral RNA. Some evi
dence has been obtained in our laboratory which suggests that the 3' 
sequence of VSV viral RNA is ... pPypGpUOH , i.e., possibly the com-
plement of the pppApCpGp ... sequence. Do the in vitro pppApCpGp 
... sequences represent initiation at the 3' terminus of the viral RNA, 
and if so how does this relate to mRNA transcription initiation? The 
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Scheme 1. Capping and methylation post-transcription. 

pppApApcp------------ApApApA 

GTPJ fpp 
G~B-~ApApCp----------- ApApApA 

SAM..L 

f SAH 
m7 G~B-~ApApCp ____________ ApApApA 

SAM..l pAH 
7 all a m Gpp-pAmpApCp ____________ ApApApA 

Other methylations 

Capping 

Cap methylation 

Ribose methylation 

•••••• 0 •••••••••••••••• 0 •••••••••••••• 0 •••••••••••• 0 •• 0 •••••••••••••••••••••• 

Scheme 2. Capping prior to chain elongation. 

pppApA Initiation 

all a Gpp-pApA 

) GTP PP, P 

all a Gpp-pApApCp ______ _ 

all a Gpp-pApApCp ____________ ApApApA 

SAM I pAH 
7 as a m Gpp-pApApCp ____________ ApApApA 

SAM I pAH 
m7 ~a-pAmpApCp ___________ ApApApA 

Capping 

Chain elongation 

Chain completion 

Cap methylation 

Ribose methylation 

Fig. 16. Schemes for the 5' modification of VSV viral complementary mRNA. In 
these schemes, the 5' capping of VSV mRNA is indicated as occurring either after 
transcription or prior to chain elongation (alternate schemes are discussed in the text). 
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answers to these questions are not known at present, but two concepts 
can be considered. The first is that they are related to mRNA synthesis 
and the second is that they relate to in vitro replication attempts. These 
possibilities will be discussed in the models presented in Sections 3.6.13 
and 3.6.14. 

In summary, then, it appears that in vitro transcripts are initiated 
by purine nucleotides and of the various sequences initiated in vitro 
probably at least one type (pppApApCpXpGp ... ) is subsequently cap
ped (G5'ppp5'ApApCpXpGp) and methylated in the presence of SAM 
(m7G5'ppp5'AmpApCpXpGp ... ) and represents the 5' sequence found 
on most if not all VSV mRNA species. Another in vitro 5' sequence 
does not appear to become capped or methylated (pppApCpGp ... ), 
and whether other 5' sequences are capped or methylated is not known. 

3.6.7. Transcription Termination, Polyadenylation 

Are there particular stop sites for transcription termination? The 
answer to this question is not known, but possibly it is in the affirma
tive since mRNA species of particular sizes can be obtained (Moyer et 
al., 1975b). What is clear is that polyadenylation of the mRNA product 
can occur at the 3' end of the RNA, producing poly(A) stretches of up 
to 200 nucleotides (Banerjee and Rhodes, 1973; Moyer et al., 1975b; 
Villareal and Holland, 1973). This is also true for the VSV in vivo 
mRNA species (Ehrenfeld, 1974; Ehrenfeld and Summers, 1972; Galet 
and Prevec, 1973; Moyer et al., 1975b; Soria and Huang, 1973). 
Whether polyadenylation occurs on most or all product RNA strands is 
not certain. In our laboratories, we have observed less polyadenylation 
of VSV transcription products than that reported by others (D. H. L. 
Bishop, unpublished observations). This may be due to our reaction 
conditions or to the virus or cell strains employed. There is no decisive 
evidence to indicate whether polyadenylation is an attribute of the 
virion transcriptase or another enzyme present in minor amounts. No 
long stretches of poly(U) have been identified in the viral RNA 
sequences (Ehrenfeld, 1974; Ehrenfeld and Summers, 1972), so pre
sumably the poly(A) elongation proceeds as a nontemplated function~ 
The poly(A) stretches are heterogeneous in size, consisting of some 50-
200 nucleotides (Moyer et al., 1975b), and this may account for the 
observed heterogeneity of the majority of the transcription product 
RNAs (12-18 S). It is conceivable that poly(A) synthesis is initiated 
from a short stretch of viral poly(U) (say, five to six nucleotides) and 
that, through slippage or nontemplated activity, polyadenylation is 
continued. 
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3.6.8. Transcriptional Control as Evidenced by the in Vitro Analyses 

The possibility that there may be some form of transcriptional 
control opreative during in vitro analyses stems from the observation 
that the in vitro product RNA does not equally represent all parts of 
the viral genome (Roy and Bishop, 1972). The mRNA obtained in vivo 
also is disproportionate, as shown by a variety of procedures induding 
hybridization of total cellular RNA to VSV complete or defective 
RNA species or in vivo labeling procedures (Huang and Manders, 
1972; Flamand and Bishop, 1974). Despite the obvious problem that the 
in vitro analyses may not represent in vivo conditions, it is worthwhile 
to speculate about potential control mechanisms which are suggested 
by these analyses. 

One possible control point could be the transcription initiation 
sequences. If, as all evidence currently suggests, the individual messages 
are transcribed in a 5' to 3' direction involving separate 5' initiations, 
then the preference of the transcriptase to pick one initiation point over 
another would result in selective transcription. Other than template 
sequence considerations, how could one initiation point be preferred 
over another? A first possibility would involve a role for the NS phos
phoprotein, whereby at particular locations on the RNA-N protein 
complex the NS protein promotes initiation at greater efficiency than 
at other locations. The relative efficierrcies may reflect the number of 
NS molecules per location or the degree of protein kinase-catalyzed 
NS phosphorylation. However, we do not know if all NS proteins are 
equally phosphorylated or if some are selectively phosphorylated during 
transcription. 

Second, transcription control mechansims could reflect differences 
in the rate of initiation as opposed to the rate of RNA elongation. 
Alternatively, there could be differences in the elongation rate of dif
ferent transcripts whereby longer transcripts are transcribed at a slower 
rate due to the intrinsic sequences involved, or by requiring greater or 
more sustained unwinding of the RNA-N protein complex. 

Third, although stop or prevention signals in transcription have no 
supportive evidence at this time, it can be suggested that such signals 
may exist. If so, then they could function in controlling transcription by 
holding up the completion or release of some but not all transcripts. 
Again, this could be a possible role for the NS protein, or involve dif
ferences in the poly(A) fabrication machinery. 

As a fourth possibility for transcriptional control, a sequential 
synthesis mechanism can be envisaged whereby there is an interde-
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pendence of transcript syntheses, transcript A being synthesized before 
transcript B synthesis is triggered, with the efficiency of triggering B 
being less than 100%, etc. 

All these hypotheses assume that transcription of VSV mRNA 
involves the separate initiations of each mRNA species; if, however, the 
individual mRNA species are derived from a common precursor, then 
other forces of transcriptional control might be entertained. 

3.6.9. The Size and Messenger RNA Capability of VSV in Vitro (and 
in Vivo) Transcripts 

It has been shown that the VSV messenger RNA species isolated 
from infected cells consist of a viral complementary 28 S RNA and a 
mixture of species which are broadly recovered in the 11-18 S region of 
a sucrose gradient (H uang et al., 1970; Mudd and Summers, 1970). The 
heterogeneities observed in the 11-18 S region are probably a function 
of differences in the possession and sizes of the poly(A) 3' sequences 
present on the individual mRNA species. If, however, VSV mRNA 
species possessing poly(A) 3' tails are selected from the infected cell 
nucleic acids through their ability to bind to oligo(dT)-cellulose 
columns, recovered, and separated on sucrose gradients, then it is possi
ble to resolve the 11-18 S mixture of RNA species into three 
reasonably well-defined mRNA size classes (Both et al., 1975c; Moyer 
et al., 1975a). The same results can be obtained for in vitro synthesized 
VSV transcripts (Moyer et al., 1975b). Alternative procedures which 
have been used to separate in vivo mRNA species involve recovering 
RNA species following their separation by gel electrophoresis run 
under denaturing conditions (Knipe et al., 1975). 

By using the in vitro (or in vivo) VSV mRNA species to prime 
wheat germ or cell-free Krebs II mouse ascites cell extracts, it has been 
conclusively demonstrated that the 17.5 S VSV mRN A codes for a 
nonglycosylated G protein, the 14.5 S for the VSV N protein and the 
12 S species for both M and NS proteins (see Table 12) (Both et al., 
1975b,c; Knipe et al., 1975). Evidence has been presented from 
nucleotide sequence complexity studies that the in vivo 12 S mRNA 
probably contains two species of RNA of similar size (Rose and Knipe, 
1975). 28 S mRNA is usually recovered in small quantities (either from 
in vitro transcription analyses or from extracts of infected cells). There 
is only one report using in vivo derived material indicating that it codes 
for the L protein (Morrison et al., 1974). The requirement for the 
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methylation of capped mRNA species before these species can be 
translated has been demonstrated (Both et aI., 1975b) and is discussed 
in Chapter 1 of this volume. 

3.6.10. In Vivo Transcription Analyses of Rhabdoviruses 

Within an infected cell, the initial synthesis of VSV messenger 
RNA occurs by transcription from the parental genome (primary 
transcription). This synthesis can be monitored using either cyclohexi
mide or puromycin to inhibit cellular and viral protein synthesis, 
thereby preventing the appearance and activity of new transcriptase or 
replicase enzymes (Flamand and Bishop, 1973; Huang and Manders, 
1972; Marcus et al., 1971; Wertz and Levine, 1973). 

The numbers of adsorbed virus particles which participate in 
primary transcription has been estimated from the percentage of virus 
RNA molecules which become ribonuclease resistant as a result of the 
infection process (Flamand and Bishop, 1973). Values of about one out 
of five are commonly observed for VSV, although occasional values of 
one out of two have been obtained (Bishop and Flamand, 1975). As far 
as can be ascertained, the inactive particles remain inactive throughout 
an infection cycle even during high-multiplicity infections since they do 
not appear capable of being "rescued" by active particles (Flamand 
and Bishop, 1974). It does not seem likely that the inactive virions 
represent particles which have not penetrated (since most of the 
adsorbed viruses become uncoated, Bishop and Smith, 1976). Probably 
their defect is in some structural or enzymatic attribute. 

By hybridization experiments, the rate, completeness, and extent 
of VSV Indiana primary transcription have been measured, as 
described in Section 1.2. It has been demonstrated that primary 
transcription can occur at a linear rate for up to 6 h postinfection 
(Flamand and Bishop, 1974). The fact that the transcripts represent the 
entire viral genome has been demonstrated by self-annealing of nucleic 
acids extracted from cells infected by [3H]nucleoside-Iabeled virus, 
which renders the [3H]RNA therein completely ribonuclease resistant 
(Fig. 6). Flamand and Bishop (l973, 1974) showed that primary 
transcription proceeds at a greater rate at 38°C than at 31°C (or 
40°C). From the number of active viruses per cell and the rate of virus
complementary RNA synthesis, they calculated that minimally one 
genome mass equivalent of virus-complementary RNA was synthesized 
every 90 s. If the 28 S viral messenger RNA represents half the 
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genome, and the other four messenger RNA species about 12% each, 
then this rate corresponds to a synthesis time of 45 s for 28 S RNA and 
about 6 to 18 s for the other species. 

As far as primary transcription is concerned, it has been shown 
that neither actinomycin D, cycloheximide, puromycin, interferon, nor 
poly(rl):poly(rC) pretreatments affect primary transcription, although 
the latter four totally inhibit secondary transcription, presumably by 
inhibiting or preventing viral protein synthesis (Flamand and Bishop, 
1973, 1974; Repik et al., 1974a). The rate of primary transcription 
developed in interferon-treated cells was observed to be comparable to 
that found in cycloheximide- or interferon-plus-cycloheximide-treated 
cells. These results do not preclude the possibility that the transcripts 
are less stable in the interferon-treated cells because of induced 
nucleases or lack of proper processing or other factors. However, they 
do indicate that the transcriptase itself is not directly affected by 
interferon-induced products. 

I t has been shown that from 45 min to 1 h postinfection, the rate 
of virus-complementary VSV RNA synthesis dramatically increases, 
and, although this increase is not affected by treating the cells with 
actinomycin D, it is inhibited by cycloheximide, puromycin, interferon, 
or poly(rl):poly(rC) treatments. Neither secondary transcription nor 
viruslike RNA has been observed in cells infected with group IV or 
group I temperature-sensitive mutants grown at nonpermissive temper
atures for virus production (reviewed by Bishop and Smith, 1976; 
Pringle, 1975). The conclusion to be reached from those results is that 
secondary transcription and the synthesis of viral RNA require the 
synthesis and expression of new viral gene products. 

In an experiment which involved adding cycloheximide at various 
times postinfection and measuring the linear rates of RNA transcrip
tion established thereafter (by comparison with that obtained during 
primary transcription), the number of intracellular transcriptive inter
mediates has been estimated. Such estimates have given values of 
around 450 transcriptive intermediates per infected BHK-21 cell by 3-6 
h postinfection (Flamand and Bishop, 1974). No increase in the number 
of intermediates was observed subsequent to 3 h postinfection, although 
progeny virus continued to be liberated. 

The total amount of virus-complementary RNA produced per 
infected BHK cell has been calculated. Values of 2 x 104 genome mass 
equivalents per cell (i.e., about 1 X 105 individual mRNA species) have 
been obtained. Similar experiments involving a thirtyfold higher multi
plicity of infection have indicated that by 3-6 h postinfection, 
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equivalent amounts of viral complementary RNA are obtained to that 
observed for the lower multiplicity of infection, even though the initial 
rate of RNA synthesis was thirtyfold higher (Flamand and Bishop, 
1974). These results suggested that there is some finite limit to the 
amount of virus-complementary RNA which can be synthesized in an 
infected cell and also some form of host-modulated regulation of 
transcription. 

Comparative experiments employing the same batch of virus and 
different cell types (e.g., BHK-21, mouse L cells, and secondary chick 
embryo fibroblasts) have indicated that both the yield of infectious 
virus per cell and the accumulated amount of virus-complementary 
RNA during primary or secondary transcription are dependent on the 
host cell type. For VSV, the BHK cell line is one of the most per
missive host cell types we have so far investigated. Which host cell fac
tors influence this permissiveness is not known. 

It is noteworthy that secondary transcription induced by VSV in 
BHK cells starts at a time when the first progeny virus and newly 
synthesized viruslike RNA can be detected. These observations strongly 
suggest that the templates for secondary transcription are the newly 
synthesized viruslike RNA species. These observations also suggest that 
once formed, even at such an early stage of the infection cycle (viz., the 
first rounds of replication), the progeny viruslike RNA species have a 
possibility of becoming progenitors of infectious virus particles or tem
plates for secondary transcription (Flamand and Bishop, 1974). 

At later stages of the infection cycle when the number of transcrip
tive intermediates reaches a plateau, a majority of the viruslike RNA 
species give rise to progeny virus particles. Why? What interrela
tionships exist between primary transcription and replication, and 
between replication and secondary transcription? At the moment we do 
not know. Since the template for primary transcription must be the 
template for replication (there is no other, unless one proposes stitching 
together the messenger RNA species), what form of conversion from 
transcription to replication can be envisaged? 

3.6.11. Evidence for the Intracellular Control of Transcription 

Evidence suggesting that some form of transcription control is 
operative within the infected cell, at least late in an infection, comes 
from two sources. First, it has been shown by hybridization studies that 
there is a disproportionate representation (on a molar basis) of the 
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various VSV messenger RNA species (Flamand and Bishop, 1974). 
Which species are involved is not known, although it is probable that 
there are fewer 28 S mRNA species than other species. The reason for 
this judgment has come from hybridization experiments using defective 
T-particle RNA (VSV-111) and viral RNA to determine the relative 
molar representation of the different mRNA sequences. On a molar 
basis, less than one-third of the total mRNA annealed to the T -particle 
RNA by comparison to that which annealed to the viral RNA 
(Flamand and Bishop, 1974). It has been shown that the standard T
particle RNA is probably equivalent to part of the 28 S messenger 
RNA (Leamnson and Reichmann, 1974). Furthermore, examination of 
the relative proportions of messenger RNA species obtained by labeling 
experiments has indicated that there is always less 28 S RNA than the 
other mRNA species (Mudd and Summers, 1970; Perlman and Huang, 
1973; Rose and Knipe, 1975). It is not known it some of the other 
mRNA species in the 11-18 S size range are represented unequally. 

In addition to the suggestions discussed previously (Section 3.4.8) 
of how transcription might be controlled, the possibility of an interrela
tionship between transcription and translation should not be over
looked. Are RNA transcripts picked by the translational machinery 
with an equal probability despite sequence, size, and conformational 
differences? If there is a selection (or selective processing procedure), 
then there could also be a feedback mechanism. Until these questions 
can be answered, we will not fully understand the transcriptional con
trol mechanisms or their ramifications. Whether transcriptional control 
is operative during both primary and secondary transcription is not 
known. 

3.6.12. Characterization of the VSV mRNA Species Formed in Vivo 

The VSV mRNA species have been identified as a 28 S RNA 
which translates to give the viral L protein, a 17-18 S RNA which can 
be translated into G protein, a 14-15 S RNA which makes N protein, 
and a 11-12 S RNA which codes for both NS and M proteins (see Sec
tion 3.6.9). These mRNA species possess polyadenylated 3' sequences, 
which facilitates their isolation through the use of oligo(dT)-cellulose 
columns. It is not known if all VSV mRNA species possess equal-size 
polyadenylated 3' sequences. 

In work from the laboratory of J. Rose (1975), it appears that 
most VSV Indiana mRNA species are capped and methylated, 
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although some uncapped sequences were also found. In Banerjee's labo
ratory, only one capped sequence was identified (Moyer et at., 1975a). 
Rose found that each size class of VSV Indiana messenger RNA 
contained a variety of 5' sequences. The majority (65-70%) were either 
m7G5'ppp5AmpAp ... or m7G5'ppp5'mAmpAp ... (where rnA is a 
base-methylated adenosine). Of the other 5' termini, 20% were in 
m7G5'ppp5AmpmAmpCp ... and m7G5'ppp5'mAmpmAmpCp ... se
quences. The remaining 10-15% of the terminal sequences possessed 
pppAp ... or pppGp ... nucleotides and were on mRNA size trans
cripts hot associated with ribosomes. Clearly from these results it is 
evident that both ribose and base methylations are variable functions, 
both of which may be required before selection for translation by 
ribosomes. That adenosine and guanosine triphosphate 5' termini were 
also found is an interesting observation and may tie in with some of the 
previously reported in vitro results. 

3.6.13. A Summary and Model of VSV Transcription Processes 

What is known about the in vitro (and in vivo) RNA transcription 
process for VSV Indiana is as follows: 

1. VSV virions possess several copies of the RNA-instructed 
RNA polymerase enzyme per virion which are able to 
transcribe the whole genome (in vitro or in vivo) into viral 
complementary RNA. 

2. The viral RNA-N protein complex is the template for the 
transcriptase (L plus NS). At best, transcription involves only 
a tempory lifting of N from the RNA. 

3. The transcription process is highly repetitive, possibly selective 
with regard to which RN A species are transcribed most 
frequently, and possibly also sequential. 

4. The direction of RNA transcription is 5' to 3' and in vitro 
involves the production of various uncapped sequences and 
one capped sequence ( - SAM) or various uncapped sequences 
and at least one capped, methylated sequence (+SAM). The 
principal capped, methylated sequence is m7G5'ppp5'
AmpApCpXpGp. . .. The principal uncapped sequence is 
pppApCpGp .... 

5. VSV mRNA transcripts are complementary to the viral 
genome, usually possess 3' poly(A) tails (50-200 nucleotides) 
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and to function. as mRNA must be modified (to give 
m7GpppAmpAp ... 5' sequences or other methylated deriva
tives of that sequence). 

A model for how transcription occurs is presented in diagram
matic form in Fig. 17. On the presumption that it involves the separate 
initiations of the different transcripts (mRNA), it can be suggested that 
the process possesses the following attributes: 

1. There are a limited number of specifie transcription initiation 
sites on the template complex. 

2. There are specific transcription stop regions, e.g., short 
poly(U)sequences which trigger slippage, release, and poly
adenylation of the 3' end of the mRNA. 

3. The N proteins are contiguous. They are hydrogen-bonded to 
each other and to the phosphate backbone of the viral RNA. 
Such N protein associations protect the 5' end as well as 
internal regions of the RNA (and possibly the 3' end) from 
nuclease digestion. This sequestering function of N protein is 
in addition to its role in maintaining the helical structure of 
the nucleocapsid in the virion, as well as its function in 
transcription and replication. 

4. The function of the NS phosphoprotein is to lift the N protein 
off the RNA during product RNA synthesis by substituting its 
phosphate for the phosphate of the template RNA. This 
creates a bubble in the N protein framework and allows access 
of the transcriptase to the RNA. It is not necessary for this 
function that the NS molecules be integral parts of the trans
criptase; they could just initiate a bubble by attaching to N 
protein at particular sites. Either way, this can constitute what 
can be termed the bubble hypothesis of RNA transcription. 

5. Ribosomes can attach to transcripts after capping and 
methylation. This may occur either prior or subsequent to the 
completion of RNA transcription, depending on the efficiency 
of the capping and methylation processes. 

As an alternative to the bubble hypothesis can be postulated a 
groove hypothesis. In this case, it can be suggested that the attributes of 
the RNA-N complex are functionally the same as those described in 
the list, except that the bases of the RNA are exposed in a groove and 
accessible to the transcriptase. During transcription, there would be no 
liftoff of the N protein. Possibly local structural variations of the 
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groove or enzyme-NS interactions with it would designate transcrip
tion initiation or termination sites. 

An alternate model to the one just proposed is one in which 
transcription is initiated at the 3' end of the viral RNA and the various 
mRNA species are excised from that transcript by a restriction endo
nuclease specific for RNA sequences. The excision products would 
have to possess 5' termini with 5' -monophosphates (e.g., pA pApCp-
... ), which are then capped and methylated to give the modified 5' 

sequences of the eventual mRNA. Transcription control could reflect 
the efficiency by which the original transcript completed the process. 
Although this model cannot be rigorously excluded by the available 
data, if pppApApPypXpGp ... sequences are the precursors of capped 
sequences, and thereafter capped and methylated sequences, their 
occurrence would tend not to support this model. However, without 
pulse-chase or other experimental results, the model cannot be excluded 
at present. 

3.6.14. The Interrelationships of Transcription and Replication 

There is very little evidence concerning the replication processes of 
rhabdoviruses. In part, this is due to the fact that there is more 
transcription of mRNA in infected cells than viruslike RNA synthesis 
and also to the fact that no in vitro systems have been devised to study 
RNA replication. Reviews of what is known about the replication 
processes are available (Bishop and Smith, 1976; Wagner, Vol. 4, this 
series). The information obtained by molecular and genetic studies will 
not be reiterated here. However, since replication probably uses in its 
initial phase (step 1) the viral genome to form a complete viral comple
mentary RNA (unless the individual mRNA pieces are stitched 
together), the interrelationships of transcription and replication are 
worth considering, particularly with respect to the virion polymerase. 
Two observations made in Alice Huang's laboratory pertain to this 
question: The first is that it has been shown that synthesis of viral RNA 
requires ongoing protein synthesis-because viral RNA synthesis stops 
upon the addition of cycloheximide, while mRNA transcription does 
not (Perlman and Huang, 1973). The second important observation is 
that intracellular 42 S plus strand RNA occurs in RNA-N protein 
complexes (Soria et aI., 1974). We have found similar structures in 
infected cells (unpublished observations), and this has led us, like 
Huang, to believe that replication involves an RNA-N protein inter
mediate which contains a 42 S plus strand RNA. The intriguing ques-
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tion concerning the replication process is its interrelationship with 
transcription. Temperature-sensitive mutants of group I and group IV 
do not synthesize viruslike RNA at nonpermissive temperatures, but 
many of their members do perform primary transcription at 39.5°C 
(see Section l.2). Mutants of group III and group V, on the other hand, 
do synthesize viruslike RNA at high temperatures (see reviews by 
Bishop and Smith, 1976; Pringle, 1975; Wagner, 1975). Since it is clear, 
therefore, that the synthesis of viruslike RNA depends on certain gene 
products becoming available through translation of the primary mRNA 
transcripts, which products are involved and what do they do to the 
virion transcri ptase? 

Replication can be envisaged in two steps. The first step of replica
tion is the synthesis of a complete 42 S virus-complementary, plus 
strand RNA. The second step is the synthesis of 42 S viral minus strand 
RNA from the 42 S plus strand template. The first step is the intriguing 
one. How does it relate to the ongoing transcription process? In order 
to provide working hypotheses, two models can be suggested for the 
first stage of VSV replication. 

The first model which can be proposed is a simultaneous model jar 
transcription and replication. This is exemplified in Fig. 18. The 
essential features of this model are as follows: 

1. Transcription and replication can occur on the same template 
without restriction of each other. 

2. Replication starts at the 3' end of the viral RNA; transcrip
tion may also initiate there but possibly does not (Fig. 18; as 
discussed in Section 3.6.13). 

3. The replication process is envisaged as employing the same 
bubble or groove methods of synthesis that are postulated to 
be used in primary transcription. 

4. In this model, it can be proposed that the 42 S plus strand 
becomes coated with N protein as it is synthesized. This is the 
essential feature of this proposal. Whether 42 S replication is 
held up until N protein or a replicase is available is not critical 
to the model. Either possibility may in fact regulate the 
process. If the virion transcriptase is the replicase, then one 
could postulate that naked 42 S plus strand RNA may be 
made by the transcriptase only at relatively low frequency 
until N protein is available. Alternatively, if the replicase is a 
modified transcriptase (such as one possessing more NS 
molecules, or super- or dephosphorylated NS species, or even 
an additional, newly synthesized gene product), then it could 
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be suggested that replication would be held up until they 
became available. Similarly, if the replicase is not related to 
the transcriptase then one might expect that replication would 
await the availability of the replicase. This last possibility, 
wherein the replicase is not the transcriptase, we find hard to 
believe, in view of the fact that L, G, N, NS, and M account 
for almost all the viral genetic information (Table 12). 

If mRNA species are separately initiated, how in this model does 
the replication process relate to the mRNA initiation sites? Clearly, for 
an RNA in process of being synthesized, any internal initiation site 
would pose little problem to the ability of an enzyme to read through 
that site. Replication initiation at internal mRNA sites might be a 
means by which deletion RNA species are generated (replicating to 
give defective progeny genomes, Huang and Baltimore, 1970). 

What about the postulated stop signals? One would imagine that if 
the replicase is the transcriptase then stop signals (if they exist) would 
be a hazard. Although such a hazard may be a chance the replication 
process takes, it is conceivable that the ongrowing 42 S plus strand 
RNA-N protein complex might be better equipped to ignore a stop 
signal because of its distinctive arrangement (like a car driver with no 
brakes). Alternatively, if the replicase is a modified transcriptase (as 
suggested above), the modification might make the enzyme less sensi
tive to the stop signals. 

How and why, in the proposed model, could the 42 S plus strands 
become coated with N protein when the mRNA plus strands do not? If 
there is a difference in 5' initiation sequence of 42 S plus strand RNA 
(e.g., pppApCpGp ... ) as opposed to most mRNA species (e.g., 
pppApApCpXpGp ... ), then it is conceivable that because of their 
sequence the latter are capped and methylated while the former are not 
and that this allows on the one hand ribosome binding to mRNA, and 
on the other hand N protein attachment to the nascent 42 S plus strand 
RNA. Presumably the continuous addition of N protein would give a 
contiguous N protein complex on the 42 S plus strand RNA. This, it 
can be suggested, would then prevent ribosome binding at any internal 
site along the RNA (it is also conceivable that as far as the 42 S RNA 
species is concerned, ribosome binding or translation may not even be 
detrimental to subsequent N protein addition). 

This model of simultaneous transcription and replication makes 
certain predictions. To be considered in this context is the possibility 
that the in vitro initiations involving pppApCpGp ... sequences 
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represent in vitro replication attempts by the virion polymerase. These 
are currently being investigated experimentally. 

The second alternate model which can be proposed is a nonsi
multaneous transcription and replication process, whereby either the 
viral genome template is used in transcription (e.g., primary transcrip
tion) or it is used in replication. A possible scheme is shown in Fig. 19. 
In this case, it can be suggested that internal mRNA initiation sites and 
stop signals are blocked. As discussed above, the virion transcriptase 
could function as a replicase (with or without prior modification) or the 
replicase could be a new gene product. Blocking in this scheme could 
be achieved by NS proteins complexing with the N protein at mRNA 
initiation or stop sites, causing permanent liftoff or changes in 
the groove structure. Other site-blocking mechanisms can also be 
envisaged. 

Step 2 replication is defined as the synthesis of viral minus strand 
RNA from the 42 S plus strand RNA template. Huang and associates 
(Soria et al., 1974) have suggested that the template for this phase of 
the replication process is a 42 S plus strand RNA-N protein complex 
and not a double-stranded or naked RNA replicative intermediate. We 
would support that proposal as suggested in Fig. 20. Without internal 
initiation sites present on the plus strand RNA, the virion transcriptase 
could presumably function as the polymerase. If synthesis of viral 
RNA leads directly into progeny virion packaging, then the enyzme 
might even become enclosed within the virus particle. Alternatively, a 
modified transcriptase might function as a replicase (as in the 
simultaneous transcription-replication scheme described above). 

This step 2 replication process would again employ either the bub
ble or the groove mechanism of enzyme-template interaction. The 
essential distinctive feature of this process, like that of the nonsi
multaneous step 1 replication scheme, is that N protein covers both the 
template plus strand and the product minus strands. It would be in 
keeping with this scheme of events that N protein availability through 
ongoing protein synthesis controlled this RNA replication. 

Other mechanisms of RNA synthesis could be and have been 
proposed; however, we believe that the simultaneous transcription
replication and step 2 replication procedures outlined above are more 
plausible mechanisms. It is to be hoped that in the not too distant 
future it will be possible to obtain evidence which will lead to more 
definitive models for all the mechanisms involved in VSV RNA syn
thesis (transcription and replication). 
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,._'.'_'_'_'_'_'.'.PGPCPAPPP (-) ,. ,. ,. 
RNA-N protei n ,. ,. (-) 

~. 
~.'r . • •• -._._ •• pGpCpAppp 
'r RNA-N prote, n ,.' ,. ,. ,. ~. ,. .-r 

~ ~ ,. .' ... _e ._._ 
pppApCpGp .................................................. a ••••••••• (+) 

RNA-N protei n 

Fig. 20. Replication step 2: the synthesis of viruslike RNA. Viruslike (-) RNA syn
thesis is shown as being templated by RNA( + )-N protein complexes and producing 
RNA( - )-N protein complexes. 

3.7. Poxvirus Transcriptases 

Like the enveloped RNA viruses, poxviruses require a membrane
disrupting treatment before an in vitro DNA-directed RNA polymerase 
can be demonstrated (Section 1.1.3). The presence of other enzyme 
activities with one or another poxvirus has also been demonstrated. 
These include (1) a protein kinase activity (Downer et al., 1973; 
Kleiman and Moss, 1973, 1975a,b; Paoletti and Moss, 1972), (2) a 
poly(A) polymerase activity (Kates and Beeson, 1970b; Moss and 
Rosenblum, 1974; Moss et al., 1973, 1975), (3) various nucleoside 
triphosphatase activities (Gold and Dales, 1968; Munyon et aI., 1968; 
Paoletti and Moss, 1974; Paoletti et al., 1974), (4) both acid and 
alkaline deoxyribonucleases (Pogo and Dales, 1969; Pogo et al., 1971), 
(5) a guanylytransferase activity (Ensinger, et al., 1975; Martin et al., 
1975), and (6) two mRNA methyltransferases (Martin et al., 1975; 
Martin and Moss, 1975; Wei and Moss, 1974, 1975). All of these 
enzyme activities have been shown to remain associated with the virus 
particles after extensive purification and exhibit enhanced activities 
after dissociation or removal of the outer viral proteins. 

Although the poxviruses were the first animal viruses shown to 
possess an RNA polymerase, there have been few studies published on 
their RNA polymerases. In part, this is due to the complex nature of 
the genome and virions of these DNA viruses (genome approximately 
140 x 106 daltons of double-stranded DNA). No doubt, though, the 
virion polymerase of poxviruses, as well as a variety of other aspects of 
the poxvirus infection process, will receive greater attention from 
molecular virologists in the future. Most of the reported studies have 
used vaccinia virus as the prototype virus. For a discussion of the 
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structural and functional aspects of pox viruses, the reader is referred to 
the excellent review by Bernard Moss in Volume 3 of Comprehensive 
Virology. 

3.7.1. In Vitro Studies on the Viral Polymerase of Poxviruses 

The ability to demonstrate an RNA polymerase in virions of 
various poxviruses (rabbit poxvirus, vaccinia virus, Yaba virus, and 
various insect poxviruses; see Table 2) has been reported to require the 
prior dissociation of the virus envelope (discussed in Section 1.1.3). The 
requirements of the enzyme for divalent cations and all four ribonu
cleoside triphosphates have been demonstrated (Section 1.1.3). For vac
cinia virus, the in vitro synthesis of RNA under optimal conditions 
proceeds at a linear rate for several hours. Although the RNA 
transcription process is repetitive, it is limited in scope to some 14% of 
the genome's length (Kates and Beeson, 1970a). The RNA formed is, 
however, equivalent to the early mRNA found in infected cells. How 
transcriptional control is effected in vivo or in vitro is not known, 
although it is probable that one or more of the proteins synthesized 
from the early mRNA species are the mediators of the in vivo switch to 
total mRNA synthesis. 

In early studies reported by Kates and Beeson (1970a), it was 
shown that the principal [,,(-32P]ribonucleoside triphosphate incor
porated into product RNA was ATP, although some labeled CTP was 
also incorporated into product RNA (approximately one-fifth that of 
the ATP). 

More recent studies have indicated that the mRNA transcripts 
made in vitro by vaccinia cores are for the most part either capped or 
possess 5' -diphosphate groups and become methylated when given a 
source of SAM (Wei and Moss, 1974, 1975; B. Moss, personal com
munication). SAM does not appear, however, to stimulate the overall 
in vitro DNA-templated RNA transcription rate. The methylation and 
capping enzyme activities have been purified and/or identified (see 
later). For the endogenous transcription process using whole cores, it 
has been shown that the methylation process requires and parallels the 
ongoing synthesis of RNA. No methylation is obtained in the presence of 
only one of the four ribonucleoside triphosphates or magnesium ions, 
etc. It is also inhibited ('" 90%) by the presence of actinomycin D in the 
reaction mixture. In the preliminary experiments reported by Wei and 
Moss (1974, 1975), it was shown that exogenous substrates which were 
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unable to be methylated by vaccinia cores were yeast RNA, Escherichia 
coli tRNA, rRNA, poly(A), poly(U), poly(C), and poly(G). This indi
cated that these RNAs possess no terminal or internal sequences suitable 
for being methylated by the vaccinia enzyme (see Section 3.7.2). When 
given unmethylated vaccinia in vitro RNA transcripts, it was 
demonstrated that the vaccinia enzyme was capable of using them as 
substrates. It was also shown that the methylated RNA formed by vac
cinia cores possessed a size range of approximately 10-20 S, annealed to 
poly(U)-sepharose [i.e., possessed poly(A) sequences-as shown pre
viously for vaccinia RNA transcripts by Kates (1970)], and also 
annealed to immobilized, denatured, vaccinia DNA. Other experiments 
which showed that the methylated products were in fact vaccinia RNA 
transcripts included demonstration that the methylated products were 
rendered acid soluble by KOH, hot TCA, and ribonuclease (but not 
deoxyribonuclease or protease treatments). It was calculated that two or 
three methyl groups were present per 1000 nucleotides of product RNA. 

Subsequent analyses by Wei and Moss (1975) and B. Moss 
(personal communication) indicated that in the presence of SAM the 
principal product 5' sequences were m7G5 'ppp5 'Gmp ... and 
m7G5 'p-GpAmp .... In the absence of SAM, but presence of [,6')'-
32P]GTP, various alkali-resistant 5' sequences were observed, one of 
which possessed alkaline phosphatase-sensitive phosphate groups, and 
presumably represented an uncapped sequence involving guanosine 
nucleotides (later determined to be a ppGp ... sequence, B. Moss, per
sonal communication). Similar experiments using labeled A TP have 
detected uncapped ppAp ... sequences. The relative amount of the 
various 5' termini (±SAM) apparently depends on the reaction condi
tions and varies with varying A TP and GTP reaction concentrations 
(B. Moss, personal communication). 

Kates and Beeson (1970a) sh owed that RNA synthesis by vaccinia 
cores exhibits a lag in the initial synthetic rate but that this lag could be 
abolished by suitable preincubation with particular ribonucleoside 
triphosphates (e.g., CTP and/or ATP). In determining the Km values 
for the four ribonucleoside triphosphates, it has been shown (Kates and 
Beeson, 1970a; Munyon et ai., 1967) that the Km for ATP ("-1 x 10-3) 
is about twenty-fold higher than that of UTP, GTP, or CTP ("-5-7 x 
10-5). It has been postulated from kinetic analyses of the amount of 
core-bound product RNA which is resistant or sensitive to ribonuclease 
digestion that initially during RNA transcription the product RNA is 
held within some core structure which protects it from ribonuclease 
digestion; however, later it is extruded and becomes sensitive to ribonu-
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clease treatment. Both multiple RNA transcription initiation sites and 
extrusion sites have been postulated to be present as well as an A TP
dependent extrusion mechanism (Kates and Beeson, 1970a). Although 
the structural features of the core have yet to be worked out, the 
existence of sequestered genome and enzymes may be one reason that 
core preparations do not respond to added DNA as a template (Moss, 
Vol. 3, this series). 

The protein(s) responsible for the DNA-directed RNA polymerase 
activity of vaccinia are not known. In part, this is due to the compli
cated architecture of poxviruses and poxvirus cores (reviewed by Moss, 
Vol. 3, this series) and also to the fact that the polymerase is inhibited 
by sodium deoxycholate-a detergent which is, however, capable of 
releasing other virion enzymes in an active form from vaccinia cores 
(see below). 

3.7.2. Other Enzyme Activities Associated with Poxviruses 

The presence of various enzymes associated with virus and core 
preparations of certain poxviruses has been documented, and some of 
these enzyme activities are described in detail in the chapter by Moss 
on poxviruses in Comprehensive Virology, Volume 3. These activities 
include a poly(A) polymerase, triphosphate phosphohydrolases, 
deoxyribonucleases, and a protein kinase, a guanylyltransferase, and 
two methyltransferases. 

The demonstration that a poly(A) polymerase is associated with 
vaccinia cores (Kates and Beeson, 1970b) and vaccinia-infected cells 
(Brakel and Kates, 1974a,b) as well as other poxviruses (McCarthy et 
al., 1975) has raised the question of whether this enzyme activity is the 
RNA polymerase itself or is a component of the polymerase enzyme. 
This question is also relevant to other virus types which are known to 
possess virion RNA poly me rases and which produce transcripts 
possessing poly(A) 3' sequences (e.g., VSV, influenza, NDV). 

For vaccinia, investigations to determine if the poly(A) polymerase 
is, or is related to, the virion RNA polymerase have been undertaken, 
and differences were detected between the two enzyme activities in their 
pH optima, divalent cation requirements, and heat stabilities (Brown et 
al., 1973). . 

The virion-associated poly(A) polymerase has been shown by 
Kates and Beeson (1970b) to (1) utilize A TP as a sole nucleoside 
triphosphate precursor (and not be active with GTP, UTP, or CTP); (2) 
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be insensitive to actinomycin D, partially sensitive to ethidium bromide 
( ....... 44%), and largely inhibited by proflavin ( ....... 90%), under conditions in 
which one of these totally inhibits the RNA polymerization process; 
and (3) synthesize poly(A) (approximately 150 nucleotides in length) for 
a limited time period only (-5 min) when given just ATP. In the 
presence of all four ribonucleoside triphosphates, poly(A) tracts 
(approximately 100 nucleotides in length) have been shown to be 
present on heteropolymeric transcript RNA species of various sizes. 

Studies on a poly(A) polymerase activity purified 340-fold from 
vaccinia virus cores by affinity chromatography and other procedures 
(Moss et al .. 1973, 1975) have shown that it is comprised of two 
polypeptides (35,000 and 51,000 daltons), prefers manganese ions over 
magnesium, possesses a pH optimum of 8.6, and is inhibited only to 
minor extents by the presence of other ribonucleoside triphosphates at 
equimolar concentrations. Sodium chloride concentrations (greater 
than 0.1 M) were shown to inhibit the enzyme activity. Effective 
exogenous substrates were poly(C), short poly- and oligodeoxyribonu
cleotides of dT, dC, and dI but not dA or dG, as well as short poly- and 
oligoribonucleotides of various sorts other than poly(G). Although long 
homopolyribonucleotides [other than poly(C)] or RNA were poor 
primers, after digestion and alkaline phosphatase treatment their prim
ing capacity could be increased. Using uridylate oligomers, the 
minimum effective primer length was found to be four to six nucleotide 
residues (Moss et al.. 1975). Other analyses have indicated that the 
purified enzyme utilizes ATP but not CTP, UTP, or GTP (Moss and 
Rosenblum, 1974). Nearest-neighbor analyses using labeled A TP and 
polyribonucleotides indicate that the enzyme activity works by extend
ing existing polynucleotides possessing 3' hydroxyl groups rather than 
as a transcriptase making complementary polynucleotide copies. 

No evidence has been obtained which indicates that the poly(A) 
polymerase is the virion transcriptase, and, although the possibility that 
it is one of the polymerase polypeptides is hard to rigorously exclude, 
based on current information a reasonable conjecture is that the 
enzyme is one of a complex of enzymes in vaccinia cores associated 
with the production and modification of RNA transcripts. 

The presence and 250-fold purification of a protein kinase enzyme 
activity from vaccinia virions using DNA affinity and DEAE-cellulose 
chromatography has also been reported (Downer et al .. 1973; Kleiman 
and Moss, 1973, 1975a.b; Paoletti and Moss, 1972). The purified 
enzyme (62,000 daltons) requires protamine or other basic proteins as 
an activator, ATP, magnesium ions, and alkaline pH values (pH 9.5-
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10.5) in order to catalyze the phosphorylation of two viral proteins 
(38,500 and 11,700 dalton polypeptides). The enzyme activity is not 
stimulated by cyclic mononucleotides (Downer et al.. 1973; Kleiman 
and Moss, 1975b; Paoletti and Moss, 1972). The relevance of the pro
tein kinase activity to the RNA polymerase is not known. 

Deoxyribonucleases have been demonstrated in vaccinia, Yaba, 
and insect poxviruses (Pogo et al.. 1971; Pogo and Dales, 1969; 
Schwartz and Dales, 1971), and one nuclease has been purified from vac
cinia virus (Rosemond-Hornbeak et al .. 1974, Rosemond-Hornbeak and 
Moss, 1974). The enzyme has an acid pH optimum (pH 4.4), and is 
specific for single-stranded DNA, exhibiting both endonucleolytic and 
exonucleolytic activities. I n vaccinia, more than one deoxyribonuclease 
activity may be present, based on pH optima analyses (Aubertin and 
McAuslan, 1972; Pogo and Dales, 1969). Again the relationship (if any) 
of these enzymes to the virion RNA polymerase is not known. 

Nucleoside triphosphatases in various poxviruses have been 
described (Gold and Dales, 1968; Munyon et al .• 1968; Pogo et al .. 
1971; Schwartz and Dales, 1971). For vaccinia, two immunologically 
distinct activities have been partially resolved and shown to prefer as 
substrates either (I) A TP (or dA TP), and be stimulated by DNA, or (2) 
any ribo- or deoxyribonucleoside triphosphate, and be stimulated by 
DNA or RNA (Paoletti et al.. 1974a.b; Paoletti and Moss, 1974). 

The copurification from vaccinia cores of a guanylyltransferase 
enzyme activity (responsible for capping vaccinia mRNA) and an 
mRNA (guanine-7-)methyltransferase activity (responsible for cap 
methylation) has been reported (Martin et al .. 1975). Chromatography 
of virus extracts on DNA-agarose separated these two enzymes from 
mRNA (nucleoside-2' -)methyltransferase enzyme(s), but further 
chromatography on poly(U)-sepharose or poly(A)-sepharose, gel filtra
tion, or sucrose gradient centrifugation failed to separate the capping 
from the cap-methylation enzyme activities, suggesting that these two 
enzymes are associated in some way. It was found that the active com
plex ('" 127,000 daltons) possessed two polypeptides as determined by 
denaturing SDS-polyacrylamide gel electrophoresis (95,000 and 31,400 
daltons). 

Systematic analyses performed by Martin and Moss (1975) with 
the purified polypeptides demonstrated that the capping enzyme was 
capable of capping the 5' end of viral mRNA or synthetic poly(G) or 
poly(A) sequences provided that they possessed 5' -diphosphates (not 
monophosphates). The reaction was shown to require magnesium ions 
and GTP (and not ATP, CTP, or UTP) and be optimally effective at 
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pH 7.8. It was shown that the reaction was reversible and that inor
ganic pyrophosphate was an inhibitor. It was proposed that in essence 
the enzyme catalyzed the reaction 

ppN- + GTP ~ G5 'pppN- + PP j 

Other analyses reported by Martin and Moss, 1975, indicated that 
the associated mRNA (guanine-7 -)methyltransferase (cap-methylation 
enzyme) promoted, in the presence of SAM, methylation of capped 
GpppAp ... and GpppGp ... sequences in a reaction which was not 
dependent on GTP or divalent cations. The pH optimum for this reac
tion was in a broad range around neutrality and the reaction was 
inhibited by S-adenosylhomocysteine (SA H). It was proposed that the 
enzyme catalyzed the reaction 

G5 'pppN- + SAM -+ m7G5 'pppN_ + SAH 

From the foregoing discussions, it can be appreciated that several 
of the ancillary enzyme activities responsible for modification of the 
RNA polymerase products [poly(A) polymerase, capping and two 
methylation enzymes] have been identified; others possibly involved in 
some aspect of either RNA synthesis, DNA synthesis, or transcrip
tional control (triphosphatases, deoxyribonucleases, and the protein 
kinase) have also been identified. These results suggest that the RNA 
transcription and processing procedures are a complex interwoven 
series of events. How the polypeptides involved are arranged in vaccinia 
cores is an interesting question which will have to await in vitro 
reconstruction attempts. I t is not known how many of the ancillary 
enzyme activities are coded by the vaccinia genome; although there is 
ample genetic information available, it is conceivable that these 
enzymes are obtained from the host cell. 

3.8. Possible RNA Polymerases Associated with the Icosahedral 
Cytoplasmic Deoxyriboviruses 

The icosahedral cytoplasmic deoxyriboviruses include frog virus 3 
(FV 3), the iridescent viruses, the lymphocystitis viruses, and African 
swine fever viruses (Kelly and Robertson, 1973). McAuslan and 
associates (and others) have demonstrated in frog virus 3 the presence 
of nucleotide phosphohydrolases (Aubertin et at., 1971; Vilagines and 
McAuslan, 1971), a deoxyribonuclease activity (Kang and McAuslan, 
1972; Palese and McAuslan, 1972), single- and double-stranded ribonu-
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cleases (Palese and Koch, 1972), and a protein kinase activity (Gravell 
and Cromeans, 1972). RNA polymerase activities have been claimed to 
be present in preparations of the iridescent type 2 and 6 viruses (Kelly 
and Tinsley, 1973) and postulated to exist in frog virus 3 (Gravell and 
Cromeans, 1971). Cells infected with FV 3 synthesize virus-specific 
mRNA species in the cell cytoplasm in the presence of an inhibitor of 
protein synthesis. Whether this is in fact due to a virion polymerase or 
represents transcription by a cellular polymerase is not known for sure. 
Although the DNA of African swine fever virus is infectious, this does 
not preclude a virion polymerase being present in virions of that or 
other icosahedral cytoplasmic DNA viruses. 

3.9. Herpesviruses, Adenoviruses, Papovaviruses, and Parvoviruses 

No RNA polymerase activity has been reported for herpesviruses, 
adenoviruses, papovaviruses, and parvoviruses, which are known to 
possess infectious DNA, although other virion-associated enzymes have 
been claimed to be present from some of them (see reviews by Philipson 
and Lindberg, Roizman and Furlong, Rose, and Salzman and Khoury 
in Vol. 3, this series). 

3.10. DNA-Directed DNA Polymerase Activity of the Putative 
Hepatitis B Virus 

Two reports from W. S. Robinson's laboratory (Greenman and 
Robinson, 1974; Kaplan et al., 1973) have indicated that associated 
with the candidate human hepatitis B virus there is a DNA-directed 
DNA polymerase activity. It was shown that the enzyme was a 
component of the 42 nm Dane particle and also the 28 nm core struc
tures prepared from Dane particles by nonionic detergent treatment 
(NP40). The DNA reaction products were shown to remain associated 
with the Dane core structures, from which they could be released by 
SDS and resolved as 15 S circular double-stranded DNA 
(approximately 0.78 .urn in length, approximate molecular weight 1.6 X 

106) as determined by cesium chloride centrifugation followed by 
electron microscopy (Robinson et al., 1974). Similar structures have 
been obtained from unincubated Dane particles, as well as additional 
linear 0.5-12.um DNA molecules. The interrelationships of these DNA 
species (homologies, helper functions, defectiveness, etc.) or of the 
polymerase to the virus infection and replication processes are not 
known and need further study. 



Virion Polymerases 235 

3.11. RNA Transcriptases of Coronaviridae 

In a recent presentation of the features of various Coronaviridae, 
there are references to unpublished observations from several sources of 
RNA-dependent RNA polymerases associated with avian infectious 
bronchitis virus and murine hepatitis virus (Tyrrell et at., 1975). The 
information to support these claims has yet to be published. 

3.12. The Reverse Transcriptases of Oncornaviruses and Similar Virus 
Types 

The presence and basic requirements for demonstrating a reverse 
transcriptase (RNA-directed DNA polymerase) activity in preparations 
of oncornaviruses (and viruses with similar genome components) have 
been described in Section 1.1.4 and Table 2, together with some dis
cussion of the utility of exogenous natural or synthetic RNA or DNA 
substrates as well as the effect of a variety of inhibitors on the enzyme 
activity. Purification procedures and antigenic similarities and dissimi
larities for various reverse transcriptases are discussed in Sections 2.2.4 
and 2.3. 

In this part of the chapter, some discussion of the constitution of 
reverse transcriptases and possible mechanisms of product synthesis 
will be presented; for more extensive treatises, readers are referred to 
the reviews by Bader (Vol. 4, this series) and Green and Gerard (1974). 

3.12.1. Polypeptide Composition of Viral Reverse Transcriptases 

The reverse transcriptase activity obtained from crude AMV 
preparations has been purified several hundredfold and can be 
separated into two active fractions by chromatography on phos
phocellulose (Grandgenett et at., 1973; Kacian et at., 1971). The major 
enzyme isolated from AMV (designated exfj) has a molecular weight of 
160,000 and is comprised of two polypeptides possessing molecular 
weights of 65,000-69,000 (ex) and 105,000-110,000 (fj) (Gibson and 
Verma, 1974; Grandgenett et at., 1973; Hurwitz and Leis, 1972; Kacian 
et ai., 1971; Moelling, 1975; Verma and Baltimore, 1973). Equal molar 
proportions of the ex and fj subunits are usually found for the exfj com
plex except on storage at -20°C, when the proportion of the ex form 
rises (Moelling, 1975). The minor AMV DNA polymerase activity 
(approximately 10-20% of the total original virus activity) is reported 
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to possess a size of about 90,000 daltons and a subunit molecular 
weight of 65,000; it is comprised of either one or two a polypeptides 
(Grandgenett et at., 1973). The minor component can be obtained not 
only from the O'{3 complex by rechromatography of the latter on phos
phocellulose but also apparently by protease degradation of the {3 
subunit using trypsin or subtilisin (Moelling, 1975). Extraction of AMV 
in the presence of a protease inhibitor gives an enzyme preparation 
possessing mostly {3 subunits. Purified AMV O'{3 enzyme preparations 
when iodinated after storage at -20°C have been shown to possess not 
only relatively more a subunits but also a small polypeptide ('" 40,000 
daltons) presumed to be the other cleaved portion (')') of the {3 subunit 
(Moelling, 1975). Polypeptide analyses of the AMV a and {3 moieties 
confirm the relationship of a and {3 proteins (Gibson and Verma, 1974). 
Taken together, these results suggest that the a subunit is a cleavage 
product of {3 (along with the')' moiety) and that the a (or aa) enzyme 
and the O'{3 (and possibly {3 or (3{3) enzyme possesses the reverse 
transcriptase capability. It has been claimed that the uncleaved {3 (? one 
{3 or (3{3) enzyme is more efficient at transcribing natural viral RNA 
than the a or a{3 enzyme (Moelling, 1975). Furthermore, it has been 
suggested that the {3 enzyme has a better affinity for template or 
enhances the affinity of a for the template or substrate (Panet et at., 
1975b). Green and associates have also claimed that the O'{3 complex is 
more efficient at synthesizing DNA than the a subunit and that the {3 
subunit possibly influences the mechanism of action of the ribonuclease 
H activity associated with AMV DNA polymerase (see below) 
(Grandgenett et at., 1973; Green and Gerard, 1974). Whether this is so 
remains to be determined in view of the recent finding that the {3 
subunit is the precursor of the a protein. Whether the reverse 
transcriptase of infectious virus consists of {3 ({3{3) or a (0'0') or O'{3 com
plexes is not known. 

Similar minor and major components and shared polypeptide 
sequences for RSV DNA polymerase have been identified (O'{3 complex 
as determined by gel filtration or centrifugation of approximately 
110,000 daltons, although by SDS gel electrophoresis the a subunit is 
approximately 65,000 daltons and the (3 subunit is approximately 
105,000 daltons) (Duesberg et at., 1971a; Faras et at., 1972). In view of 
the antigenic and primary sequence similarities of the AMV and RSV 
enzymes (Gibson and Verma, 1974), it is probable that for RSV both {3 
and a polypeptides possess reverse transcriptase activity. 

The sizes of the DNA polymerases of Tragger duck spleen necrosis 
virus (SNV) and reticuloendotheliosis virus are reported to be 68,000-
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75,000 daltons based on Sephadex gel filtration and glycerol gradient 
centrifugation (Mizutani and Temin, 1974, 1975). Again, whether these 
proteins represent active components derived from some larger 
precursor enzyme is not known. 

The reverse transcriptase activities of several mammalian C-type 
viruses, including R-MuLV (Ross et al., 1971, Abrell and Gallo, 1973), 
SSV (Abrell and Gallo, 1973), FeLV (Tronick et al., 1972), and GaLV' 
(Mondal et al., 1975), are reported to possess sizes of approximately 
70,000 daltons by both gel filtration and sedimentation analyses of the 
active enzyme. Polypeptide analyses of purified reverse transcriptase 
enzyme preparations using SDS gel electrophoresis have identified 
either three components for M-MuSV(MuLV) (- 82,000, 68,000, and 
60,000, Gerard and Grandgenett, 1975), two components for Friend 
MuLV (67,000 and 51,000 Weimann et al., 1974), two components for 
HaLV (68,000 and 53,000, Verma et al., 1974b), or one component for 
M-MuLV (80,000, Verma, 1975) and one component for SSV and 
GaL V (70,000, Abrell and Gallo, 1973; R. Gallo, personal communica
tion). The relevance and interrelationships of the various polypeptides 
identified in these preparations to the reverse transcriptase enzyme 
activity of the respective viruses are not known. Protease treatment of 
F-MuLV reverse transcriptase does not cleave the 70,000 polypeptide 
(Moelling, 1975), although whether the 70,000 polypeptide is a cleavage 
product of some larger functional virion polypeptide is also not known. 

Mason-Pfizer monkey virus, a virus derived from a rhesus monkey 
mammary tumor, possesses a reverse transcriptase which has been 
shown, based on sedimentation and SDS-polyacrylamide gel elec
trophoresis, to contain a single polypeptide of 110,000 daltons (Abrell 
and Gallo, 1973). 

Milk from Rill mice, known from electron microscopic analyses 
to contain both B- and C-type oncornaviruses, has yielded reverse 
transcriptase enzyme activities possessing sizes of approximately 
110,000 daltons (B-type virus) and approximately 70,000 daltons (C
type virus) (Howk et al., 1973). However, Dion et al. (1974) detected 
only the 110,000 component in Rill milk virus, possibly because less 
C-type virus was present in the milk they processed. 

The DNA polymerase of the Russell's viper C-type virus, based on 
glycerol gradient centrifugation, possesses a molecular weight of 
109,000. No polypeptide analyses have been reported, so that if 
subunits or other functional polypeptides exist, their size is not known. 

Although visna, maedi, and progressive pneumonia virus (PPV) 
are known to possess virion reverse transcriptases (Table 2), the sizes of 
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their reverse transcriptase polypeptides are not known for certain, 
although a size of approximately 125,000 daltons has been suggested 
for visna, based on analyses of virus lysates (Lin and Thormar, 1973). 
The major structural polypeptides of these viruses (including 
Zwoegerziekte virus) have been determined (Haase and Baringer, 1974; 
Mountcastle et aI., 1972), and the presence of 60-70 S RNA for some 
of these viruses has also been documented (Harter et al., 1971; Haase et 
aI., 1974a; Lin and Thormar, 1971, 1972; Stone et al., 1971b). 

The size and polypeptide composition of the reverse transcriptase 
associated with the various foamy viruses (Table 2) have not been 
reported. 

3.12.2. Ribonuclease H Activity Associated with Viral Reverse 
Transcriptases 

The presence in oncornaviruses of one or more exonucleolytic 
ribonuclease activities which degrade RNA from RNA: DNA hybrids 
but not the DNA strand of the hybrid or double- or single-stranded 
RNA (or DNA) was initially demonstrated for AMV virus prepara
tions (Moelling et al., 1971) and then for other oncornaviruses 
(Grandgenett et al., 1972). Purified AMV (\' and (\'(3 complexes possess 
both reverse transcriptase and ribonuclease H activities (Baltimore and 
Smoler, 1972; Grandgenett et al. ,1973; Keller and Crouch, 1972; 
Watson et aI., 1973). Some evidence has been presented that the two 
enzymes may be present on different polypeptides (Leis et at., 1973), 
although this now appears to be doubtful (see below). It has been 
demonstrated that the AMV (\'(3 enzyme (1) requires free termini to be 
present on a substrate RNA in an RNA: DNA hybrid since it is unable 
to remove circular poly(A) complexed to poly(dT) (Leis et at., 1973), 
(2) digests the RNA in a processive manner in that once attached it 
does not appear to switch substrates upon substrate dilution, and also 
(3) proceeds from either the 3' or 5' end of the RNA to give 
nucleotides with 3' -hydroxyl groups and 5' -phosphate groups (Balti
more and Smoler, 1972; Keller and Crouch, 1972; Leis et al., 1973). 
Using the purified (\' subunit of AMV reverse transcriptase, it has been 
shown that its ribonuclease H activity is a random rather than 
processive exonuclease (Grandgenett and Green, 1974). Whether the (3 
AMV subunit functions in the same manner or confers the capability of 
processiveness is not known. 
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The observation that a temperature-sensitive mutant of RSV 
possesses both thermolabile reverse transcriptase and thermolabile 
ribonuclease H activities (Verma et al., 1974a; Panet et al., 197 Sa) 
argues strongly for both enzyme activities residing in one polypeptide. 
Ribonuclease H activity has also been identified in purified prepara
tions of SNV. 

Some evidence has been presented which indicates that upon 
purification of the reverse transcriptase activity of mammalian C-type 
viruses it too exhibits ribonuclease H activity (Grandgenett et al., 
1972). Gerard and Grandgenett (197S) demonstrated that two ribonu
clease H activities are present in crude lysates of Moloney 
MuSV(MuL V). The larger enzyme (RNase H-I), which is present in 
smaller amounts (approximately 10% of the total activity), was shown 
to copurify with the viral reverse transcriptase enzyme activity, require 
manganese (optimum concentration approximately 2 mM using as 
substrate [3H]poly(A): poly( dT), and possess an apparent molecular 
weight of about 70,000. The smaller enzyme (RNase H-II), which is 
present in greater quantities (approximately 90% of the total activity), 
was found to possess no detectable DNA polymerase activity, prefer 
magnesium (lO-IS mM optimum) over manganese (S-1O mM 
optimum) for the degradation of [3H]poly(A): poly(dT), and possess an 
apparent molecular weight of about 30,000. In addition, it was shown 
that the two enzymes exhibit different substrate preferences whereby 
RNase H-II can degrade (3H]poly(A):poly(dT) 6 times faster than 
[3H]poly(C): poly(dG) in the presence of manganese (10 mM), while 
RNase H-I digests the same two substrates at about equal rates in the 
presence of manganese (2 mM). Gerard and Grandgenett (197S) also 
noted that under limited substrate digestion using [3H]poly(A): poly(dT) 
the two enzymes released either 10 and 40 nucleotide-length oligonu
cleotides (RNase H-I) or oligonucleotides only 10 nucleotides in length 
(RNase H-II). In this respect, the RNase H-I resembles the a and a{3 
activities of the AMV enzyme (Grandgenett and Green, 1974). It was 
not determined whether the two MuSV(MuLV) enzymes were exo- or 
endoribonucleases. 

Although it was shown by Gerard and Grandgenett (197S) that the 
RNase H-I activity copurified with the RNA-directed DNA 
polymerase activity of M uSV(M uL V), SDS-polyacrylamide analysis of 
the most highly purified preparations of that DNA polymerase showed 
them to contain three polypeptides (82,000, 68,000, and 60,000 
daltons), so that which polypeptide represented the ribonuclease H 
activity could not be determined (see below). 
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Weimann et al. (1974) found that the ribonuclease H actlVlty in 
preparations of Friend leukemia virus also copurified with the DNA 
polymerase activity. It was present in material which contained two 
polypeptides of molecular weights 67,000 and 51,000, although it was 
reported that the Friend leukemia virus enzyme was present in a com
plex corresponding to a size of 123,000 daltons. 

Analyses of Rauscher Mul V reported by Robert Gallo's labora
tory have indicated that cores of that virus exhibit reverse transcriptase 
activity but no ribonuclease H activity (Wu et al., 1974). The properties 
of the ribonuclease H enzymes isolated by them were different from 
those of the Moloney MuSV(MulV) activity discussed above. The 
major RNase H activity of R-MulV (or K-MuSV) did not bind at 0.2 
M KCl to phosphocellulose [the RNAase H-II of M-MuSV(MulV) 
elutes only at 0.5 M KCl (Gerard and Grandgenett, 1975)]; also, the 
DNA polymerase activity recovered from R-MulV (and K-MuSV) 
was shown to possess very little RNase H activity. No or undetectable 
amounts of ribonuclease H activities have also been reported for 
hamster leukemia virus (Verma et al., 1974b) and K-MuSV(MulV) 
and M-MuSV(MulV) (Wang and Duesberg, 1973). Whether these 
results are due to insensitive reaction conditions or a lack of a ribonu
clease H activity is not known. 

Verma (1975) using cloned Moloney M ul V demonstrated that its 
purified reverse transcriptase (one polypeptide of approximately 80,000 
daltons) possessed a ribonuclease H activity that acted as a random 
exonuclease, giving large-size digestion products possessing 3' -hydroxyl 
and 5' -phosphate groups. These studies as well as those reported by 
Gerard and Grandgenett (1975) suggest that MulV at least possesses a 
ribonuclease H activity associated with the reverse transcriptase 
polypeptide. Whether the lack of activity obtained for other mam
malian C-type viruses reflects the presence of an inhibitor, insensitive 
assay procedures, or incorrect reaction conditions remains to be 
determined. Some evidence that a temperature-sensitive MulV mutant 
possesses a thermolabile reverse transcriptase and ribonuclease H 
activity has been obtained (I. Verma, personal communication). 

In summary, it is clear that the avian oncornavirus ribonuclease H 
activity is associated with subunits of the viral reverse transcriptase 
activity; also, some evidence for the association of ribonuclease H with 
the mammalian oncornavirus reverse transcriptase has been obtained. 
It appears that there is often more than one ribonuclease H activity 
present in preparations of the mammalian C-type viruses, raising the 
possibility that either a cellular enzyme or another viral coded function 
is present. 
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3.12.3. Substrates Which Can Be Used by Purified Viral Reverse 
Transcriptases 

241 

As pointed out in Section 1.104, synthetic polynucleotides have 
been widely used to determine the presence of a reverse transcriptase 
activity and also aid in its purification. By definition, the reverse 
transcriptase possesses the capability of transcribing RNA into DNA, 
and this capacity needs to be verified before ascribing a DNA 
polymerase activity to the reverse transcriptase category. As far as 
oncornaviruses are concerned, the capacity of a viral reverse 
transcriptase to transcribe the viral genome into DNA is a criterion 
which should be satisfied, and which will be considered first. The 
capability of purified enzymes to transcribe other RNA species and 
synthetic polymers will be briefly discussed. 

The abilities of both avian reverse transcriptases and those of 
mammalian oncornavirus origin to utilize 60-70 S oncornavirus RNA 
species as templates have been demonstrated. Studies involving the 
purified enzyme of both AMV (Grandgenett et aI., 1973; Kacian et at., 
1971; Leis and Hurwitz, 1972a) and RSV (Duesberg et at., 1971a,b) 
have shown that either enzyme is able to synthesize DNA using an 
avian oncornavirus genome as a template. The reaction conditions for 
the AMV RNA-templated AMV reverse transcriptase have been 
reported to require all four deoxyribonucleoside triphosphates (0.2 mM 
dATP, dCTP, and dGTP and 0.04 mM [3H]dTTP) and 6 mM magne
sium (Kacian et at., 1971). Enhanced activity was observed in the 
presence of KCI (0.1 M) and 004 mM dithiothreitol (Kacian et at., 
1971). Leis and Hurwitz (1972a) obtained similar results and 
demonstrated that reactions involving manganese and magnesium mix
tures (0.2 and 10 mM, respectively) were better than reactions involving 
one or the other cation alone. Heat-denatured (80°C for 3 min) AMV 
RNA preparations (or RSV RNA) were less effective as templates for 
the AMV enzyme than undenatured RNA, the loss of templating 
capability depending on whether magnesium or manganese-magnesium 
cation combinations were employed in the reaction mixture (Leis and 
Hurwitz, 1972a). It was also shown that reactions templated by AMV 
RNA (1) incorporated all four deoxyribonucleotides at approximately 
equal rates, (2) incorporated more nucleotides at pH 8.2 than at other 
pH values, and (3) were totally inhibited by ribonuclease or 
deoxyribonuclease. 

Other RNA species which have been effectively used as templates 
for the AMV enzyme include RSV RNA, R-MuL V RNA, bac
teriophage f2, MS2, or Q{3 RNA, as well as bulk E. coli tRNA (Leis 
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and Hurwitz, 1972a). The relative transcription efficiencies varied with 
the source of RNA, and it was noted that the AMV viral RNA (on a 
molar basis) was a preferred substrate. Other studies have 
demonstrated that in addition to oncornaviral and bacteriophage 
RNAs, globin messenger RNA, influenza viral RNA, ribosomal, 
tobacco mosaic viral RNA, poliovirus RNA, and E. coli 5 S RNA 
species can be used as templates by the avian reverse transcriptases 
(Duesberg et ai., 1971a,b; Efstratiadis et aI., 1975; Faras et ai., 1972; 
Goodman and Spiegelman, 1971; Kacian et ai., 1972; Ross et ai., 1972; 
Spiegelman et ai., 1971; Taylor et ai., 1973; Verma et ai., 1972). 

Of concern in studying the ability of a reverse transcriptase to uti
lize RNA as a template are the size and fidelity of the transcript made. 
Both full-length and partial transcripts of globin mRNA have been 
obtained, and it has been claimed that the amount of the former among 
the product nucleic acids can be increased by employing high 
concentrations of deoxyribonucleoside triphosphates in the reaction 
mixture (Collett and Faras, 1975; Efstratiadis et ai., 1975; Imaizumi et 
ai., 1973; Rothenberg and Baltimore, 1976). 

Analyses with purified reverse transcriptase derived from certain 
mammalian C-type viruses have also demonstrated an ability to 
transcribe oncornaviral and RNA species (Abrell et ai .. , 1975; Gerard 
and Grandgenett, 1975; Verma, 1975). The purified reverse 
transcriptases used were derived from R-MuLV, SSV, GaLV, M
MuLV, and M-MuSV(MuLV). The synthesis of DNA obtained was on 
a par (or nearly so) with that observed for the AMV enzyme. These 
results lay to rest earlier observations from a variety of laboratories 
indicating that purified mammalian C-type virus reverse transcriptases 
are unable to copy heteropolymeric RNA (see review by Green and 
Gerard, 1974). Purified reverse transcriptase from Mason-Pfizer 
monkey virus (M-PMV), a virus which has both B-type and C-type 
properties, also has been shown to use 60-70 S oncornaviral RNA as a 
template (AbreU et ai., 1975). 

Using M-MuLV enzyme templated with M-MuLV 60-70 S RNA, 
magnesium (10 mM) has been reported to be a better divalent cation 
than manganese (I mM), and a similar result was obtained when AMV 
RNA was used to template the reaction (Verma, 1975). Addition of an 
oligo(dT) primer was shown to increase tenfold the AMV RNA 
transcription rate. Other RNA species which have been shown to func
tion as templates for the M-MuL V enzyme include 10 S rabbit reticu
locyte globin mRNA [with an oligo(dT) primer] and 18 S slime mold 
ribosomal RNA [with a oligo(dC) primer]. 
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In experiments involving M-MuSV(MuLV) enzyme templated by 
AMV 60-70 S viral RNA, manganese (0.5 mM) was found to be the 
preferred divalent cation (Gerard and Grandgenett, 1975). Experiments 
with the M-PMV enzyme using AMV 60-70 S RNA have been 
reported (Abrell et af., 1975) in which manganese (1 mM) was the 
preferred cation by comparison to magnesium (10 mM). Dion et af. 
(1974) with a purified mouse mammary tumor virus enzyme (MuMTV) 
showed that it could transcribe MuMTV 60-70 S RNA in the presence 
of magnesium (10 mM, although manganese was not examined), with a 
notable increase in transcription when an oligo( dT) primer was added. 

The ability of the various purified reverse transcriptases to 
synthesize product when given native calf thymus DNA, activated 
DNA, or heat-denatured DNA has been demonstrated, as has their 
ability to use synthetic templates of various sorts and sizes (see review 
by Green and Gerard, 1974). It has been noted that synthetic polymer
templated reactions may show a different divalent cation preference to 
that found using native RNA. 

In summary, purified reverse transcriptases of avian and mam
malian origin (including both C-type and B-type viruses) can use 
heteropolymeric RNA, DNA, and synthetic polynucleotides of various 
sorts (see Section 1.1.4b) as templates to synthesize DNA. Whether all 
mammalian C-type viral enzymes can transcribe RNA remains to be 
determined (e.g., the hamster HaL V enzyme which was reported to be 
unable to perform an endogenous reaction). The meaning of the 
divalent cation preference of an enzyme when using one but not another 
template is obscure. Since in some cases combinations of manganese 
and magnesium enhance the transcription rate by comparison to that 
obtained with either magnesium or manganese (Leis and Hurwitz, 
1972a), the reported preferences for one or the other divalent cation 
may not reflect the optimal reaction conditions. However, until the 
conditions for synthesizing a biologically competent product DNA are 
found, we will not know whether one or another or both cations are 
preferred for faithful transcription. 

3.12.4. The Nature of the Viral Genome and Associated RNA Species 

Analyses of the nucleic acids associated with preparations of 
oncornaviruses have demonstrated the presence of a 60-70 S RNA 
species, 28 Sand 18 S RNA (which are probably cellular ribosomal 
RNA species), 7 S RNA of host origin, 4 S RNA possessing the 
capability of accepting amino acids, and small amounts of DNA, also 
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apparently of host origin (Bishop et al., 1970a,b; Carnegie et al., 1969; 
Duesberg, 1968; Erikson, 1969; Erikson and Erikson, 1970, 1971, 1972; 
Erikson et al., 1973; Faras et al., 1973a,b; Levinson et al., 1970; 
Montagnier et al., 1969; Randerath et al., 1971; Riman and Beaudreau, 
1970; Robinson et al., 1965; Rosenthal and Zamecnik, 1973a,b; Sawyer 
and Dahlberg, 1973; Tnlvnicek, 1968, 1969; Wang et al., 1973). 

Although the exact nature of the 60-70 S RNA remains to be elu
cidated, the following characteristics have been observed: (1) The 60-70 
S RNA is a complex of RNA molecules. (2) By electron microscopy 
using a variety of KleiJ1schmidt spreading techniques, including the use 
of T4 gene 32 protein, or glyoxal-formam ide or urea-formamide to 
denature and extend the 60-70 S viral RNA and its subunits, the 
following sizes for oncornavirus RNA species have been obtained. For 
the 60-70 S RNA of RSV -B, a size of 6.2 ± 0.4 x 106 was observed 
(Delius et al., 1975). For the 35 S RNA derived from the Prague strain 
of RSV and a transformation-defective variant (td Pr-RSV-C), sizes of 
3.3 ± 0.2 x 106 and 2.9 ± 0.2 x 106 , respectively, were observed (Kung 
et al., 1975b). Similar results were found for the 35 S RNA of Prague 
RSV-8 (2.7 ± 0.1, Delius et al., 1975) and RSV-D (3.1 ± 0.3 x 106 , 

Jacobson and Bromley, 1975). For FeL V a similar size of 3.3 ± 0.2 x 
106 was observed, and although RD114 initially gave a size of 
approximately 5 X 106 further analyses using more stringent denaturing 
conditions gave values of 2.8 x 106 (Kung et al., 1975a). It has been 
suggested from these latter studies of the RD114 RNA that the 35 S 
subunits are hydrogen-bonded at their 5' ends (see below). Whether 
this is true for all oncornaviruses remains to be determined. 

Analyses of the sequence complexity of cloned Prague RSV RNA 
involving determining the proportion of the total labeled RNA that 
individual labeled oligonucleotides represent has given values of 2.5 ± 
0.6 x 106 to 3.5 ± 0.3 x 106 daltons for the 60-70 S RNA of that virus 
(Duesberg and Vogt, 1973; Duesberg et al., 1975). Analyses of AMV 
RNA by kinetic hybridization studies have also indicated that its 60-70 
S RNA possesses a sequence complexity of approximately 3.3 x 106 

daltons (Baluda et al., 1975). 
The subunits of avian leukosis viruses and those of sarcoma viruses 

are distinguishable. Cloned naturally occurring leukosis viruses or 
nontransforming derivatives of transforming viruses contain a single 
RNA subunit type (b), whereas viruses capable of transforming cells in 
tissue culture contain a larger-size subunit (a) (Duesberg and Vogt, 
1973; Stone et al., 1975). Oligonucleotide fingerprint analyses have sug-
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gested that the b subunit is a deletion derivative of the a type (Lai et al., 
1973). Whether virus strains can upon repeated passage contain both a 
and b subunit types is a question which has not been completely 
resolved (Stone et al., 1975), although evidence that the change from 
cloned transforming virus to transformation-defective strains results in 
a conversion of all a to all b RNA subunits argues not only for 
polyploidy but also for the lack of stable ab heterozygotes (Duesberg 
and Vogt, 1973; Stone et al., 1975; Vogt, 1973). 

Taken together, it appears that the viral 60-70 S RNA of avian 
oncornaviruses is composed of identical or, at least so far, indistin
guishable subunits of approximately 3 x 106 daltons size. These results 
therefore suggest that the genome is polyploid (presumably aa, or bb, 
although ab heterozygotes may also occur). For mammalian C-type 
viruses, a similar situation probably exists, although no evidence for 
distinguishable a and b subunits has been obtained. 

In addition to the major 35 S subunits, low molecular weight 
tRN A has been demonstrated to be present in the 60-70 S complex. 
For reasons which will be apparent later, this tRNA is known as a 
primer RNA. Although some 15-30% of the RNA in avian and other 
oncornaviruses is small RNA, of the virus-associated 4 S tRNA species 
it appears that principally only one type (a tryptophan tRNA) is 
present in the 60-70 S RNA complex in any significant amount. By 
heat denaturation, the primer Trp tRNA can be separated from the 
high molecular weight complex and resolved by two-dimensional gel 
electrophoresis (Dahlberg et al., 1975; Elder and Smith, 1973; Erikson 
and Erikson, 1971; Faras et al., 1974; Gallagher and Gallo, 1973; 
Ikemura and Dahlberg, 1973; Nichols and Waddell, 1973; Rosenthal 
and Zamecnik, 1973a,b; Sawyer and Dahlberg, 1973). Recovery 
analyses of the free and 60-70 S complexed tRNA indicate that there 
are one or two copies of Trp tRN A species associated with the 60-70 S 
complex and some six to eight copies of the same tRNA present in the 
virion as free tRNA species (Bishop et aI., 1973; Dahlberg et al., 1974, 
1975; Faras et al., 1974). Although minor amounts of other tRNA 
species have also been recovered from the 60-70 S complex, these 
results suggest that the Trp tRNA is the principal species. 

A 3' -terminal adenosine nucleoside and 3' sequence of poly(A) 
(approximately 150-200 nucleotides) are present on the 35 S RNA 
subunits of AMV RNA as well as M-MuSV(MuLV) and other oncor
navirus 60-70 S RNA species (Rho and Green, 1974; Stephenson et al., 
1973). 
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3.12.5. The Mechanism of DNA Synthesis by Reverse Transcriptases 

3.12.5a. The Synthesis of Viral Complementary DNA 

All DNA poly me rases that have been studied so far synthesize 
DNA by chain extension; the reverse transcriptase appears to be no 
exception to this rule. It has been shown that for an endogenously tem
plated reverse transcriptase reaction, the initial DNA is covalently 
attached in the 3' terminus of the small primer RNA molecules present 
in the 60-70 S RNA complex (Bishop et aI., 1973; Canaani and Dues
berg, 1972; Faras et aI., 1973b). Purified reverse transcriptases tem
plated by purified 60-70 S RNA frequently synthesize more DNA 
when supplied with exogenous oligonucleotide primers. It has been 
shown that these primers need free 3' -hydroxyl groups and that they 
are also chain-extended at their 3' ends (Leis and Hurwitz, 1972a). 

Is primer extension the only way oncornaviruses synthesize DNA? 
Some evidence has been presented that for reticuloendotheliosis virus 
(REV) there is little in vitro endogenously templated DNA synthesis 
until some RNA synthesis has occurred (Mizutani and Temin, 1975). 
The ribonucleotides incorporated by REV were shown to be principally 
UMP, with lesser amounts of AMP and CMP and very little GMP. It 
was shown that the RNA synthesis required the presence of a nonionic 
detergent to rupture the viral envelope, a divalent cation (8 mM magne
sium), and one or more ribonucleoside triphosphates. The endogenously 
templated DNA synthetic rate was stimulated fivefold by the inclusion 
of four ribonucleoside triphosphates, and threefold by the inclusion of 
ATP or UTP. Nearest-neighbor analyses indicated that some of the 
newly synthesized DNA was covalently attached to RNA mostly 
in ... pUpdAp ... linkages with some ... pAp-dAp ... bonds also 
present. Alkali degradation of pH]ribonucleoside triphosphate-labeled 
product gave some [3H]uridine and less (3H]adenosine nucleosides, as 
expected for de novo RNA-DNA bridges. Although the size of the 
RNA portion was reported to be 4 S, it was not determined if the newly 
synthesized RNA was de novo initiated RNA or primer chain extended 
RNA (e.g., involving a nucleotidyltransferase). The studies reported by 
Mizutani and Temin (1975) suggest therefore another manner in which 
DNA synthesis might be obtained other than by just DNA chain exten
sion of a preexisting template-associated RNA primer. 

Whether other oncornaviruses possess RNA as well as DNA 
polymerases remains to be seen. The observations obtained for reticu
loendotheliosis virus and related viruses need to be confirmed; however, 
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they raise the possibility that de novo RNA initiations or RNA chain 
extension may be involved in the mechanism of DNA synthesis. What 
enzyme performs this function needs to be determined. 

Mizutani and Temin (197Ib) have demonstrated that in purified 
preparations of various oncornaviruses there are not only a variety of 
associated enzyme activities but also nucleotides of various sorts 
(dTTP, ATP, dATP, CTP, dCTP, UTP, GDP, ADP, UDP, GMP, 
AMP, dGMP). The virion-associated enzymes identified by them and 
other investigators in addition to the endogenous reverse transcriptase 
and ribonuclease H activities (core) include a DNA ligase (core), 
hexokinase (core), protein kinase and phosphoprotein phosphatase 
activities, lactic dehydrogenase (noncore), aminoacyl tRNA synthetase, 
single- and double-strand specific ribonucleases, ATPase (noncore), 
nucleotide kinases, methylases, DNA exonuclease and DNA endonu
clease activities, nucleotide kinases, methylases, DNA exonuclease and 
DNA endonuclease activities, nucleotidyltransferases, and nucleoside 
triphosphate phosphotransferases (Erikson and Erikson, 1972; Gantt et 
aI., 1971, 1973; Grandgenett et al., 1972; Hung, 1973; Hurwitz and 
Leis, 1972; Mizutani et al., 1970a, 1971; Mizutani and Temin, 1971a; 
Moelling et al., 1971; Roy and Bishop, 1971; Travnicek and Riman, 
1973). Whether any of the enzyme activities are functional in the DNA 
polymerization process or are fortuitously present in virions is not 
known. Although many of these enzymes may be regarded as host 
enzymes picked up at the time of budding (or in vesicles copurified with 
the virus particles), it should be remembered that for vaccinia, VSV, 
and NDV several of the enzymes associated with virus preparations are 
in fact operative in transcript nucleic acid modification, and at least for 
VSV and NDV are clearly host derived. For those viruses, mRNA 
modification is evidently required for eventual mRNA translation. 

Whether the presence of host enzymes in oncornavirus prepara
tions is pertinent to the infection process remains to be determined. No 
evidence for virion RNA polymerase activities necessary for subsequent 
DNA synthesis has been reported for oncornaviruses other than for 
REV. It will be of interest therefore to know if this activity is unique to 
REV and also what its relevance is to the transcription of REV DNA. 
Other investigators have documented the endogenous synthesis of DNA 
by REV preparations (Kang, 1975; Waite and Allen, 1975), although 
they have not investigated the question of de novo RNA involvement. 

Let us consider the reported involvement of a preexisting RNA 
primer in DNA synthesis. Where is the primer located? Evidence has 
been obtained which indicates that the primer is located near the 5' end 
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of the 35 S RNA subunit(s) (Taylor and Illmensee, 1975). Some evi
dence suggesting that it is located approximately 110 nucleotides from 
the 5' end has also been obtained, as well as evidence that DNA chain 
extension initially goes from the 3' end of the primer to the 5' end of 
the template (J. Taylor, personal communication). If so, then how is 
the whole viral complementary DNA strand made? 

It has been suggested by electron microscopy of RD 114 RNA that 
the two 35 S subunits are hydrogen-bonded together near or at their 5' 
ends (Kung et al., 1975a). If this is true for avian and other oncor
naviruses and it is true that the primers for each of these viruses are 
located near the 5' ends of the 35 S species, then this raises a problem 
in terms of a 5' to 3' direction of product DNA synthesis. What hap
pens to DNA synthesis when primer extension reaches the 5' end of the 
35 S template? Had the 35 S RNA species possessed hydrogen-bonded 
3' to 5' termini (or protein-linked ends), then one might propose that 
in some way the primer-product DNA chain is extended over the gap 
and thence around the circle. To date, however, there is no evidence for 
hydrogen-bonded circular template species. 

In order to obtain a complete viral complementary DNA 
transcript, one can envision several alternative methods. For example, 
the following procedures might be proposed: 

1. DNA is synthesized in a 5' to 3' mode, starting at the 3' end 
of the template and proceeding in a continuous fashion to the 
5' end of the template. Either a hairpinlike folded poly(A) 
sequence at the 3' end of the 35 S RNA or preexisting 
oligonucleotides or other RNA species could serve as primers. 

2. DNA is synthesized in a 5' to 3' mode in separate portions, 
initially using the Trp tRNA primer and then other primer 
oligonucleotides. The DNA copies are eventually ligased 
together to form a linear, continuous, virus-complementary 
DNA strand. This model requires the presence and availability 
of other primer oligonucleotides. 

3. DNA is synthesized first by chain-extending of the primer Trp 
RNA until the DNA reaches the 5' end of the 35 S template. 
The primer-single-stranded DNA product is displaced by a 
succeeding primer and a new DNA strand is made. The initial 
primer-DNA molecule then hydrogen-bonds to the 3' end of 
the 35 S RNA [on the poly(A) tail if the DNA contains some 
poly(T) sequence]. The DNA is then chain-extended to the 5' 
terminus of the template. This model requires either that some 
of the initial RNA sequence near or at the 5' end of the tem-
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plate is reiterated at the 3' end or that near the 5' end of the 
RNA there are sufficient tandem adenylic nucleotides to 
generate a virus-complementary poly(T) sequence which could 
be transposed to some part of the polyadenylate 3' sequence 
of the viral RNA. 

4. DNA synthesis involves one or more de novo RNA initiation 
sequences which are chain-extended by the product DNA and 
ligased together after removal of the RNA. 

5. Synthesis of DNA, starting at the primer, extends over the 5' 
end of the RNA to the 3' end and thence around the RNA 
until the primer is again reached. After removal of the primer, 
the DNA is ligased together to give a complete circle. In this 
model (Fig. 21), the 5' and 3' ends [not, though, the 3' 
poly(A) tail] are held in juxtaposition by virtue of being 
hydrogen-bonded to another stretch of RNA (depicted as a 
sequence on the other 35 S strand in Fig. 21, although an 
internal region of the same RNA could also function in that 
capacity). Although particular RNA sequences at the 5' and 
3' ends are presented in the model, they are for illustration 
only, and these sequences-other than the 3' poly(A) and 5' 
m7GpppGmpCp ... (Furuichi et al., 1975c)-are not known. 
It should be noted that in this model no genetic information is 
lost in making the complete circle of DNA. 

One final point should be made before considering the next phase 
of DNA synthesis: no evidence has been obtained to prove that the 
genome-associated Trp tRNA is the primer in vivo. If evidence can be 
obtained, then this would strengthen the credibility of the in vitro 
observations. 

3.12.5b. The Synthesis of Viruslike DNA Strands 

The subsequent synthesis of viruslike DNA is not understood at 
all. Again, various models can be proposed which involve nicking or 
degrading the RNA portion of the initial RNA: DNA hybrid, generat
ing 3' -hydroxyl groups, and then chain-extending the RNA fragments 
by DNA and eventual DNA ligation (Fig. 21). Whether ribonuclease H 
is involved is not known, and in fact a recent article by Collett and 
Faras (1976) suggests that ribonuclease H plays no part. An alternative 
procedure which can be proposed involves using a second primer-DNA 
product viral complementary strand to initiate the viruslike DNA syn-



250 Chapter 3 

--
• 

• 
" ..•...... ::::.::::::::-::-.. ., ... 

--.... ~ ! _ ........... ... . A 
..... • .... • ... ;~!~c ~uuu ....................... . 

1.' "":~~ .............. . .... ... 

u ........ 

-", ................. ..... 
,./ ..... . ................... 

• ............................... ............ ~ . ,." '\ 
! , , . 

.... -' . . ,.~ -.................... ~ ........ .,. . 
.... . ... TIIO C ........ ~_ ..... '" 

·-.... .... ilC~~UUU - •. --. , , . 
i ;. 
\ / 

t' .'G: .111.,. 

"\, .... ,l 
• J , • 

......... . "'t'.. ~ .. 

................. -; .... : ..................... . 
~' ..... ... 

Fig. 21. A hypothetical model for the synthesis of closed circular DNA for a 60- 70 S 
RNA genome. In the first phase of DNA synthesis (A), the two 35 S RNA subunits are 
envisaged as being hydrogen-bonded together, near their 5' ends (Kung et al. , 1975a). 
The juxtaposition of the 5' and 3' ends [not including the 3' poly(A) tail] is shown as 
being hydrogen-bonded to another RNA sequence (in this figure involving the other 35 
S subunit-not obligatory to the model). By primer 3' extension, de novo DNA syn
thesis is shown as coming to, then bridging the 5 ' , 3' gap and proceeding around the 
RNA template to the primer region. Both 35 S RNA subunits could be transcribed 
simultaneously in this model. Following removal of the primer (B), the DNA (minus 
strand) could be circularized by a ligase and a complementary DNA (plus strand) 
synthesized either by displacement of the RNA or by nicking and RNA 3 ' extension 
(as shown). Final ligation would produce a closed circular DNA possessing all the 
genetic information of the original RNA. The nucleotide sequences shown [other than 
the poly(A) 3' tailor, for RSV, the 5 ' mGpppGmpCp] are hypothetical (see text). This 
model of DNA synthesis is hypothetical and originates from suggestions and dis
cussions with Drs . R . W. Compans and E. Hunter. Note that at the prefinal step, 
recombination between the two DNA derivatives of the 35 S subunits could give rise to 
high-frequency recombination (E. Hunter, personal communication). 
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thesis on another region of the virus-complementary DNA. For 
instance, if the 5' end of the viral RNA is a self-complementary 
hairpin, then this method could start viruslike DNA synthesis at the 3' 
end of the virus-complementary DNA sequence following annealing of 
the primer- DNA to the virus-complementary DNA sequence. 

Clearly, before any reasonable models can be proposed for the 
synthesis of virus-complementary DNA or viruslike DNA, more 
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information is needed on (1) the relevance of the primer to the in vivo 
synthesis of DNA, (2) the primer chain extension sequence, and the 5' 
and 3' ends of the viral RNA, (3) the fate of the viral RNA, and (4) the 
relevance of the two subunits to the DNA synthetic process. 

Some evidence has been obtained from in vivo studies (Guntaka et 
al., 1975) that before viral DNA is integrated it is formed into a closed 
circular DNA. Is there closed circular single-stranded DNA before 
double-stranded DNA? How does circularization occur? How does 
integration occur? These are all intriguing questions which will need to 
be resolved. 

4. CONCLUSIONS 

The number of virus types possessing virion polymerases of one 
form or another is impressive. The presence of ancillary enzymes, 
clearly functional and relevant to the transcription process of the 
viruses in one way or another, has also been documented. For some of 
the enveloped viruses, the virus-coded information is insufficient to 
produce these ancillary enzymes and they must be derived from the 
host cell. Whether the ancillary enzymes of the poxviruses and oncor
naviruses are virus or cell coded remains to be determined. 

Models for the mechanisms of mRNA transcription or DNA syn
thesis at the present time must be regarded as tentative. In each of the 
systems described herein, insufficient evidence is available to determine 
the exact details of how the polymerization processes occur or the 
interrelationships of transcription with replication and/or translation. 
Further studies will no doubt lead to more precise definitions of the 
processes involved. 
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