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Foreword

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

Few serious attempts have been made to chronicle these events. This
comprehensive series, which will comprise some. 6000 pages in a total of
about 22 volumes, represents a commitment by a-large group of active
investigators to analyze, digest, and expostulate on the great mass of
data relating to viruses, much of which is now amorphous and disjointed,
and scattered throughout a wide literature. In this way, we hope to place
the entire field in perspective, and to develop an invaluable reference and
sourcebook for researchers and students at all levels.

This series is designed as a continuum that can be entered anywhere,
but which also provides a logical progression of developing facts and
integrated concepts.

Volume | contains an alphabetical catalogue of almost all viruses of
vertebrates, insects, plants, and protists, describing them in general
terms. Volumes 2-4 deal primarily, but not exclusively, with the
processes of infection and reproduction of the major groups of viruses in
their hosts. Volume 2 deals with the simple RNA viruses of bacteria,
plants, and animals; the togaviruses (formerly called arboviruses), which
share with these only the feature that the virion’s RNA is able to act as
messenger RNA in the host cell; and the reoviruses of animals and
plants, which all share several structurally singular features, the most
important being the double-strandedness of their multiple RNA
molecules.
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viii Foreword

Volume 3 addresses itself to the reproduction of all DNA-contain-
ing viruses of vertebrates, encompassing the smallest and the largest
viruses known. The reproduction of the larger and more complex RNA
viruses is the subject matter of Volume 4. These viruses share the
property of being enclosed in lipoprotein membranes, as do the
togaviruses included in Volume 2. They share as a group, along with the
reoviruses, the presence of polymerase enzymes in their virions to satisfy
the need for their RNA to become transcribed before it can serve
messenger functions.

Volumes 5 and 6 represent the first in a series that focuses primarily
on the structure and assembly of virus particles. Volume 5 is devoted to
general structural principles involving the relationship and specificity of
interaction of viral capsid proteins and their nucleic acids, or host
nucleic acids. It deals primarily with helical and the simpler isometric
viruses, as well as with the relationship of nucleic acid to protein shell in
the T-even phages. Volume 6 is concerned with the structure of the picor-
naviruses, and with the reconstitution of plant and bacterial RNA
viruses.

Volumes 7 and 8 deal with the DNA bacteriophages. Volume 7 con-
cludes the series of volumes on the reproduction of viruses (Volumes 2-4
and Volume 7) and deals particularly with the single- and double-
stranded virulent bacteriophages.

Volumes 8, the first of the series on regulation and genetics of
viruses, covers the biological properties of the lysogenic and defective
phages, the phage-satellite system P 2-P 4, and in-depth discussion of the
regulatory principles governing the development of selected lytic phages.

Volume 9 provides a truly comprehensive analysis of the genetics of
all animal viruses that have been extensively studied to date. Described in
ten detailed chapters are genotypes and phenotypic expression of condi-
tional, host range, and deletion mutants of three major classes of animal
DNA viruses followed by seven genera of RNA viruses. Principles and
methodology are presented and compared to provide insight into
mechanisms of mutagenesis, selection of mutants, complementation
analysis, and gene mapping with restriction endonucleases and other
methods. Whenever appropriate, the genetic properties of viruses are
related to nucleic acid structure and function as well as recombination,
integration of viral with host genome, malignant transformation, and
alteration of host cell functions.

The present volume deals with transcriptional and translational
regulation of viral gene expression, defective virions, and integration of
tumor virus genomes into host cell chromosomes. Later volumes will be
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concerned with regulation of plant virus development, covirus systems,
satellitism, and viroids. Two or three additional volumes will be devoted
largely to structural aspects and the assembly of bacteriophages and
animal viruses, as well as to special groups of newer viruses.

The complete series will endeavor to encompass all aspects of the
molecular biology and the behavior of viruses. We hope to keep this
series up to date at all times by prompt and rapid publication of all
contributions, and by encouraging the authors to update their chapters
by additions or corrections whenever a volume is reprinted.
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CHAPTER |

Translation of Animal Virus
mRNAs in Vitro

A. J. Shatkin, A. K. Banerjee, and G. W. Both

Roche Institute of Molecular Biology
Nutley, New Jersey 07110

1. INTRODUCTION

Studies of the translation of bacteriophage RNAs in cell-free
systems have contributed much to our understanding of many important
aspects of protein synthesis, e.g., the elucidation of RNA virus gene
order and the mechanism of suppression of nonsense mutations. Cell-
free systems have also been useful for studying the regulation of cellular
polypeptide formation, notably the role of cAMP and its binding protein
in the expression of the gal/ operon. Recently, eukaryotic cellular and
viral mRNAs that contain 3’-terminal poly(A) have been purified by
selective binding to oligo(dT)-cellulose or poly(U)-sepharose. In addi-
tion, many animal virus mRNAs can be prepared in large quantities in
vitro by taking advantage of the respective virion-associated
transcriptases, and several heterologous cell-free systems synthesize
authentic viral and cellular proteins in response to these purified
mRNAs. The potential of in vitro systems for studying eukaryotic gene
expression is likely to continue to attract the interest and attention of
increasing numbers of investigators. It therefore seems appropriate to
consider some of the basic characteristics of the cell-free systems that
are available as of June 1975, when this chapter was written, to sum-
marize the results of current studies, and to discuss how future work on
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2 Chapter 1

the in vitro translation of animal virus mRNAs may increase our
knowledge of the biochemistry of animal virus multiplication and eukar-
yotic cell growth.

2. PREPARATION AND COMPARATIVE PROPERTIES OF
IN VITRO PROTEIN-SYNTHESIZING SYSTEMS

The basic mechanisms of prokaryotic protein synthesis are now
reasonably well understood (Lucas-Lenard and Lipmann, 1971), and in
many ways protein synthesis in eukaryotes is similar (Haselkorn and
Rothman-Denes, 1973). With a general understanding of this process
and with hindsight gained from work with prokaryotes, it has been
possible to prepare in vitro protein-synthesizing systems from a variety
of eukaryotic cells and organisms. As discussed in this chapter, many
viral mRNAs have recently been isolated and can be faithfully trans-
lated in these systems. As such, in vitro translation is a particularly use-
ful method for identifying an unknown mRNA on the basis of the
protein for which it codes. Moreover, the primary translation product
of a purified viral mRNA can often be identified in a cell-free system
whereas it may be lost by rapid proteolytic cleavage in vivo. This
information is helpful in elucidating the events which take place in
virus-infected cells.

In this section, the general properties of cell-free protein-synthesiz-
ing systems derived from frog eggs and oocytes, tissue culture and
ascites cells, reticulocytes, and wheat germ will be compared with
emphasis on the basic methods for preparing active extracts, their effi-
ciencies of translation, and the relative advantages and disadvantages of
each system. In this chapter, an in vitro protein-synthesizing system (in
vitro or cell-free system for short) is defined as one in which amino acid
incorporation into authentic polypeptides is directed by exogenous
messenger RNA. Although eggs and oocytes are not, strictly speaking,
in vitro systems and certainly not cell free, they have been used for trans-
lating viral mRNAs and are therefore included in this discussion.

2.1. Frog Eggs and Oocytes

The preparation of frog oocytes for studies on protein synthesis
was first described with the South African clawed toad, Xenopus laevis,
by Gurdon (1968), but oocytes have also been obtained from
Pleurodeles waltlii (Brachet et al., 1973) and the Queensland cane toad,
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Bufo marinus (May and Glenn, 1974). Oocytes from the former are
larger than those of Xenopus and are better able to survive microinjec-
tion (Brachet et al., 1973). The Bufo species is widely distributed and,
unlike Xenopus, is found on all continents of the world (May and
Glenn, 1974). Active oocytes from ovarian tissue and unfertilized eggs
(Gurdon, 1967) are obtained from sacrificed female frogs which had
been induced to ovulate by hormonal injection between 2 and 4 weeks
previously (Gurdon et al., 1971). A radioactive amino acid or mRNA is
introduced by injection with a micropipette into actively growing
oocytes (May and Glenn, 1974; Gurdon et al., 1971). The oocytes are
then incubated in culture medium at 19°C, where they remain
synthetically active for up to 3 days (Gurdon, 1968). Radioactive amino
acids can also be introduced into the cells by addition to the culture
medium. The choice of labeling procedure is determined mainly by (1)
the rate at which the label in the culture medium penetrates the cells,
(2) the rate at which injected label leaks out, and (3) the duration of the
labeling period. Radioactive amino acid leaks out of injected oocytes
more quickly than from injected eggs. However, the label (at least for
[*H]histidine) penetrates oocytes much more quickly than eggs. In
general, when short labeling periods (up to 1 h) or unfertilized eggs are
used, the highest amount of labeled protein is synthesized when the
radioactive amino acid is injected. When oocytes are used, especially
for labeling periods of more than 2 h, it is best to introduce label by
incubation.

2.2. Reticulocytes

Circulating reticulocytes are collected by bleeding rabbits made
anemic with daily subcutaneous injections of acetylphenylhydrazine
(Adamson et al., 1968; Housman et al., 1970; Villa-Komaroff et al.,
1974b; Gilbert and Anderson, 1970). The blood is filtered through
cheesecloth into chilled saline (Villa-Komaroff et al., 1974b), and the
cells are washed, packed by centrifugation, and lysed at 0°C by the
addition of an equal volume of water (Adamson et al., 1968; Housman
et al., 1970; Villa-Komaroff et al., 1974b) or hypotonic buffer (Gilbert
and Anderson, 1970; Schreier and Staehelin, 1973). After 60 s, the
lysate is centrifuged at 30,000g for 15 min (Villa-Komaroff et al.,
1974b; Schreier and Staehelin, 1973) and the supernatant is frozen in
aliquots at —80°C, at which temperature activity remains stable for
several months.
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The reticulocyte protein-synthesizing system has been extensively
fractionated, and many of the factors involved in protein synthesis have
been purified (see Vol. 30 of Methods in Enzymology, Academic Press,
New York). One of the simplest fractionated systems derived from
reticulocyte lysates and used to translate eukaryotic viral mRNA
consists of a high-speed supernatant fraction (S100) derived by centri-
fugation of the reticulocyte lysate, ribosomes washed with 0.5 M KCl,
and the ribosomal wash fraction (Cancedda and Schlesinger, 1974;
Woodward et al., 1974). This system preferentially translates exogenous
viral mRNA (Cancedda and Schlesinger, 1974) and is more active than
most of the more highly fractionated systems (Woodward ef al., 1974).

The most efficient mammalian cell-free protein-synthesizing sys-
tem, described by Schreier and Stachelin (1973), was originally
developed for the in vitro translation of exogenous rabbit globin
mRNA. It is prepared by a procedure which maintains the structural
and functional integrity of the ribosomes. The basic system consists of
purified ribosomal subunits from mouse liver, rabbit reticulocytes, or
guinea pig brain, partially purified initiation factors from rabbit reticu-
locytes, and elongation factors, termination factors, aminoacyl tRNA
synthetases, and tRNA from rat liver in the form of pH 5 enzymes
(Schreier and Staehelin, 1973). The system has been adapted for the
translation of adenovirus-2-specific mRNA by the preparation of ribo-
somal subunits and the pH 5 enzyme fraction from ascites cells
(Anderson et al., 1974).

2.3. Ascites and Tissue Culture Cells
2.3.1. Propagation of Ascites Cells

Ascites tumor cells can be propagated in various strains of mice by
intraperitoneal injection of 0.1-0.2 ml of ascitic fluid containing 5-10 x
107 cells/ml. Bright yellow fluid, which is probably contaminated with
bacteria, or very bloody fluid should not be used for passaging
(Mathews and Korner, 1970; Aviv et al., 1971; Villa-Komaroff et al.,
1974b). The cells are harvested and propagated every 7-10 days
(Martin et al., 1961; Mathews and Korner, 1970; Aviv et al., 1971,
Jacobs-Lorena and Baglioni, 1972; McDowell et al., 1972; Villa-
Komaroff et al., 1974b; Samuel and Joklik, 1974). One mouse provides
2-10 ml of fluid containing about 10® cells/ml (Martin et al., 1961;
Villa-Komaroff et al., 1974b), and stocks can be frozen for recourse,
should the cells in passage become unsuitable for use due to bloody or
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clotted tumors (Mathews and Korner, 1970; Aviv et al., 1971). Tumor
cells can be passaged for up to 30-40 generations by this procedure
without any obvious change in the relevant properties of the tumor
(Mathews and Korner, 1970). In addition, ascites cells maintained in
tissue culture in Eagle’s medium retain the ability to cause tumors in
animals (Van Venrooij et al., 1970).

2.3.2. Growth of Tissue Culture Cells

Cell-free extracts used for translation of animal virus mRNAs
have been prepared from HeLa cells (McDowell et al., 1972; Villa-
Komaroff et al., 1974b; Eggen and Shatkin, 1972), Chinese hamster
ovary (CHO) cells (McDowell et al., 1972; Villa-Komaroff et al.,
1974b), mouse L-cell fibroblasts (McDowell et al., 1972; Villa-
Komaroff et al., 1974b; Eggen and Shatkin, 1972; Friedman et al.,
1972a; Graziadei and Lengyel, 1972), and MOPC 460 tumor cells
(Lawrence and Thach, 1974). Most of the cell lines can be grown in
Eagle’s minimum essential medium supplemented with 7-10% calf or
bovine serum (McDowell er al., 1972; Villa-Komaroff et al., 1974b;
Eggen and Shatkin, 1972; Friedman et al., 1972a; Graziadei and
Lengyel, 1972; Samuel and Joklik, 1974), but MOPC 460 tumor cells
are grown in Liebowitz L15 medium (Lawrence and Thach, 1974).
CHO cells should be further supplemented with nonessential amino
acids (McDowell et al., 1972). For the preparation of cell extracts, cul-
tures are generally grown to densities of 2-10 x 10° cells/ml for L,
HeLa, and CHO cells (McDowell et al., 1972; Villa-Komaroff et al.,
1974b; Friedman et al., 1972a; Graziadei and Lengyel, 1972) and 4-5 x
10° cells/ml for MOPC 460 cells (Lawrence and Thach, 1974).

2.3.3. Preparation of Cell Extracts

The basic method used for the preparation of cell extracts is that
described by Mathews and Korner (1970); a similar procedure may
be used for all cell types. Tissue culture cells (1-2 x 10° cells) are
harvested by centrifugation and resuspended in cold isotonic buffer.
Ascites cells from five mice, harvested by draining the ascitic fluid
from the opened peritoneal cavity into a sterile, precooled beaker, are
diluted with cold isotonic buffer (Martin et al., 1961; Mathews and
Korner, 1970; McDowell et al., 1972). The ascites cells may be filtered
through two layers of cheesecloth as they are collected (McDowell et
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al., 1972); Samuel and Joklik, 1974). All subsequent steps, unless
otherwise noted, are carried out at 0-4°C. Cells are washed three times
by centrifugation and resuspension, and after the final wash are resus-
pended in a small volume of the isotonic washing buffer in a graduated
conical centrifuge tube. After being firmly packed by centrifugation,
the cell pellet is drained to remove excess buffer, resuspended in 2--3
packed-cell volumes of hypotonic buffer, and allowed to swell for 5-10
min at 0°C. The cells are lysed with about 30 strokes of a tight-fitting
plunger in a glass Dounce homogenizer, and the tonicity of the lysate is
restored immediately by the addition of one-tenth volume of 10x
concentrated incubation buffer. The concentration of this buffer
depends on the ionic conditions required in the cell extract. Generally,
20-30 mM tris-HCI (pH 7.5) or 20 mM Hepes (pH 7.5) buffer is used
with KCI and Mg acetate concentrations of 80-120 mM and 3.5-5
mM, respectively; @-mercaptoethanol (4-7 mM) or dithiothreitol (1
mM) is also included. The homogenate is centrifuged at 10,000g.(Eggen
and Shatkin, 1972; Friedman et al., 1972a; Samuel and Joklik, 1974)
(S10 extract) or 30,000g for 10-20 min (Mathews and Korner, 1970;
Aviv et al., 1971; Jacobs-Lorena and Baglioni, 1972; McDowell et al.,
1972; Villa-Komaroff et al., 1974b; Graziadei and Lengyel, 1972;
Lawrence and Thach, 1974) (S30 extract). The supernatant is carefully
removed, passed through Sephadex G25 (see below), and used directly
(Mathews and Korner, 1970) or preincubated as follows. ATP, GTP,
creatine phosphate, creatine phosphokinase, and in some cases CTP
and all 20 amino acids (Aviv et al., 1971; Jacobs-Lorena and Baglioni,
1972; McDowell et al., 1972; Villa-Komaroff et al., 1974b; Eggen and
Shatkin, 1972; Graziadei and Lengyel, 1972; Friedman et al., 1972a)
are added. The cell extract is incubated at 37°C for 30-45 min in order
to reduce endogenous protein synthesis observed as background in reac-
tions stimulated by exogenous mRNA. If necessary, the extract may be
centrifuged at 10,000g (McDowell er al., 1972; Eggen and Shatkin,
1972) or 30,000g for 5-10 min (Aviv et al., 1971; Jacobs-Lorena and
Baglioni, 1972; McDowell et al., 1972; Eggen and Shatkin, 1972) to
remove any flocculent material: The extract may be desalted by dialysis
for 6 h against incubation buffer (Aviv et al., 1971) or by
chromatography on a column of Sephadex G25 (medium) (2.5-3 by 30
cm) equilibrated with incubation buffer (McDowell et al., 1972). The
lysate is eluted from the column with this buffer, and the opalescent
fractions are pooled, quickly frozen in small aliquots, and stored in
liquid nitrogen. The protein concentration of the extracts should be in
the range of 8-14 mg/ml.
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2.4. Wheat Germ
2.4.1. Preparation of Wheat Embryos

The wheat germ cell-free protein-synthesizing system is prepared
from wheat embryos which are either obtained commercially (Both et
al., 1975b; Roberts and Paterson, 1973; Davies and Kaesberg, 1973;
Marcus and Dudock, 1974; Weeks and Marcus, 1971) or prepared
from wheat seeds (Johnston and Stern, 1957; Shih and Kaesberg, 1973;
Davies and Kaesberg, 1973). Basically, their preparation involves (1)
the removal of the loosely attached embryos from the seeds by
mechanical agitation for 5-6 s in a Waring blender and (2) the separa-
tion of embryos from endosperm fragments by sieving and blowing and
a selective flotation procedure based on the differences in buoyant
density between embryos and endosperm (Johnston and Stern, 1957,
Marcus et al., 1974a; Shih and Kaesberg, 1973). Embryos from the
wheat variety Fortuna and Kenosha winter wheat give preparations
with consistently high activities (Marcus et al., 1974a; Shih and
Kaesberg, 1973).

The commercial availability of raw wheat germ now makes it
almost unnecessary to prepare embryos from wheat seed. Raw wheat
germ can be obtained from a variety of sources (Both et al., 1975b;
Roberts and Paterson, 1973; Davies and Kaesberg, 1973; Marcu and
Dudock, 1974). However, some varieties yield in vitro protein-
synthesizing systems which have higher activities than others (Marcu
and Dudock, 1974). In general, wheat germ preparations from
Niblacks, Inc., Rochester, N.Y., General Mills, Inc., Vallejo, Calif.,
and the “Bar-Rav” Mill, Tel Aviv, Israel, have yielded consistently
good protein-synthesizing extracts. No doubt some local varieties of
wheat germ will also provide suitably active extracts.

2.4.2. Preparation of Wheat Germ Extracts

Wheat germ protein-synthesizing extracts dependent on exogenous
mRNA for translation are prepared as follows. Wheat embryos are
ground for 30-60 s (Both ef al., 1975b; Marcu and Dudock, 1974) in a
mortar at 4°C, using broken glass or sand as an abrasive, in a small
amount of solution containing 50-100 mM KCI, 1| mM magnesium
acetate, and 2 mM CaCl,; 6 mM p-mercaptoethanol may also be
present. The pH of the grinding solution varies depending on the
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method of preparation (Marcus et al., 1974a; Shih and Kaesberg, 1973;
Both et al., 1975b; Roberts and Paterson, 1973). A pH greater than 6.8
apparently results in the release of endogenous mRNA (Weeks and
Marcus, 1971); nevertheless, the extract (see below) is almost totally
dependent on the addition of exogenous mRNA (Both et al., 19755b;
Roberts and Paterson, 1973). The ground wheat embryos are centri-
fuged at 23,000g (Marcus et al., 1974a; Shih and Kaesberg, 1973; Both
et al., 1975b; Marcu and Dudock, 1974) or 30,000g (Roberts and
Paterson, 1973) for 10 min at 4°C and the supernatant is removed; the
surface layer of lipid is avoided. This supernatant, called the S23 or
S30, may be stored undialyzed at —20°C, with only moderate loss in
activity (Marcus et al., 1974a) but must be dialyzed before use.
Alternatively, the extracts can be dialyzed prior to storage (Shih and
Kaesberg, 1973). In addition, the S23 or S30 may be preincubated for
10-15 min at 30°C with the components required for protein synthesis
(Both et al., 1975b; Roberts and Paterson, 1973), but a low background
is also obtained if this step is omitted. The S23 or S30 preincubated
extract is desalted by passing it through a column of Sephadex G25
(coarse or medium) equilibrated with the required incubation buffer
(Roberts and Paterson, 1973; Both et al., 1975bh; Marcu and Dudock,
1974). The turbid eluate fractions are collected, pooled, and stored
frozen in aliquots in liquid nitrogen (Both et al., 1975b; Roberts and
Paterson, 1973). The crude S23 extracts can also be used as a basic
starting material for further fractionation of the wheat germ system
(Allende and Bravo, 1966; Marcus et al., 1974b). However, to date
there are no reports on the translation of animal virus mRNAs in a
fractionated wheat germ system.

2.5. Comparison of Properties
2.5.1. Availability and Maintenance of Tissue

Of the in vitro systems described above, the one prepared from
wheat germ is perhaps best in terms of availability and cost of the start-
ing material; e.g., a jar of vacuum packed raw (not toasted) wheat germ
(350 g) can be purchased from the supermarket for about a dollar. A
routine procedure for the preparation of the extract requires only 6 g of
wheat germ (Both ef al., 1975b; Roberts and Paterson, 1973); hence the
economy of the system. Surplus wheat germ may be stored for long
periods under reduced pressure at 0-4°C (Roberts and Paterson, 1973)
without significant loss in activity of the protein-synthesizing systems
prepared from it (Marcus et al., 1974a).



Translation of Animal Virus mRNAs in Vitro 9

The South African clawed toad, Xenopus laevis, is conveniently
reared in the laboratory in an aquatic environment (Brown and Littna,
1964), while the species Bufo can be kept on damp sand (May and
Glenn, 1974). However, the use of oocytes for protein synthesis requires
a ready supply of micropipettes (10-15 um diameter) calibrated to
inject a volume of 50-70 nl (May and Glenn, 1974; Gurdon et al.,
1971).

Since most biochemical research institutions have facilities for
housing animals, the availability of rabbit reticulocytes and mouse
ascites cells generally presents no problem. Similarly, those cell lines
maintained in tissue culture by standard procedures can be grown
whenever they are required.

In general, therefore, except perhaps for the special requirements
of micropipettes and the injection technique for the oocyte system, any
of these in vitro systems can be quickly established as a routine
procedure in a laboratory.

2.5.2. Requirements for Protein Synthesis

With regard to the reagents required for protein synthesis, injected
oocytes clearly have the least requirements. Amphibian embryogenesis
occurs within a ‘“‘closed system’ where all the organic nutrients are
derived from substances present in the unfertilized egg (Brown and
Littna, 1964). Thus oocytes are simply incubated at 19-22°C in a
modified Barth’s medium (Barth and Barth, 1959), which is essentially
a buffered salts medium containing penicillin and streptomycin to
inhibit bacterial growth (Gurdon, 1968). The desired radioactive amino
acid(s) is added to this medium or injected directly into the oocyte
(Gurdon et al., 1971).

The reagents necessary for the study of protein synthesis in the
various cell-free extracts discussed in this chapter are virtually
identical. Each extract requires ATP, GTP, creatine phosphate and
creatine phosphokinase, dithiothreitol, Hepes or tris-HCI buffer, KCI,
magnesium acetate, and amino acids. Phosphoenolpyruvate and
pyruvate kinase can be used as an alternative energy-regenerating
system in wheat germ (Shih and Kaesberg, 1973). The concentrations
of individual components vary depending on the system and are
detailed in the literature (Villa-Komaroff et al., 1974b; Schreier and
Staehelin, 1973; Cancedda and Schlesinger, 1974; Shih and Kaesberg,
1973; Both et al., 1975b; Roberts and Paterson, 1973; Eggen and
Shatkin, 1972). In addition, hemin is added to reticulocyte lysates in
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order to prolong the period of initiation of protein synthesis (Villa-
Komaroff et al., 1974b; Hunt et al., 1971). In general, these unfrac-
tionated cell-free systems do not require exogenous tRNA; however,
the efficiency of translation in the ascites in vitro system may be
considerably improved by the addition of the homologous tRNA (Aviv
et al., 1971). The conditions for protein synthesis in these cell-free
systems should be optimized for each mRNA translated by systemat-
ically varying the K+, Mg?*, and mRNA concentrations. The optimum
incubation temperature (generally 25-30°C) should also be determined.
Incorporation of added radioactive amino acid into material precipita-
ble with 10% trichloroacetic acid is a suitable parameter for optimizing
the system (Villa-Komaroff et al., 1974b; Both et al., 1975b). However,
it may be necessary to vary the concentration of components in the
system for efficient synthesis of apparently authentic polypeptide
products in response to an exogenous mRNA (Both et al., 1975b) (see
below).

2.5.3. Analysis and Identification of Viral Polypeptides

There is little difference among any of these in vitro systems in the
ease with which radiolabeled polypeptides can be analyzed, except that
oocytes must first be homogenized (May and Glenn, 1974; Gurdon et
al., 1971; Laskey et al., 1972). A variety of analytical procedures can
be used, the most common being the specific immunoprecipitation of a
polypeptide with its homologous antiserum (Eron er al., 1974a; Oberg
et al., 1975), tryptic peptide mapping, and SDS-polyacrylamide gel
electrophoresis. Both cylindrical gels and slab gels may be used, but the
latter generally provide better resolution. Resolution of radiolabeled
viral polypeptides on SDS-polyacrylamide gels is often complicated by
the presence of proteins synthesized in these in vitro systems in the
absence of added exogenous viral mRNA, ie., background or
endogenous protein synthesis. In reticulocyte lysates and oocytes, which
are not preincubated systems, this background is very high (Laskey et
al., 1972; McDowell et al., 1972). In the former, the major polypeptide
product, globin, has a molecular weight of only 16,000 and therefore
does not obfuscate high molecular weight products in the gel. However,
the other significant endogenous polypeptides (McDowell et al., 1972)
sometimes obscure the viral polypeptide pattern (Morrison et al., 1974).
In vitro systems derived from ascites, CHO, and L cells also have
considerable background levels of protein synthesis (Graziadei and
Lengyel, 1972; Eron et al., 1974a; Oberg et al., 1975; Lodish et al., 1974)
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which often make it necessary to immunoprecipitate specific polypeptide
products in order to separate them from background proteins (Eron et
al., 1974a; Oberg et al., 1975). The wheat germ system is particularly
useful in this respect because it has very low levels of background protein
synthesis and consequently polypeptide products coded for by exogenous
viral mRNA can be readily identified (Both et al., 1975b,¢,d; Roberts
and Paterson, 1973; Prives et al., 1974a; Roberts et al., 1975).

When the in vitro synthesized presumptive viral polypeptide and
the corresponding authentic viral protein can be purified by polyacry-
lamide gel electrophoresis, or some other method, their degree of
relatedness can be conveniently compared by tryptic peptide mapping.
Two methods are commonly used. The purified proteins, differentially
labeled in the same amino acid residue, e.g., [*H]- and [**S]methionine,
are mixed together and digested with trypsin. The peptides are resolved
by chromatography on an ion exchange resin (Both et al., 1975¢,d,
Eron et al., 1974b), where identical peptides comigrate. Alternatively,
the two-dimensional tryptic peptide fingerprints of the in vitro
synthesized and the authentic viral protein can be compared (Anderson
et al., 1974; Eron et al., 1974a). Both procedures allow the degree of
similarity between two proteins to be compared.

2.5.4. ldentification of Primary Viral Polypeptides

In many infections, viral structural proteins are derived from
higher molecular weight precursor polypeptides by proteolytic cleavage
which may occur before translation of the precursor is completed (see
later). Therefore, in infected cells it is sometimes difficult to determine
which viral proteins are primary translation products of specific viral
mRNAs and which arise by cleavage. With the availability of many
extensively purified viral mRNA species, this problem can be
approached by the use of in vitro systems which lack proteolytic
activity. In principle, in the absence of proteolytic cleavage, the
primary in vitro translation product of an mRNA is likely to be the
largest viral mRNA-directed polypeptide with a molecular weight less
than the coding potential of the mRNA. However, the currently used in
vitro systems also synthesize many short polypeptides (‘“‘early quitters”)
which presumably result from premature termination events during
translation (see below). Therefore, in practice this approach can be
applied only for the largest mRNA added to a translation system, if
more than one mRNA is added. Since wheat germ extracts have little or
no proteolytic activity (Roberts et al., 1974), it has been possible to
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determine in them the primary gene products of reovirus and VSV
(Both et al., 1975b,c,d). Similarly, the Schreier-Staehelin in vitro
system and extracts prepared from uninfected ascites cells also
apparently lack specific proteolytic activities since several adenovirus-2
proteins, known to be precursors to smaller viral polypeptides, were
synthesized but not cleaved in these in vitro systems (Eron et al., 1974a;
Oberg et al., 1975; Anderson et al., 1974). In addition, some of the
primary gene products of VSV have been translated in ascites extracts,
and results similar to those obtained with the wheat germ in vitro
system were obtained (Knipe et al., 1975). There appears to be no evi-
dence for cleavage of high molecular weight polypeptides coded for by
Sindbis and encephalomyocarditis (EMC) virus RNA in extracts pre-
pared from uninfected ascites cells (Oberg and Shatkin, 1972; Boime
and Leder, 1972; Kerr er al., 1972; Oberg and Shatkin, 1974; Smith,
1973; Mathews and Osborn, 1974; Cancedda and Schlesinger, 1974),
nor apparently for cleavage of polio RNA-directed proteins synthesized
in uninfected ascites and HeLa cell extracts (Villa-Komaroff er al.,
1974a). However, a protease activity may exist in a partially frac-
tionated system prepared from reticulocytes (Cancedda et al., 1974b).
Proteolytic activity is also very low or absent in extracts prepared from
uninfected L cells, although in extracts prepared from EMC virus-
infected L cells the initial cleavage of the nascent viral polyprotein
chain synthesized in response to exogenous EMC RNA occurred, sug-
gesting that the activity of the enzyme(s) responsible for this cleavage
increased after infection of the cells (Esteban -and Kerr, 1974).
Consistent with this observation is the finding that EMC virus-infected
ascites cells appear to contain a proteolytic activity which is not found
in uninfected ascites cell extracts (Lawrence and Thach, 1975).
Moreover, EMC RNA-directed polypeptides synthesized in injected
oocytes appear to be processed by proteolytic cleavage in a manner
similar to that which occurs in EMC-infected ascites cells (Laskey et
al., 1972). This result may be explained by the observation that an
EMC polypeptide, which is one of the major EMC-directed products in
oocytes (Laskey et al., 1972), may itself be a proteolytic enzyme
involved in the maturation of other EMC proteins (Lawrence and
Thach, 1975).

Another difficulty in identifying the primary gene product of a
viral mRNA occurs when the virion protein is a glycoprotein. No cell-
free system has yet been shown to glycosylate a polypeptide coded for
by exogenous mRNA. The in vitro synthesized polypeptide usually has
a slightly lower apparent molecular weight, i.e., migrates more rapidly
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in polyacrylamide gels than the authentic viral glycoprotein, pre-
sumably because of the absence of the carbohydrate moieties (Both et
al., 1975d; Knipe et al., 1975; Clegg and Kennedy, 1975).

Although the biochemical basis for premature termination of pro-
tein synthesis is unclear, it is a feature common to all in vitro systems,
with the possible exception of oocytes. In general, all the systems
translate small mRNAs with considerable efficiency, and the extent of
incomplete translation increases with increasing molecular weight of
the mRNA (Eron et al., 1974b), suggesting that random scission of the
mRNA by nuclease(s) in the extract may account at least in part for
“premature termination.” In ascites cell extracts, the rate of translation
of EMC RNA is dependent on the K* concentration and is slower than
the rate of translation observed in vivo. A reduced rate of amino acid
polymerization in vitro presumably reduces the chances for complete
translation of very long mRNAs (Mathews and Osborn, 1974).
However, by adjusting the K+ and Mg** concentrations it is possible to
synthesize polypeptides of molecular weight 150,000 in extracts of
wheat germ (Both et al., 1975b). In addition, the inclusion of poly-
amines in some translation systems seems to reduce the number of
“early quitters” and preferentially increases the amount of large pro-
teins that are synthesized, possibly by inhibiting the activity of ribonu-
clease(s) or stabilizing polysomes (Roberts et al., 1975; Atkins et al.,
1975).

2.5.5. Relative Efficiency of Translation

The overall efficiency of synthesis of authentic polypeptides in an
in vitro system is affected by many factors, among them the efficiency
of initiation of protein synthesis, the fidelity of elongation and termina-
tion, and the ability to reinitiate protein synthesis. Moreover, the effi-
ciency of in vitro translation may depend to some extent on the mRNA
used to direct protein synthesis since it has been suggested that some
mRNA molecules may possess an intrinsic ability to initiate protein
synthesis more efficiently than others (Lodish, 1974; Both et al., 1975b).
Most of the studies on the efficiency of translation in vitro have been
done with eukaryotic cellular mRNAs, e.g., globin and ovalbumin, but
these results are probably applicable to the translation of animal virus
mRNAs.

The oocytes and reticulocyte lysate systems are undoubtedly the
best in terms of overall efficiency of translation. Injected rabbit globin
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mRNA is translated in oocytes at the same relative rate as endogenous
mRNA for at least 24 h and as many as 24 molecules of globin can be
synthesized per molecule of exogenous globin mRNA. In effect, this
represents 100-1000 times more efficient synthesis than that observed
in the best cell-free systems. In fact, the efficiency of translation of
globin mRNA in frog oocytes compares favorably with that in intact
reticulocytes (Gurdon et al., 1971). Since oocytes are not totally
disrupted by the injection of mRNA, translation in this system is
probably closest to the in vivo situation. In addition, crude reticulocyte
lysates are capable of translating ovalbumin mRNA with nearly the
same rate of chain initiation and elongation as observed in the intact
hen oviduct (Palmiter, 1973). Moreover, both frog oocytes and the
reticulocyte lysate system are capable of utilizing minute amounts of
exogenous mRNA, presumably because they are virtually free of
ribonuclease activity (Gurdon et al., 1971; Palmiter, 1973). The
Schreier-Staehelin mixed cell-free system also translates exogenous
globin mRNA efficiently. It has been estimated that the rate of globin
synthesis in this system is 4-5 times slower than that of the best crude
reticulocyte lysate systems, which approach the efficiency of in vivo
synthesis. Reinitiation is also efficient in the Schreier-Staehelin system,
and as many as three globin polypeptide chains per ribosome can be
synthesized (Schreier and Staehelin, 1973). There are considerably
fewer data concerning the translation efficiency of cell-free systems
prepared from ascites cells, tissue culture cells, and wheat germ. The
efficiency of these systems appears to be generally inferior to that of
the systems discussed above. In the ascites system, initiation of protein
synthesis directed by exogenous EMC RNA is complete within 15 min
(Eggen and Shatkin, 1972; Oberg and Shatkin, 1972; Smith and Wigle,
1973), and the rate of elongation of protein synthesis is considerably
slower than that observed during virus replication in infected cells
(Mathews and Osborn, 1974). The inefficiency may be caused by
damage to, or loss of, vital components during the manipulations
involved in preparation of the cell extracts (Mathews and Osborn,
1974), and it has been suggested that factors stimulatory to protein
synthesis may be artifacts of such damage (Schreier and Staehelin,
1973; Lodish, 1974). In any event, despite the differences among the
various in vitro systems, it seems that they have a common feature, i.c.,
the apparent lack of species specificity as to the type of mRNA that
can be translated (Gurdon et al., 1971; Davies and Kaesberg, 1973;
Villa-Komaroff er al., 1974b). Hence, in each of these in vitro systems,
a putative mRNA from almost any source can be identified by the
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polypeptide for which it codes, and in this sense each of these systems
can be a very useful tool. However, a major limitation, which applies to
all but the oocyte system and possibly the reticulocyte lysate system, is
that they do not faithfully represent the in vivo situation. Therefore,
interpretation of data concerning regulation of protein synthesis must
be considered with this important reservation (Lodish, 1974).

3. TRANSLATION OF DNA VIRUS mRNAs
3.1. Adenoviruses
3.1.1. Virion Proteins

The double-stranded DNA genome of adenovirus is a linear struc-
ture of molecular weight 20-25 x 109, i.e., sufficient to code for about
25-50 polypeptides. Of this number, about ten are present in purified
virions of human adenovirus type 2, the serotype used for the majority
of the in vitro translation studies. A detailed review of the mor-
phological and antigenic features of adenoviruses has appeared
(Philipson and Lindberg, 1974), and only a brief description of type 2
adenovirus proteins follows. Two internal basic proteins (V and VII,
molecular weights 48.5K* and 18.5K, respectively) are associated with
the DNA in a core structure. Enclosing the core in an icosahedral
arrangement are 240 morphological subunits, the hexons, which each
consist of three copies of polypeptide II (molecular weight 120K), the
biochemical subunit. Capsids also contain 12 penton subunits, one at
each vertex of the icosahedron; the penton subunit includes a fiber
antigen (IV, 62K) projecting from a base (III, 70K). When hexons are
isolated in groups of nine subunits (the triangular faces of the icosahe-
dron), they have associated an additional protein (IX, 12K) which may
serve as an interhexon ‘“‘cement.” Similarly, polypeptide IIla (66K)
appears to be part of the vertex grouping of five hexons surrounding the
penton base.

3.1.2. Proteins in Infected Cells

Adenovirus type 2 infection of human KB cells results in a marked
inhibition of cellular protein synthesis. Consequently, viral proteins can

* K will be used to denote 1000 hereafter.
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be specifically labeled with [**S]methionine at late times in the
infectious cycle and analyzed by SDS-polyacrylamide gel electro-
phoresis in comparison with virion structural polypeptides. In one study
(Anderson et al., 1973), about 20 virus-induced proteins were resolved
including hexon, penton base, penton fiber, V, Illa, IX, and non-
structural polypeptides, as well as other structural components. Notably
absent from pulse-labeled infected cell lysates was core protein VII,
which was replaced by a band of slightly higher molecular weight (20K).
Pulse-chase experiments established that the 20K protein (PVII) was a
precursor of the major core protein, VII. Other adenovirus structural
proteins, including hexon-associated polypeptide VI, are also derived by
posttranslational cleavage of larger precursors (Anderson et al., 1973;
Lewis et al., 1975).

3.1.3. Cell-Free Synthesis

Authentic adenovirus polypeptides have been synthesized in cell-
free extracts of wheat embryo cells (Oberg er al.,, 1975) and mouse
ascites cells (Eron et al., 1974a, 1974b; Eron and Westphal, 1974;
Oberg er al., 1975) and in a reconstituted system from purified
components of mammalian cell fractions (Anderson et al., 1974). The
viral mRNA was isolated from polyribosomes of infected KB cells at
late times after infection. Authentic polypeptide products made in
response to unfractionated viral mRNA included the four major virion
proteins (hexon, penton fiber, base, and I11a), the minor core protein V,
and PVII, which is the precursor of the major core protein. The forma-
tion of PVII without the appearance of VII indicates that the post-
translational processing of this and probably other adenovirus proteins
is mediated by virus-induced proteolytic enzyme(s). Several criteria
were used to identify the virus-specific products including migration in
SDS-polyacrylamide gels, immunoprecipitation with specific antisera,
chromatography on SDS-hydroxylapatite columns, and tryptic peptide
mapping. The relative amounts of the various in vitro products differed
from those observed in infected cells or in purified virions. For
example, the major viral structural protein II (120K) was synthesized in
low amounts ir vitro, presumably because of premature termination,
whereas the minor structural component, IX (12K), was the pre-
dominant cell-free product. The low yield of high molecular weight
products may also result from the increased nuclease susceptibility of
larger mRNAs or the absence from heterologous cell extracts of virus-
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induced specific factor(s). Nevertheless, the results demonstrate that
the synthesis of authentic adenovirus polypeptides can be programmed
by viral mRNA in extracts of uninfected animal or plant cells.
Although temperature-sensitive, conditional lethal mutants of
adenovirus have been isolated and studied, deletion and nonsense
mutants are not generally available for standard genetic mapping of the
adenovirus genome. A powerful alternative approach to this problem
involves the use of cell-free extracts for translating selected viral
mRNAs that are transcribed from different regions of the viral DNA.
The mRNAs can be separated simply on the basis of molecular weight
(Eron and Westphal, 1974; Eron et al., 1974a; Oberg et al., 1975;
Anderson et al., 1974) or more selectively by hybridization to defined
fragments of the genome that have been derived by cleavage with
restriction enzymes (Lewis et al., 1975). A striking result obtained with
separated size classes of adenovirus mRNAs is the finding that many of
the high molecular weight mRNAs, ie., those with large coding
capacities, direct the synthesis of low molecular weight viral
polypeptides. For example, PVII, the 20K precursor of the major core
protein, is coded for by mRNA that has a sedimentation constant of 21
S. This value is consistent with a molecular weight of about 1 x 10¢
and a polypeptide coding capacity of about 100K daltons, i.e., a five-
fold greater capacity than the size of the observed in vitro product.
Similarly, 27 S mRNA directs the formation of two polypeptides of
molecular weights 27K and 100K, while the 19 S mRNA codes for the
fiber polypeptide (62K) and a 26K protein. In both cases, the coding
capacity of a single mRNA molecule would be sufficient to code for
the two polypeptides synthesized in vitro. Because the mRNA was
treated with 90% formamide and sedimented under denaturing condi-
tions, the results probably cannot be explained by mRNA aggregation.
However, it remains to be determined whether the larger mRNAs (1)
are processed during protein synthesis, (2) contain long untranslated
regions, or (3) are polycistronic. At least for the two cases cited (27 S
and 19 S mRNAs), results obtained with mRNAs selected by
hybridization to specific fragments of viral DNA make it unlikely that
two polypeptide products are coded for by a single, polycistronic
adenovirus mRNA. Escherichia coli restriction endonuclease EcoRI
was used to prepare six specific adenovirus genome fragments (Lewis et
al., 1975). Viral mRNA isolated at late times in the infectious cycle
from polysomes of adenovirus type 2 infected KB cells was hybridized
to the separated genome fragments, recovered from the DNA, and
translated in vitro. The 27 S mRNAs which coded for 100K and 27K
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Fig. 1. Biochemical mapping of late adenovirus genes. Autoradiogram of a 17.5%
sodium dodecylsulfate/polyacrylamide gel to display the products of cell-free syntheses.
Protein synthesis was directed by the fraction of Ad2 RNA selected by hybridization to
(a) Ad2 DNA, (b) Aplac DNA, (c) R EcoRI A fragment of Ad2 DNA, (d) B fragment,
(e) F fragment, (f) D fragment, (g) E fragment, and (h) C fragment. A comparison with
viral polypeptides is provided by disrupted virions (i). The positions of the genes for ten
viral polypeptides are shown along the R - EcoRI map of Ad2 DNA at the bottom of the
figure. From Lewis et al. (1975).
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polypeptides hybridized to different genome fragments as did the 19 S
mRNAs that directed synthesis of the 26K and fiber (62K) proteins.

A partial genetic map of adenovirus type 2 has been obtained by
translating classes of mRNAs selected by hybridization to individual
EcoRI fragments and analyzing the resulting subsets of polypeptide
products (Fig. 1) (Lewis ef al., 1975). Polypeptides identical in electro-
phoretic mobility to penton base (III), IIIa, IVa2, minor core (V),
major core precursor (PVII), and IX were coded for only by mRNAs
that hybridized to the A fragment, i.e., the left half of the genome. The
mRNAs for hexon (II) and protein PVI were homologous to both the
A region and the contiguous B fragment. The mRNA for 100K protein
hybridized to three adjacent DNA segments: B, F, and D. Fiber (IV)
mRNA was transcribed from a region divided between the adjacent
fragments E and C. It is encouraging to note that the partial map
deduced from in vitro translation of specific mRNAs is consistent with
the results of complementation studies of adenovirus type 5 tempera-
ture-sensitive mutants (Williams ez al., 1974) and analyses of the type 2
and type 5 adenovirus recombinants (Mautner et al., 1975). It is
reasonable to expect that a complete genetic map of adenovirus type 2
and other viruses will soon be established by this biochemical approach.
Further experiments with early, late, and transformed cell mRNA
selected on DNA fragments obtained with a variety of specific endonu-
cleases should also yield new information on the regulation of
transcription and translation in both permissive and nonpermissive
infections.

3.2. Papovaviruses

3.2.1. Virion Proteins

The papova group includes simian virus 40 (SV40) and polyoma
virus, two small viruses that contain closed, circular double-stranded
DNA genomes of molecular weight about 3 x 10° (Salzman and
Khoury, 1974). This is equivalent to a coding potential of only seven
polypeptides, a number considerably lower than the multitude of new
proteins that appear in cells following virus infection. The virion
structural proteins of SV40 and polyoma viruses are similar in size and
number but are unrelated immunologically. They include a major
capsid polypeptide (VP1) of molecular weight about 45K and two
minor proteins (VP2, VP3) of about 35K and 20K daltons. In addition,
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four low molecular weight basic proteins are present in association with
the viral DNA. They apparently correspond to cellular histones F3,
F2b, F2a2, and F2al.

3.2.2. Early Antigens

Both SV40 and polyoma virus mediate a lytic, productive infection
in permissive cells and the oncogenic transformation of cells that are
nonpermissive for virus replication. Consequently, they have been
intensively studied in an effort to determine which protein(s) are
necessary for the initiation and maintenance of the transformed state.
Among the virus-induced nonstructural proteins synthesized at early
times in productively infected cells, i.e., before viral DNA replication,
and in transformed cells is the immunologically identifiable, intranu-
clear T antigen. Virus mutants have been isolated that are temperature
sensitive for the synthesis of T antigen, indicating that it is probably
virus coded. Other early antigens detected in virus-infected and in
transformed cells include the heat-stable, perinuclear U antigen and the
tumor-specific transplantation antigen located at the cell surface.

3.2.3. Polyoma Virus

Because host protein synthesis continues in papovavirus-infected
cells, it is difficult to identify nonstructural proteins and to differentiate
between virus- and cell-coded proteins. One fruitful approach to the lat-
ter problem clearly is the use of temperature-sensitive mutants.
Another is the translation in vitro of virus-specific mRNAs which
should permit the identification of all the viral proteins that are coded
for by the relatively small genomes of SV40 and polyoma virus. In an
early study (Crawford and Gesteland, 1973), a coupled E. coli cell-free
system was used for transcription and translation of polyoma virus
DNA. The addition of viral DNA stimulated by sevenfold the incor-
poration of [*H]methionine into polypeptide products. Most of the
radioactivity did not comigrate in SDS-polyacrylamide gels with
authentic virion proteins. However, the highest molecular weight
product, a minor fraction of the total radioactivity, did correspond in
electrophoretic mobility to VP1. Similarities in the methionine-contain-
ing tryptic peptides of the in vitro products and structural proteins indi-
cated that at least some regions of the polyoma proteins were
synthesized in phase, although correct initiation and termination of
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polypeptides probably did not occur in E. coli extracts. More recently,
polyoma-specific mRNA isolated from infected mouse cells late in
infection has been translated with fidelity in wheat germ extracts (A. E.
Smith, S. T. Bayley, T. Wheeler, and W. F. Mangel, personal com-
munication). Capsid protein VP1 was identified as the major in vitro
product by immunoprecipitation and tryptic peptide analysis. mRNA
for VP1 hybridized only to viral DNA fragments corresponding to the
late region of the polyoma genome. Similarly, complementary RNA
(cRNA) transcribed from polyoma closed superhelical DNA (form I)
by E. coli RNA polymerase directed authentic VP1 synthesis in vitro.
In contrast to SV40 cRNA, polyoma cRNA corresponds to late
mRNA. Thus the results indicate that the major virion capsid protein is
coded for entirely by the late strand of the polyoma genome.

3.24. SV40

Poly(A)-containing mRNA isolated from uninfected or SV40-
infected monkey cells stimulated protein synthesis to a similar extent in
cell-free extracts of rabbit reticulocytes, Chinese hamster ovary cells
(CHO) (Lodish et al., 1974), and wheat germ (Prives et al., 1974a).
Viral products were synthesized only in extracts that were programmed
with mRNA from infected cells. The infected cell mRNA was isolated
at late times after infection when virion structural proteins were being
synthesized, and it directed the formation ir vitro of the major capsid
protein, VP1. The protein was identified as VP1 by SDS-polyacry-
lamide gel electrophoresis, immunoprecipitation, and fingerprint
analysis. VP1 product synthesized by the mammalian cell extracts dif-
fered slightly from the virion-associated polypeptide in two ways. It
eluted from SDS-hydroxylapatite after the authentic protein and
contained a reduced amount of one of the six methionine-containing
tryptic peptides that were resolved by paper electrophoresis at pH 3.5.

In wheat germ extracts stimulated by infected cell mRNA, 5-10%
of the polypeptide products corresponded in mobility to VP1 (Prives et
al., 1974a). Trypsin digestion of the in vivo and in vitro synthesized
VP1 yielded three major methionine-containing peptides that migrated
identically by two-dimensional fingerprint analysis. A second virus-
specific minor protein of molecular weight 35K was also synthesized in
wheat germ extracts. mRNA extracted from infected cells that were
treated with cytosine arabinoside to block DNA replication and virus
structural protein formation was also tested for messenger activity;
synthesis of both VP1 and the 35K protein was abolished or markedly
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reduced. As further evidence that viral mRNA was directing the syn-
thesis of the VP1 and 35K polypeptides in vitro, the same two virus-
specific proteins were made in response to mRNA selected by
hybridization to viral DNA. The virus-specific mRNAs isolated at late
times in the SV40 infectious cycle included 19 S and 16 S classes of
mRNA; they have been separately translated in wheat germ extracts
(Prives et al., 1974b). The 16 S mRNA stimulated synthesis of VP1 as
the major product. In contrast, the 19 S mRNA-directed products were
a nonstructural 39K polypeptide, i.c., somewhat smaller than VP1, and
three polypeptides of molecular weight greater than VPI1. It was sug-
gested that 19 S mRNA is partially translated to form the 39K protein,
then cleaved to 16 S mRNA, which directs VP1 synthesis subsequently
by initiation of protein synthesis at a new site that becomes available
only after conversion of 19 S to 16 S RNA (Prives et al., 1975b).

Recently, an efficient coupled system has been developed for the
cell-free transcription and translation of SV40 (Roberts et al., 1975).
By incubating the viral DNA with E. coli RNA polymerase followed by
the addition of wheat germ protein-synthesizing extract, an eightyfold
stimulation in [**S]methionine incorporation into acid-precipitable
products was obtained. Protein synthesis was dependent on the forma-
tion, during the transcription step, of mRNA which was heterogeneous
in size (4-26 S). The polypeptide products directed by the mRNA
included a protein of molecular weight 48K that was specifically
precipitated with antiserum against disrupted virions and yielded a
tryptic peptide map almost identical to that of SV40 VPI. A single
extra methionine-containing peptide was present in the in vitro product.
It is of some interest that a late protein, VP1, was coded for by mRNA
that was synthesized by E. coli polymerase because the bacterial enzyme
transcribes the early strand of the viral genome. However, on the basis of
self-annealing experiments, 10-20% of the mRNA apparently was
transcribed asymmetrically, a finding which would account for VP1
synthesis. Of the several other products, three proteins (molecular
weights 60K, 50K, and 25K) were precipitable by hamster antiserum to
SV40 T antigen but not by normal hamster serum. A. E. Smith, S. T.
Bayley, T. Wheeler, and W. F. Mangel (personal communication),
using cRNA-stimulated wheat germ extract, have also detected the
synthesis of a 59K polypeptide that reacted specifically with hamster
anti-T serum. This finding suggests the exciting possibility that T
antigen can be synthesized in vitro in a coupled system.

Preliminary results indicate that mapping studies similar to those
initiated with adenovirus should also be possible with SV40 (Roberts et
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al., 1975). Cleavage of supercoiled viral DNA form I to the linear
duplex form III by restriction nucleases EcoRI and Baml (from
Bacillus amyloliquefaciens H) did not inactivate its template activity
for VP1 synthesis in the coupled in vitro system. This observation loca-
lizes the information for VP1 synthesis in the late mRNA at 0.65-0
map unit in a clockwise direction (on the basis of cleavage at position
zero by EcoRI). Treatment with enzyme Haelll (from Haemophilus
aegypticus) which degrades the late region of the viral genome
abolished VP1 synthesis, but it should be noted that the formation of
the 60K protein which appears to be related to T antigen, an early pro-
tein, was also abolished. However, in another study SV40-specific
mRNA selected by hybridization to a restriction endonuclease frag-
ment containing the early region of the viral DNA (Haelll fragment
A) directed the formation in wheat germ extract of a polypeptide that
reacted with anti-T serum (A. E. Smith, S. T. Bayley, T. Wheeler, and
W. F. Mangel, personal communication).

3.3. Vaccinia Virus

Vaccinia, a member of the poxvirus group, is among the largest of
animal viruses and contains a DNA genome of molecular weight 150
200 x 10¢ (Moss, 1974). One-fifth of its coding capacity is utilized for
structural protein formation, and about 30 polypeptides including one
glycoprotein and one phosphoprotein are present in purified virions.
They range in molecular weight from 8K to more than 200K. At least
three major virion proteins are derived by posttranslational cleavage.
As in many other animal viruses, purified vaccinia virus contains
several enzymatic activities including DNA-dependent RNA polymer-
ase, nucleoside triphosphate phosphohydrolase, RNA methylase(s),
poly(A) polymerase, DNase, and protein kinase.

In virus-infected cells, host protein synthesis is rapidly inhibited,
and virus-induced proteins in lysates of pulse-labeled cells can be
readily resolved by SDS-polyacrylamide gel analysis. Early and late
classes of viral proteins have been described. The early proteins are, at
least initially, coded for by mRNA synthesized by the RNA
polymerase in parental virions. mRNA produced by virions in vitro
corresponds to the early mRNA of infected cells and represents about
7% of the genome, i.e., equivalent to 10-25 polypeptides. Cell-free
extracts of mouse L or ascites cells or rabbit reticulocyte lysates
synthesize a variety of polypeptides in response to vaccinia in vitro
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mRNA (Beaud et al., 1972; Fournier et al., 1973; Jaureguiberry et al.,
1975). Viral mRNA that sedimented broadly with a peak at 12-14 S in
sucrose gradients stimulated synthesis of a similar array of proteins of
molecular weight up to 40K in extracts of both cell types. Some of the
in vitro products corresponded in electrophoretic mobility to the early
virus-specific polypeptides present in lysates of infected cells, but they
did not react with virus-specific antiserum. The four major methionine-
containing tryptic peptides of one of the polypeptides (14K) made in
vitro were similar to those of an in vivo synthesized viral protein of the
same molecular weight when analyzed by one-dimensional chroma-
tography (Jaureguiberry et al., 1975). Further identification of the in
vitro products as vaccinia virus coded will require additional studies.

4. TRANSLATION OF RNA VIRUS mRNAs

Animal RNA viruses have been classified into four groups accord-
ing to the structure and mechanism of expression of their genomes
(Baltimore, 1971; Shatkin, 1974a). The following discussion of viral
mRNA translation is based on this classification.

4.1. Class 1 Viruses (mRNA = Genome)
4.1.1. Picornaviruses
4.1.1a. Virion Proteins

The picornaviruses include the structurally similar enteroviruses
(poliovirus, coxsackieviruses), cardioviruses (encephalomyocarditis,
EMC; mouse Elberfeld, mE; mengovirus), rhinoviruses, and foot-and-
mouth disease viruses (Levintow, 1974). Each consists of four structural
proteins of molecular weights about 35K, 30K, 27K, and 7K and a
single-stranded RNA chain of molecular weight about 2.6 x 10° The
genome RNA is infectious and apparently functions directly as the
viral mRNA without an intervening virion-associated polymerase.
Virion RNA, like many eukaryotic mRNAs (Brawerman, 1974)
contains poly(A) at the 3° terminus. The structure of the 5" end,
reported to be pAp for poliovirus (Wimmer, 1972), has not been
determined for other picornaviruses.

In picornavirus-infected cells, host protein synthesis is markedly
inhibited and, in the presence of actinomycin, can be almost completely
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abolished without affecting virus replication (Shatkin, 1968). Con-
sequently, a spectrum of newly formed virus-specific polypeptides can
be readily detected by SDS-polyacrylamide gel analysis of radioiso-
tope-labeled infected cells. Both noncapsid viral proteins (NCVP) and
virion structural proteins (VP) ranging in size from about 7K to as high
as 200K daltons have been identified. Their combined molecular weight
far exceeds the expected coding capacity of the viral genome, a paradox
resolved by the suggestion that the multitude of picornavirus
polypeptides are generated from a larger ““polyprotein” by posttransia-
tional cleavage (Summers and Maizel, 1968; Jacobson and Baltimore,
1968; Holland and Kiehn, 1968). This has since proven to be an
important general mechanism for the formation of proteins of DNA
viruses, other RNA viruses (Korant, 1975), and animal cells (Korant,
1975).

A model for picornavirus protein formation is shown in Fig. 2. The
polypeptides are labeled according to the nomenclature used to identify
poliovirus-specific products, but a similar cleavage pattern has been
established for EMC and rhinoviruses (Butterworth, 1973; see also
chapter by Rueckert in Vol. 6 of this series). The general features of the
model have found experimental support from in vivo and in vitro
studies, but many of the details including the exact number and size of
the cleavage products and the origin of the required protease(s) remain

L 4
NCVP1(>100K) . NCVPX{(40K) | NCVP2(80K)
] {
l |
A 4 A 4
NCVP3(70K) ., VP1(35K) NCVP4(57K}

T
|
¥

VPO(40K)  VP3(27K)

A

VP4Q_I9 VP2(30K)

Fig. 2. A model for picornavirus protein cleavage based on studies of poliovirus
polypeptide maturation.
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to be established. Initiation of viral protein synthesis in infected cells
apparently begins at a highly preferred site near the 5° end of the
RNA. A large “polyprotein,” NCVP00, corresponding to most of the
coding capacity of the RNA is synthesized. It is cleaved into three
primary products, noncapsid viral proteins 1, X, and 2, during or soon
after completion on polyribosomes. Cleavage can be inhibited by
protease inhibitors (Korant, 1972; Summers et al., 1972), by incorpora-
tion of amino acid analogues into nascent polyprotein (Jacobson and
Baltimore, 1968, Kiehn and Holland, 1970), or by increase in the incu-
bation temperature of virus-infected cells (Jacobson et al., 1970).
Under these conditions, larger virus-specific proteins accumulate and in
coxsackievirus-infected, pulse-labeled Hela cells a polyprotein of
molecular weight 200-230K has been reported (Kiehn and Holland,
1970). Host proteases, either preexisting or activated upon infection,
probably catalyze the primary cleavages and the subsequent processing
of NCVPI1 that results in the formation of the four capsid proteins. The
final proteolytic step in capsid protein synthesis, i.e., conversion of VPO
to VP4 and VP2, may occur in assembled empty particles called
procapsids, during RNA packaging (Levintow, 1974).

The genetic information for viral capsid polypeptides is clustered
at the 5” end of the RNA in 5"—3" order VP4, VP2, VP3, VP1. The
gene order of picornaviruses was established by the ingenious use of
pactamycin at concentrations which block specifically the initiation of
viral polypeptide chains. In infected cells labeled with radioactive
amino acids and treated with appropriate levels of pactamycin, elonga-
tion of initiated chains continues. Thus proteins coded for by genes that
are distant from the single initiation site, i.e., near the 3" end of the
viral RNA, are most likely to be synthesized (and labeled with radioac-
tive amino acids) during chain completion in the presence of
pactamycin. By comparing the amount of each protein synthesized in
the presence and absence of pactamycin, the gene order shown in Fig. 2
was obtained (Summers and Maizel, 1971; Rekosh, 1972). The role of
the uncleaved NCVPX and the processed noncapsid proteins in the
replicative cycle of picornaviruses is not established, but one of these
proteins is presumably the virus-induced RNA-dependent polymerase
responsible for viral replication.

4.1.1b. In Vitro Translation

Deproteinized RNA isolated from purified picornaviruses is capa-
ble of initiating a productive infection and, in infected cells, is present
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in polyribosomes that synthesize virus-specific proteins (Levintow,
1974). These observations strongly indicate that the virion RNA func-
tions both as genome and as viral messenger. The dual role was con-
firmed when it was shown that RNA from EMC virus directs the
synthesis of virus-specific polypeptides in vitro (Smith et al., 1970;
Dobos et al., 1971; Aviv et al., 1971; Eggen and Shatkin, 1972; Kerr
and Martin, 1971). Much of the pioneering work in the development of
a dependable in vitro translating system from animal cells was done
with EMC RNA as the messenger (Kerr et al., 1962, 1966; Mathews
and Korner, 1970). In extracts of mouse ascites cells or L cells,
exogenous EMC RNA stimulates [*S]methionine incorporation by
more than fiftyfold; similar results were obtained with mE and
mengovirus RNA. Both capsid and noncapsid polypeptides were
synthesized as shown by comparative fingerprint analysis of the
[**S]methionine-labeled tryptic peptides from in vitro protein products
and virus-specific polypeptides present in infected cells and purified
virions (Dobos et al., 1971; Aviv et al., 1971; Eggen and Shatkin, 1972;
Kerr and Martin, 1971; Kerr et al., 1962, 1966, Mathews and Korner,
1970; Boime et al., 1971).

Synthesis of EMC, mE, mengovirus, and poliovirus polypeptides
in extracts of uninfected ascites cells is initiated predominantly at one
site near the 5" end of the viral mRNA (Oberg and Shatkin, 1972,
1974; Smith, 1973; Boime and Leder, 1972; Villa-Komaroff et al.,
1974a). *S-labeled vyeast initiator Met tRNAFY, formylated to
prevent its cleavage from nascent protein products, was used as a
precursor of virus-specific polypeptides (Oberg and Shatkin, 1972,
1974; Smith, 1973). Although protein chain elongation continued for 20
min or longer, initiation of new chains was completed during the first
few minutes of incubation. The [**S]methionine was retained in the high
molecular weight products, indicating the absence of cleavage in the in
vitro system. Most (~90%) of the [*S]methionine was obtained in a
single EMC-specific, N-terminal tryptic peptide, although a second
minor N-terminal tryptic peptide was also found (Oberg and Shatkin,
1972). Recent experiments with poliovirus indicate that the relative
amounts of each of the two N-terminal peptides synthesized in vitro
varied as a function of the Mg?* concentration (M. Celma and E.
Ehrenfeld, personal communication). The origin of the two poliovirus-
specific N-terminal peptides with respect to their corresponding posi-
tions in the RNA will be of great interest. The major EMC N-terminal
peptide differed from the N-terminal peptide products directed by mE
and mengovirus RNAs (Oberg and Shatkin, 1972, 1974). Moreover, the
EMC peptide was absent from the virion capsid proteins, suggesting
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that a lead-in sequence at the 5° end of the viral RNA precedes the
information for coat protein synthesis. The amino acid composition of
the lead-in, N-terminal sequence in EMC-directed polypeptide products
was identical whether they were initiated with fMet tRNAgMe* and
obtained by digestion with pronase, chymotrypsin, or trypsin or derived
by the use of unformylated Met tRNAgMe* under conditions where
chain elongation was inhibited with sparsomycin (Smith, 1973). A
similar tryptic peptide, not found in uninfected cells, was detected in
EMC virus-infected ascites cells pulse-labeled with [**S]methionine
(Smith et al., 1970; Smith, 1973). After longer labeling periods, the
peptide was absent, consistent with its cleavage as an N-terminal lead-
in sequence. Thus the in vitro lead-in sequence is probably initiated at
the physiological site in the viral RNA.

The molecular weights of the in vitro synthesized products and
virus-specific polypeptides from picornavirus-infected cells were
similar, as determined by SDS-polyacrylamide gel electrophoresis.
However, whereas the in vivo polypeptides are formed by a series of
specific proteolytic cleavages, the in vitro products result largely from
premature termination of protein synthesis. The biochemical basis for
premature termination is unclear, but polypeptide chain elongation can
be promoted by adjusting the K* concentration in the cell-free system
(Mathews and Osborn, 1974). The similarity between the molecular
weights of the in vivo and in vitro virus-specific polypeptides suggests
that premature termination occurs at discrete sites located near the
positions of proteolytic cleavage (Eggen and Shatkin, 1972). In contrast
to the products made by extracts of virus-infected or uninfected ascites
cells, a small fraction of the EMC-specific products synthesized by
extracts of uninfected L cells had a molecular weight of ~230K
(Friedman et al., 1972a). This value is consistent with the translation of
the complete viral RNA chain, but the predominant products were
smaller polypeptides.

Somewhat similar results were obtained with extracts prepared
from EMC virus-infected cells (Esteban and Kerr, 1974). A striking
finding was the increased amount of the three primary cleavage
products among the polypeptides synthesized in vitro by extracts of
infected L cells, although further cleavage of the capsid precursor
polypeptide to the four structural proteins did not occur in vitro. In
extracts prepared from cells at 2 h after infection, the predominant
polypeptide synthesized had an apparent molecular weight of 130K and
presumably corresponded to NCVP1 or its uncleaved precursor. The in
vitro products synthesized by extracts prepared 4 h after virus infection
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contained a major polypeptide of 105K which was probably an inter-
mediate between the primary cleavage product NCVP1 and NCVP3 +
VP1 (model in Fig. 2). It may result from removal of a 25K, N-ter-
minal lead-in fragment from NCVPI.

Findings related to those with L-cell extracts have been obtained
with the EMC RNA-directed Krebs ascites cell-free extracts (Lawrence
and Thach, 1975). The ascites extracts were not preincubated to reduce
endogenous activity or treated by dialysis or gel filtration to remove
low molecular weight constituents. A major protein product
synthesized in the uninfected cell extracts had an apparent molecular
weight of 112K. In infected extracts, the largest product was slightly
smaller (100K) and was similar to NCVP1 by the criteria of gel elec-
trophoresis and peptide analysis. Another major polypeptide synthesized
in infected cell extracts had a molecular weight of 12.5K and was
absent from the EMC RNA-directed products of uninfected extracts.
The infected ascites cell lysates contained a proteolytic activity that
yielded a 12K fragment from the products synthesized in uninfected cell
extracts, apparently by cleaving the /N-terminal region of the 112K pro-
tein. The protease activity copurified with VP3, suggesting that the
viral capsid protein may participate in the cleavages necessary for
maturation of picornaviruses. Similarly, foot-and-mouth disease virus
RNA is translated in ascites cell extracts, and the polypeptide products
include immunoprecipitable VP3, other capsid polypeptides, and high
molecular weight viral precursor proieins (N. K. Chaiierjee, personal
communication).

4.1.2. Togaviruses
4.1.2a. Virion Proteins

The togaviruses, formerly grouped as arboviruses according to
their mechanism of transmission, have been reclassified on the basis of
their structure and subdivided into two antigenically distinct groups: A
or alphaviruses and B or flavoviruses. Virions of both groups share
many basic features including the presence of a lipid envelope enclosing
the nucleocapsid that consists of the single-stranded RNA genome and
multiple copies of the capsid protein (Pfefferkorn and Shapiro, 1974).
Most of the in vitro translation studies designed to elucidate the
mechanism of togavirus gene expression have been done with the group
A togaviruses, Sindbis and Semliki Forest viruses. Although they may
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differ in some properties from other togaviruses, their general features
are probably representative of the group. These viral genomes have a
molecular weight of about 4 x 10°¢ and a sedimentation constant of 42—
49 S. In contrast to the large coding capacity of the genome RNA, only
three structural proteins are present in purified virions. The envelope
contains two glycoproteins, E1 and E2, of similar molecular weight
(~50K); the nucleocapsids have a single protein, C, which is of
molecular weight 30-36K.

The 49 S Sindbis genome RNA is infectious and is also present in
polysomes of infected cells. In these respects, it resembles the genome
RNA of picornaviruses. However, whereas the virus-specific polysomes
of poliovirus-infected cells contain exclusively 35 S viral mRNA (Rich
et al., 1963), Sindbis virus-specific polysomes contain predominantly 26
S viral RNA and a considerably smaller fraction (~10%) of 49 S viral
RNA (Kennedy, 1972; Mowshowitz, 1973; Rosemond and Sreevalsan,
1973; Simmons and Strauss, 1974a). The 26 S RNA has a molecular
weight of about 1.6 x 10° and consists of one-third of the viral genome,
i.e., sufficient to code for all three structural proteins (Simmons and
Strauss, 1972, 1974b). The presence of 26 S RNA in infected cell
polysomes that are synthesizing mostly virion proteins indicates that
the strategy of the togaviruses is a variation on the picornavirus theme.
Sindbis protein formation in infected cells appears not to occur by
translation of the complete genome RNA from a single initiation site,
followed by proteolytic cleavages. Instead, that portion of the genome
which codes for structural proteins is amplified by synthesis of 26 S
mRNA (Schlesinger and Schlesinger, 1972). If this RNA contains a
single initiation site for protein synthesis, the translational product of
26 S RNA would be a “polyprotein” of molecular weight about 150K
containing the amino acid sequences of all three structural proteins.
Cells infected with temperature-sensitive mutants of Sindbis virus at
nonpermissive temperatures accumulated a high molecular weight
polypeptide that apparently corresponds to the precursor of the viral
structural proteins (Scheele and Pfefferkorn, 1970; Schlesinger and
Schlesinger, 1973). Similarly, in pulse-labeled Sindbis virus-infected
BHK cells a large protein ( >100K) was detected (Scheele and Pfeffer-
korn 1970). It contained many of the [**C]arginine-containing tryptic
peptides of the three viral structural proteins, and during a chase period
a portion of the radioactivity in the presumptive precursor appeared in
lower molecular weight polypeptides including the viral envelope pro-
teins. From the results of studies on Sindbis virus-infected cells, it
appears that the infectious 49 S genome RNA codes predominantly for



Translation of Animal Virus mRNAs in Vitro 31

nonstructural protein(s), e.g., the polymerase(s) necessary for viral
RNA synthesis, and the 26 S RNA for a large precursor protein that is
cleaved to the three structural proteins.

In Semliki Forest virus-infected BHK cells, the initiation of viral
structural protein synthesis was synchronized by a procedure also used
for studying picornavirus protein synthesis (Saborio er al., 1974). It
involves (1) raising the NaCl concentration to inhibit the start of new
polypeptide chains, (2) restoring isotonicity to reverse the inhibitory
effect, and (3) pulse-labeling the cells with radioactive amino acids dur-
ing the initiation period (Clegg, 1975). As observed for poliovirus-
infected HeLa cells by the same procedure (Saborio et al., 1974), viral
proteins were formed sequentially after the reversal of inhibition.
Capsid protein labeled with [3*S]methionine was first apparent after 2
min of synthesis. The polypeptide precursors of envelope proteins were
detected after 5 min. In pulse-chase experiments, a clearer picture of
the order of synthesis of virion structural proteins emerged. A 1-min
pulse of [**S]methionine followed by a 15-min chase in the presence of
nonradioactive methionine resulted in the appearance of capsid protein
(36K) only. When the pulse time was increased to 2 min, envelope
precursor polypeptides (molecular weights 97K and 63K) were observed
and envelope protein El (~50K) was found when the pulse time was
extended to 4 min. High molecular weight proteins (> 100K) were also
resolved in lysates prepared after a 3-min pulse. The results are
consistent with a single initiation site, presumably in 26 S RNA, for the
sequential synthesis of viral structural proteins. The first structural pro-
tein synthesized is capsid which is cleaved from the growing
polypeptide chain before the envelope sequences are completed. The
envelope proteins are formed from a nonglycosylated precursor of
molecular weight 97K, which, after its synthesis is completed, is
cleaved to yield the glycosylated envelope protein E1 and another
partially glycosylated intermediate (63K). The latter is converted to
envelope protein E2 by cleavage and further glycosylation.

4.1.2b. In Vitro Translation

Cell-free translating systems have been used for testing the coding
functions of the 49 S and 26 S togavirus RNAs. Of particular interest
is the question of the number of initiation sites in each type of RNA.
Sindbis virion RNA functions as a messenger for virus-specific protein
synthesis in rabbit reticulocyte and mouse ascites cell extracts. In one
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study (Cancedda et al., 1975a; Cancedda and Schlesinger, 1974), capsid
protein and high molecular weight products, including nonstructural
proteins, were synthesized in both the rabbit and mouse cell extracts
programmed with Sindbis virion RNA. In another report (Simmons
and Strauss, 1974b), reticulocyte lysates synthesized eight or nine
Sindbis-specific products ranging in molecular weight from 60K to
180K. However, none corresponded in molecular weight to the virion
structural proteins, to their large precursors, or to any of the newly
formed virus-specific polypeptides in infected cells. Their total
molecular weight exceeded the theoretical coding capacity of 49 S
RNA, suggesting that they share common amino acid sequences and
may have been produced by proteolysis or premature termination. It
should be noted that at least two laboratories have reported that dif-
ferent batches of cell-free extracts prepared from reticulocytes or
ascites cells synthesized variable amounts of discrete polypeptides
larger than capsid protein when programmed with Sindbis virus (Can-
cedda and Schlesinger, 1974) or Semliki Forest virus (Smith et al.,
1974) RNA.

Semliki Forest virus genome RNA also directed the formation of
authentic capsid protein in an ascites cell-free system (Smith et al.,
1974). Another major in vitro virus-specific product had a molecular
weight of only 15-20K but apparently contained most of the methi-
onine tryptic peptides of the two envelope structural proteins. Its low
molecular weight, compared to that of the virion proteins, may be due
to degradation of the nonglycosylated in vitro products and premature
termination. The results indicate that genome RNA, as well as the 26 S
mRNA from togavirus-infected cells, can, under some conditions, code
for viral structural proteins, suggesting that the larger RNA may have
more than one initiation site for polypeptide synthesis.

The 26 S RNA isolated from Sindbis and Semliki Forest virus
infected cells apparently codes for the synthesis of only the virion
structural protein in vitro. In L-cell or ascites cell-free systems
programmed with Sindbis (Cancedda et al., 1975a; Cancedda and
Schlesinger, 1974) or Semliki Forest virus 26 S mRNA (Wengler et al.,
1974; Clegg and Kennedy, 1975), the major product was capsid protein
as identified by gel analysis and tryptic peptide mapping. In L-cell
extracts programmed with Semliki Forest virus 26 S RNA, both of the
envelope proteins were also synthesized in the same relative amounts as
found in virions. The envelope polypeptides made in vitro were
apparently nonglycosylated (Clegg and Kennedy, 1975). Other discrete,
larger and smaller products were found in the Sindbis-specific products
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of reticulocyte and ascites extracts (Cancedda and Schlesinger, 1974),
and they also contained capsid tryptic peptides. The time course of
appearance of the capsid and envelope protein products supports the
model of a single initiation site in the 26 S RNA. However, specific
proteolytic cleavage has not been observed in most cell-free systems,
and it is therefore of some interest that capsid and envelope proteins of
the correct size are major products of the in vitro reactions.

In addition to capsid protein, 26 S Sindbis RNA coded for a
polypeptide product of 100K in reticulocyte lysates (Simmons and
Strauss, 1974b). It comigrated in SDS-polyacrylamide gels with the
precursor polypeptide of the viral envelope proteins and was precipi-
tated with antibodies against Sindbis virus. Ascites and L-cell extracts
also synthesized immunologically detectable envelope proteins in
response to 26 S RNA (Cancedda et al., 1974a; Clegg and Kennedy,
1975). It has not been established if the envelope precursor is derived by
cleavage of a polyprotein-containing capsid sequence or if initiation
can also occur at a second site in the 26 S RNA. Experiments with
viral mRNA from cells infected with temperature-sensitive mutants of
Sindbis virus are consistent with a single initiation site. Cell-free
extracts were directed by 26 S RNA that was isolated from cells
infected with £52, a temperature-sensitive mutant of Sindbis virus. At
nonpermissive temperatures, ts2-infected cells accumulate a 130K
precursor of the three viral structural proteins. Similarly, in reticulocyte
extracts incubated at the restrictive temperature of 37°C with ts2 26 S
RNA, a 130K protein was the only product synthesized. It comigrated in
SDS-polyacrylamide gels with the viral structural protein precursor
from infected cells (Simmons and Strauss, 197456). At the permissive
temperature of 27°C, 52 26 S RNA directed the synthesis of capsid pro-
tein and a 100K product, the presumptive precursor of envelope proteins
(Simmons and Strauss, 19745). From the results of the in vitro studies, it
appears that 26 S RNA codes for structural proteins, possibly in a
manner analogous to that of picornavirus genome RNA.

The infectious togavirus genome RNA can also code for virion
proteins under some in vitro conditions but in infected cells may func-
tion primarily as messenger for the virion RNA polymerase(s) and
other nonstructural viral proteins. Further in vitro studies with initiator
tRNA acylated with [*S]methionine should help to establish whether
structural and nonstructural proteins are synthesized directly from dif-
ferent initiation sites in the 49 S RNA or if a single site, presumably near
the 5 end of the genome RNA, is used to make a polyprotein that is sub-
sequently cleaved. Similar studies with 26 S RNA may distinguish
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between in vitro translational models that involve (1) a single 5’ -terminal
initiation site with readthrough into envelope protein sequences and
cleavage of the polyprotein products, (2) multiple initiation sites for the
virion structural proteins, or (3) a combination of the two models, i.e.,
initiation sites for capsid protein and envelope precursor polypeptide
with cleavage of the latter to form E1 and E2.

4.2. Class 2 Viruses (Genome Complementary to mRNA)
4.2.1. Rhabdoviruses
4.2.1a. Proteins

Among the various rhabdoviruses including those of mammals,
plants, fish, and insects, vesicular stomatitis virus (VSV) has been most
extensively studied (Wagner, 1975). Purified VSV contains five distinct
structural proteins, which are the glycoprotein (G, molecular weight
70K), located as surface projections on the outer membrane of the
virion; the matrix polypeptide (M, molecular weight 29K), which is
nonglycosylated and is the constituent protein of the viral membrane;
two other minor proteins (L, molecular weight 170K, and phosphopro-
tein NS, molecular weight 40K); and the nucleocapsid protein (N,
molecular weight 50K), which is associated with the single-stranded
genome RNA (molecular weight 3.6 x 10°) to form the ribonucleopro-
tein (RNP) core. These five virus-coded proteins are all present in
infected cells. Nonstructural viral proteins have not been detected in
VSV-infected cells. In contrast to class 1 RNA viruses, the virus-
specific proteins of VSV are formed in infected cells from monocis-
tronic viral mRNA templates rather than by cleavage of a giant
precursor polypeptide molecule. The total molecular weight of the indi-
vidual VSV proteins corresponds closely to the predicted coding
potential of the complete viral genome RNA.

4.2.1b. mRNA

The mRNAs released from polysomes of infected cells and
analyzed by velocity sedimentation fall into two size groups: a relatively
homogeneous 28-31 S group and a more heterogeneous ~15 S class
(Huang et al., 1970; Mudd and Summers, 1970). The ~15 S RNA can
be resolved further into three distinct peaks at 17 S, 14.5 S, and 12 S by
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velocity sedimentation (Moyer et al., 1975a) or formamide-polyacry-
lamide gel electrophoresis (Knipe et al., 1975; Moyer et al., 1975a) of
radioactive RNA. These mRNA species are complementary to the
genome RNA and have been shown to contain poly(A) stretches rang-
ing from 50 to 250 bases (Ehrenfeld and Summers, 1972; Soria and
Huang, 1973). They also possess a high degree of secondary structure
(Moyer et al.,1975a). the approximate molecular weights of the
mRNAs based on their migration in polyacrylamide gels are as follows:
28-31 S, 1.7 x 10% 17 S, 0.8 x 105 14.5 S, 0.6 x 10% 12 S, 0.33 x 10°
(average values from the data of Moyer et al., 1975a; Knipe et al.,
1975; Schincariol and Howatson, 1970). It has been shown that the dif-
ferent species of VSV mRNA in infected cells are compartmentalized
(Grubman et al., 1975); i.e., the 17 S mRNA is attached to membrane-
bound polysomes while the other species are present in the free
polysomes.

Purified VSV contains an RNA-dependent RNA polymerase
(Baltimore et al., 1970). Upon disruption of virions in vitro with a
nonionic detergent, the polymerase synthesizes RNA that is comple-
mentary to the genome RNA (Baltimore et al., 1970; Bishop and Roy,
1971). It has been shown that the RNA products synthesized in vitro by
purified VSV consist of several distinct species with molecular weights
similar to those of the mRNA found in VSV-infected BHK cells
(Moyer and Banerjee, 1975). The in vitro mRNA molecules also
contain 3’-terminal poly(A) (Banerjee and Rhodes, 1973; Banerjee et
al., 1974) and are similar in nucleotide sequence to in vivo mRNAs of
the same size (Moyer et al., 1975a). Thus, by several criteria, the VSV
mRNAs from infected cells are very similar if not identical to those
synthesized in vitro by the virion-associated polymerase. A typical sedi-
mentation profile of the in vitro and in vivo VSV mRNAs is shown in
Fig. 3.

4.2.1c. In Vitro Protein Synthesis

From a comparison of the molecular weights of the VSV mRNA
species and the structural proteins, it seems likely that each species of
RNA is monocistronic and codes for an individual polypeptide. Utiliz-
ing cytoplasmic fractions of VSV-infected cells, Grubman and Sum-
mers (1973) and Ghosh et al. (1973) demonstrated the synthesis in vitro
of polypeptides similar in electrophoretic mobilities to the five VSV
structural proteins. Furthermore, it was shown that only the
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Fig. 3. Velocity sedimentation analysis of the in vitro and in vivo VSV RNA species.
VSV product RNA was synthesized in vitro with purified VSV using [a-*P]JUTP as the
‘labeled precursor. In vivo VSV mRNAs labeled with [*H]uridine were isolated from
infected cells. Each class of poly(A)-containing RNA was isolated and purified (Moyer
et al., 1975a). The corresponding species were mixed, and the larger class of RNA (A)
was analyzed on SDS-sucrose gradients in an SW41 rotor at 23,000 rpm for 18 h at
23°C, while the smaller class (B) was analyzed at 33,000 rpm for 17 h at 23°C. The
BHK cell ribosomal RNA markers, 28 S and 18 S, were analyzed in parallel gradients,
and their sedimentation positions are indicated by the arrows. O, *H-labeled in vivo
RNA; @, #2P-labeled in vitro RNA. From S. A. Moyer (unpublished data).



Translation of Animal Virus mRNAs in Vitro 37

membrane-bound polysomes directed the synthesis of apparently
nonglycosylated G protein in vitro (Grubman et al., 1974; Toneguzzo
and Ghosh, 1975b). Grubman and Summers (1973) found that a soluble
(S10) fraction from uninfected cells stimulated protein synthesis by
membrane-bound polysomes, and also was essential for synthesis of G
protein in vitro.

More direct evidence concerning the coding capacity of the dif-
ferent VSV mRNA species has been obtained from translation studies
of individual mRNA species in a variety of cell-free systems. Morrison
et al. (1974) showed that mRNA species isolated from polyribsomes of
VSV-infected cells can direct the synthesis of virus-specific proteins by
cell-free extracts of rabbit reticulocytes and wheat germ. Ultilizing the
rabbit reticulocyte system, the VSV 28 S RNA apparently directed the
synthesis of structural protein L, and the 13-15 S RNA species coded
predominantly for the synthesis of polypeptides N, NS, and M. On the
other hand, the wheat germ cell-free system synthesized N, NS, M, and
also a G-like protein in response to the 13-15 S RNA. Analysis of VSV
in vitro products labeled with [**S]formylmethionine tRNAgM®t indi-
cated that the 28 S RNA directed the initiation of a single protein,
whereas the 13-15 S RNA directed the initiation of at least four pro-
teins. These results suggested that VSV mRNA includes five monocis-
tronic messages. More recently, the individual VSV mRNA species
synthesized in vitro by the virion-associated polymerase were identified
on the basis of their translation into authentic polypeptides in wheat
germ extract (Both et al., 1975¢). The 17 S RNA directed the synthesis
of two proteins of molecular weights 63K and 60K (P63 and P60). Since
there is no evidence for in vitro glycosylation by wheat germ extracts, the
P63 protein was assumed to be nonglycosylated G protein; tryptic digests
of [*S]methionine-labeled P63 were identical to those of [*H]met-
hionine-labeled authentic G protein. The P60 protein was probably pre-
maturely terminated P63 protein. The 14.5 S RNA coded exclusively for
VSV N protein, and the 12 S RNA coded for both M and NS proteins.
The tryptic digests of these proteins were identical to those of the cor-
responding authentic viral proteins. It is interesting to note that the in
vitro synthesized NS phosphoprotein, like the viral NS protein, had dif-
ferent relative electrophoretic mobilities in two gel systems of different
pH (Both et al., 1975¢,d; Moyer and Summers, 1974; Imblum and
Wagner, 1974). Toneguzzo and Ghosh (1975a) have also shown that
mRNAs synthesized in vitro by viral ribonucleoprotein cores from
infected cells can direct the synthesis of the VSV-specific polypeptides in
vitro.
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Similar in vitro translation studies identified the individual viral
mRNAs from VSV-infected cells (Both er al., 1975¢; Knipe et al.,
1975). The 17 S RNA, which is present only in the membrane-bound
polysomes (Grubman et al., 1975), was shown to direct the synthesis of
the P63 protein. Again, the 14.5 S RNA isolated from the cytoplasmic
unbound polysomes directed the synthesis of the N protein, and the 12
S RNA coded for both the M and NS proteins (Fig. 4). Similar results
were also obtained with L-cell (Toneguzzo and Ghosh, 19756) and
CHO-cell extracts (Morrison and Lodish, 1975). Knipe et al. (1975)
using mRNA species separated by polyacrylamide gel electrophoresis
in formamide obtained the same results. The consistent synthesis of
both M and NS proteins in response to 12 S mRNA indicated that it
consisted of two mRNA species (Both et al., 1975¢,d; Knipe et al.,
1975). This was confirmed recently by two-dimensional oligonucleotide
fingerprints of the 12 S RNA. It was shown that the oligonucleotide
pattern of digests by RNase T, plus RNase A was consistent with the
presence of at least two different RNA molecules (Rose and Knipe,
1975). Table 1 summarizes the molecular weights of the VSV mRNA
species, their translation products, and their coding potentials.

Breindl and Holland (1975) have developed a coupled transcrip-
tion-translation system. VSV ribonucleoprotein cores were added
directly to protein-synthesizing systems derived from Krebs II ascites
cells or wheat embryos. Polypeptide synthesis commenced after an
initial lag of 15-30 min and continued for 2-3 h. The newly synthesized
RNAs formed during the first part of the incubation subsequently were
translated into VSV-specific polypeptides, including N, NS, M, and a
small amount of G precursor but no detectable L protein.

The important findings obtained by translating VSV mRNAs in
vitro can be summarized as follows: (1) the irn vitro synthesized
mRNAs are biochemically active products; (2) the protein moiety of
the G protein has an apparent molecular weight of 63K rather than
66K observed for fully glycosylated G protein; (3) the membrane-bound
17 S mRNA functions as messenger for the G protein; (4) although M
is a membrane protein, its mRNA is present in the cytoplasm on free
polysomes; (5) the 12 S RNA contains two distinct mRNA species cod-
ing for NS and N proteins; (6) the molecular weight of the mRNA cod-
ing for NS protein is approximately 0.3 x 109, i.e., considerably less
than that expected for the NS protein which migrates as a SOK protein
in polyacrylamide gels at pH 8.7; (7) the in vitro translation system is a
potentially useful one for studying RNA-protein interactions and
possibly for reconstituting subviral particles from purified genome
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RNA and in vitro synthesized viral structural polypeptides. Disso-
ciation of purified VSV virions and reconstitution of the RNP and its
protein components with restoration of transcriptase activity and in-
fectivity have already been achieved (Emerson and Wagner, 1973;
Bishop et al., 1974).

Fig. 4. Autoradiogram of polypeptides synthesized by wheat ‘germ extracts in response
to VSV RNA synthesized in vivo or in vitro. VSV mRNA species were isolated, and
the purified classes 1, II, and III were obtained as described in Fig. 3. Migration is
from top to bottom. (a) Proteins of the virion. Proteins synthesized in wheat germ
extracts (b) in the absence of RNA and in response to (¢) RNA from mock-infected
cells. (d) Fraction I RNA from membrane-bound polysomes. (¢) Fraction I RNA
synthesized in vitro. (f) Fraction II RNA from infected cell cytoplasmic supernatant.
(g) Fraction II RNA synthesized in vitro. (h) Fraction III RNA from infected cell
cytoplasmic supernatants. (i) Fraction III RNA synthesized in vitro. (j) Marker pro-
teins of purified virus. From Both et al. (1975¢).
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TABLE 1

Coding Potential of the VSV mRNA Species Synthesized in
Vitro®

Molecular weights
(in thousands)

Estimated
mRNA Proteins RNA coding
fractions coded Proteins species potential
| . P63 63 700 66
II N 47.5 525 48

111 NS 52
40 372 33
M 29 372 33
31 SRNA
in vitro (L) 195 2000 206

@ Molecular weights of proteins were calculated using as markérs myosin,
unreduced rabbit y-globulin, Escherichia coli 8-galactosidase, bovine serum
albumin, ovalbumin, and a-chymotrypsinogen with molecular weights of
200,000, 150,000, 130,000, 68,000, 45,000, and 25,000, respectively. The
molecular weight of viral G protein was estimated to be 66,000 from these
values. The coding potentials of mRNA species were estimated subtracting
an average of 140 adenylic acid residues per mRNA molecule to correct for
poly(A) (Banerjee er al., 1974). The L protein has not been translated from
31 S RNA synthesized in vitro. The data are included only to demonstrate
that the 31 S RNA could code for the viral L protein based on its estimated
molecular weight. From Both et al. (1975¢).

4.2.2. Paramyxoviruses
4.2.2a. Proteins

The paramyxoviruses that have been studied in detail include
Newcastle disease virus (NDV), Sendai virus, simian virus 5 (SV5), and
measles virus (Choppin and Compans, 1975). The evidence available
indicates that paramyxoviruses contain four major structural proteins
and a few additional minor proteins that vary in different strains. Two
glycoproteins (HN, 65-74K; F, 56K) are located at the virion’s outer
surface. Neuraminidase and hemagglutinin activities are both
associated with the HN glycoprotein (Scheid and Choppin, 1973, 1974;
Tozawa et al., 1973). The F glycoprotein is involved in virus-induced
cell fusion and hemolysis (Scheid and Choppin, 1974; 'Homma and
Ohuchi, 1973). It is interesting to note that an additional glycoprotein
(designated FO, molecular weight 65K) was found in Sendai virus
grown in Madin-Darby bovine kidney (MDBK) cells; it was sub-
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sequently shown to be a precursor of glycoprotein F (Scheid and Chop-
pin, 1974; Homma and Ohuchi, 1973). The nucleocapsid protein (N)
appears to be similar in molecular weight (60K) in all paramyxoviruses
studied. The other major structural protein is a nonglycosylated
membrane protein (M, 38-41K). Several minor proteins have been
described in paramyxoviruses, including (1) a protein in NDV similar
to L protein of VSV, (2) a 69K protein in Sendai, and (3) a 50K protein
in SV5. In paramyxovirus-infected cells, all virus-specific proteins
apparently are independently synthesized and are found in the same
proportions. The glycoprotein (F) appears to be the only paramyxo-
virus protein which may arise by posttranslational cleavage.

4.2.2b. mRNA

The paramyxoviruses, like the rhabdoviruses, direct in infected
cells the synthesis of multiple species of mRNA that are comple-
mentary to the viral genome. Collins and Bratt (1973) have shown that
the major single-stranded, complementary RNA in NDV-infected cells
sediments at 18-22 S and contains poly(A) (Weiss and Bratt, 1974).
The heterogeneous mixture of 18-22 S RNAs can be resolved by
polyacrylamide gel electrophoresis into six or seven species with
molecular weights ranging from 0.55 to 1.53 x 10°. Although it was not
clear from these results whether each RNA fraction contained a unique
mRNA species, the molecular weight of each was consistent with its
functioning as a monocistronic mRNA for the synthesis of a protein
found in purified virions or infected cells. Assuming that each RNA
species is unique, it is important to note that the sum of their molecular
weights is approximately 6.8 x 108, in reasonable agreement with the
coding potential of the NDV genome RNA (molecular weight 6 x 10°).
However, the 18-22 S RNA class, on the basis of hybridization results,
appears to contain only 50% of the genome RNA sequences (Bratt and
Robinson, 1967), a discrepancy that remains to be clarified by addi-
tional experiments.

The paramyxoviruses which have been demonstrated to contain a
virion-associated RNA polymerase include NDV (Huang et al., 1971),
Sendai (Robinson, 1971; Stone et al., 1971), SV5 (Choppin, personal
communication), and mumps virus (Bernard and Northrop, 1974). In
each case, the RNA products synthesized in vitro which are comple-
mentary to, but smaller than, the genome RNA sediment as a
heterogeneous mixture at about 16 S and contain poly(A) (Weiss and
Bratt, 1974).
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4.2.2c. InVitro Protein Synthesis

Neither the in vitro nor the in vivo mRNAs of paramyxoviruses
have been thoroughly characterized, and only one study of their
translation in cell-free systems has been reported (Kingsbury, 1973). A
rabbit reticulocyte system programmed with 18 S complementary
RNA isolated from Sendai-infected cells was shown to synthesize three
predominant proteins in vitro. The proteins were precipitated with
antisera prepared against the solubilized virions. The major polypeptide
product was characterized as similar to the nucleocapsid protein by its
tryptic peptide pattern and its mobility in SDS-polyacrylamide gels.
Sendai virion RNA did not stimulate polypeptide synthesis in vitro,
suggesting that it does not function as viral messenger RNA. The
purified RNA from Newcastle disease virions also did not stimulate
incorporation of radioactive amino acids into acid-precipitable
polypeptides in a cell-free system obtained from E. coli (Siegert et al.,
1973).

4.3. Class 3 Viruses (Segmented Genomes)

4.3.1. Influenza Virus

Influenza virus contains a single-stranded genome of total
molecular weight 4-5 x 10° that consists of multiple RNA seg-
ments ranging in weight from 3.4 to 9.8 x 10° (Compans and Choppin,
1975). The genome RNA, like class 2 virion RNAs, presumably is a
“negative” strand, i.e., does not function as viral messenger RNA. It
hybridizes well with the RNA products synthesized in vitro by the
virion-associated RNA polymerase (Chow and Simpson, 1971) and
with the RNA isolated from polysomes of infected cells (Pons, 1973).
The influenza structural proteins consist of about seven polypeptides
with an apparent molecular weight range of 25-94K. They include two
outer surface glycoproteins: a hemagglutinin activity (HA, 75K) and a
neuraminidase activity (NA, 55K). The HA protein undergoes cleavage
during purification of virions, resulting in the appearance of two addi-
tional glycoproteins, HA1 (50K) and HA2 (25K). The nonglycosylated
membrane protein (M, 26K) is located at the inner viral membrane.
The segments of RNA form nucleocapsids (RNP) by association with a
major protein (NP, 55K) and one or possibly two other proteins (P1,
94K; P2, 81K). Thus there appears to be a good correlation between the
molecular weights of the structural proteins and the coding potentials
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of the genome segments of influenza virus. All of the major
polypeptides of the virion as well as one or two virus-specific
nonstructural polypeptides have been identified in virus-infected cells.

Influenza virus-specific mRNAs have been shown to be present in
the polysomes of infected cells (Pons, 1973), but details of their size and
sequence are not known. Moreover, the isolation of the virus-specific
mRNAs from polysomes was complicated by the presence of viral
genome RNA sedimenting in the position of polysomes. The report by
Etkind and Krug (1974) that influenza virus-specific mRNAs contain
poly(A), in contrast to the report of Avery (1974), may aid in the purifi-
cation of viral mRNA from infected cells. The mRNAs can be
separated from genome RNA that contains no poly(A) (Etkind and
Krug, 1974; Avery, 1974) by binding to and elution from poly(U)-
sepharose or oligo(dT)-cellulose.

mRNAs synthesized in vitro by the virion-associated RNA
polymerase are heterogeneous and of low molecular weight (Chow and
Simpson, 1971; Penhoet et al., 1971, Skehel et al., 1971) and are
probably unsuitable for cell-free translation studies. In spite of these
difficulties, Kingsbury and Webster (1973) were able to obtain virus-
specific products by utilizing total RNA from influenza virus-infected
chick embryo cells as messenger in a cell-free rabbit reticulocyte
system. Rabbit antiserum prepared against a recombinant influenza
virus (which yielded higher titers of antibody to internal virion
components) specifically precipitated a viral RNA-directed in vitro
product that migrated with M protein during polyacrylamide gel elec-
trophoresis. Several other minor proteins were also resolved. Antiserum
made against purified M protein also specifically precipitated the newly
formed material that comigrated with M protein. From these results, it
appears that the mRNA for the M protein was present in large
amounts in the RNA preparation; alternatively, optimum conditions
for translation of other mRNA species were not achieved. Influenza
virion RNA failed to stimulate the incorporation of amino acids into
products corresponding to viral polypeptides, and total acid-precipita-
ble radioactivity as compared to endogenous reactions was depressed
about threefold by the addition of virion RNA. In contrast to these
findings with an eukaryotic cell-free system, Siegert et al. (1973)
reported that in an E. coli system influenza virus genome RNA was
translated into polypeptides that were antigenically indistinguishable
from influenza structural protein N. If confirmed, these results may
indicate that one (or more) of the genome segments of influenza virus
has the polarity of messenger RNA.
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4.3.2. Reoviridae

Human reoviruses can be considered the prototype of a wide
variety of viruses that contain segmented double-stranded RNA
genomes. These include viruses of vertebrates, insects, plants, molds,
and bacteria. Of these, the reoviruses, and especially serotype 3, have
been studied most intensively (Joklik, 1974).

4.3.2a. Virion Proteins

Reovirions contain double-stranded RNA of total molecular
weight 15 x 10° that is reproducibly isolated as ten discrete segments.
The double-stranded RNA mixture consists of molecules in three size
categories: three species of large RNA (L1-L3, 2.3-2.7 x 10° daltons),
three medium (M1-M3, 1.3-1.6 x 10° daltons), and four small (S1-S4,
0.6-0.9 x 10° daltons). These subgenomic segments are contained
within a characteristic double capsid-shell structure. The proteins of
purified reovirus also fall into three size classes designated A, u, and o.
The nomenclature for the reovirus proteins used in this chapter extends
that of Zweerink et al. (1971). The polypeptides designated as primary
gene products have been numbered according to their decreasing
molecular weights within the X\, u, and ¢ size classes. Other virus-
specific proteins have been named according to their estimated
molecular weights (Both et al., 1975b). Four proteins in the A size class
(A1, A2, A3, and P135 of 153K, 148K, 143K, and 135K daltons, respec-
tively), three in the u size class (ul, P73, and u3 of 79K, 73K, and 72K
daltons, respectively), and three in the ¢ size class (o1, 62, and ¢4 of
54K, 52K, and 43K daltons, respectively) have now been resolved in
purified virions (Both et al., 1975b); polypeptides P135, 3, and A3 had
not previously been detected. All of these polypeptides, except P135
and P73, are apparently primary translation products of the reovirus
genome (Both et al., 1975b). Presumably P135 is derived from one of
the A\ proteins by proteolytic cleavage; P73, the major virion protein in
the u size class, is probably also derived by proteolytic cleavage from
the virion polypeptide u1 during morphogenesis of the virus (Zweerink
etal., 1971).

The molecular weight relationship between the mRNAs trans-
cribed from the individual genome duplex segments and the virion
structural proteins suggests that they are coded for by monocistronic
mRNAs. Although ten genome segments and their single-stranded
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transcripts are found in infected cells (Joklik, 1974; Ward et al., 1972),
only eight primary gene products are present in virions as structural
polypeptides. Moreover, in infected cells analyzed 17.5-19.5 h after
infection at 31°C (Zweerink et al., 1971) only eight primary viral gene
products were previously resolved. These included two A, one u, and
three ¢ capsid proteins and one u and one ¢ noncapsid polypeptide
(Zweerink and Joklik, 1970). Thus proteins corresponding to the
mRNA species /2 (or /13 and m3 were not detected. Greater resolution
of the viral proteins has been obtained by SDS-polyacrylamide slab gel
electrophoresis, and ten reovirus primary gene products have been
detected in the solubilized infected cell lysates (Both et al., 1975b).
These included a minor gene product, 42 (77K daltons), which, in addi-
tion to A3, had not been previously described. In addition, several other
virus-specific polypeptides were detected (see Table 2); presumably
these arise by proteolytic cleavage during viral infection.

4.3.2b. mRNAs

Reovirus contains an RNA-dependent RNA polymerase (Shatkin
and Sipe, 1968; Borsa and Graham, 1968) which transcribes in vitro
one strand of each of the duplex segments into the corresponding
single-stranded RNA molecules (Skehel and Joklik, 1969; Banerjee and
Shatkin, 1970; Levin et al., 1970). The same strand of the genome' seg-
ments is transcribed into viral mRNA in the infected cells and can be
detected in polysomes (Ward et al., 1972; Hay and Joklik, 1971). Since
purified reovirus cores continue to synthesize in vitro correctly initiated
and terminated viral mRNA for many hours or even days, they provide
an excellent source of large amounts of purified viral mRNA. The large
(/), medium (m), and small (s) classes of in vitro mRNA can be
separated and purified by density gradient centrifugation (Both et al.,
1975b), or the ten individual species can be resolved by polyacrylamide
gel electrophoresis (Floyd ef al., 1974).

4.3.2c. In Vitro Protein Synthesis

Cytoplasmic fractions prepared from reovirus-infected cells con-
taining virus-specific polysomes effectively incorporate radioactive
amino acids into viral polypeptides in vitro (McDowell and Joklik,
1971). The polypeptide products included eight reovirus proteins (or
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TABLE 2

Estimated Molecular Weights of Reovirus Proteins

Virus-specific Virus-specific
proteins Apparent proteins Virion
in infected molecular synthesized structural Previous
cells® weight® in vitro proteins nomenclature®

Al 153,000 + + Y|

A2 148,000 + + A2

A3 143,000 + +

P135 135,000 - +

ul 79,000 + + ul

u2 717,000 + -

u3 72,000 + + #0
P73 73,000 - + u2
P69 69,000 - -

P66 66,000 - -

ol 54,000 + + o2

a2 52,000 + + al

o3 49,000 + - a2A
o4 43,000 + + o3
P40 40,000 - -

P36 36,000 - -

@ Those proteins designated as primary gene products are numbered according to their decreasing
molecular weight within a size class. Other virus-specific proteins are labeled according to their
molecular weight.

® The molecular weights of the A and x polypeptides were determined using the SDS-gel system
described by Laemmli (1970) and Anderson ez al. (1973) with myosin (200,000), unreduced rab-
bit y-globulin (150,000), 8-galatosidase (130,000), E. coli elongation factor G (80,000), BSA
(68,000), and ovalbumin (45,000) as molecular weight markers. The & polypeptides were com-
pared to BSA and ovalbumin in the gel system described by Maizel (1971).

¢ Tentative assignment of previously described proteins (Zweerink and Joklik, 1970; Zweerink et
al., 1971) to those in the leftmost column is based on their relative amounts in purified virions
and reovirus-infected cells. More definitive assignments await peptide analyses.

primary gene products), six of which comigrated with reovirus capsid
proteins. Two additional noncapsid polypeptides in the u and ¢ classes
were also synthesized. In contrast to the other viral capsid proteins, the
major p polypeptide was not detected in vitro, but a large amount of
the minor capsid u polypeptide was present, suggesting that it is a
precursor of the major u protein in virions.

The first studies with a cell-free system directed by exogenous
reovirus mRNA were reported by Levin et al. (1971), who observed
that pretreatment with formaldehyde of reovirus mRNA synthesized in
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vitro resulted in an increased stimulation of amino acid incorporation
into acid-precipitable products by L-cell extracts. The products
obtained were of low molecular weight (10-15K). Subsequently
Graziadei and Lengyel (1972), utilizing a supplemented S30 fraction
from L cells, were able to translate the m class of reovirus mRNA
into polypeptides which comigrated in polyacrylamide gels with
u polypeptides. Similarly, the small class of mRNA was translated into
o polypeptides. Later, the same group (Graziadei et al., 1973) employed
antisera against the three size classes of reovirus structural proteins to
show that each serum immunoprecipitated only the polypeptide
products that corresponded to the size class of virion proteins used to
prepare the specific antiserum. Although the exact number of reovirus-
specific polypeptides synthesized in vitro was not determined, the
results indicated that the in vitro synthesized RNAs were active as
messengers and were translated with considerable fidelity in vitro.

Translation of reovirus mRNAs was also achieved in cell-free
systems derived from other eukaryotic cells. McDowell et al. (1972)
utilized preincubated S30 extracts prepared from Krebs II mouse
ascites cells, mouse L cells, Chinese hamster ovary cells, HeLa cells,
and non-preincubated rabbit reticulocyte lysates. In each of these
extracts (with the exception of rabbit reticulocytes), the addition of
reovirus mRNA stimulated protein synthesis five- to tenfold, with
maximal stimulation occurring between RNA concentrations of 50 and
120 ug/ml. In ascites cell-free extracts, reovirus mRNA-directed pro-
tein synthesis was abolished by greater than 90% upon additon of
cycloheximide, emetine, or anisomysin, but was unaffected by chloram-
phenicol. The major viral polypeptides synthesized were two u and o
products, as determined by their comigration in gels with authentic
virion capsid proteins or with proteins present in infected cells.
However, in non-preincubated rabbit reticulocyte lysates, reovirus
mRNA inhibited the endogenous synthesis of globin but stimulated the
synthesis of higher molecular weight polypeptides that coelectro-
phoresed with reovirus polypeptides; however, only eight primary gene
products were detected.

In cell-free extracts from wheat germ, at the optimal concentra-
tions of 90 mM K* and 3 mM Mg™*, Both er al. (1975b) detected the
synthesis in vitro of all ten presumptive primary gene products of
reovirus. SDS-polyacrylamide slab gels, rather than disc gels, were
employed to achieve higher resolution of the products by electro-
phoresis. In these studies, a primary gene product was defined as a pro-
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tein that was (1) present in infected cells pulse-labeled with radioactive
amino acids for a short time, (2) comigrated in an SDS-polyacrylamide
gel with a protein synthesized in vitro in response to purified viral
mRNA, and (3) had a molecular weight consistent with the coding
potential of the viral mRNA. By these criteria, 10 of the 16 virus-
specific polypeptides in infected L cells were identified as primary gene
products. Table 2 summarizes the various reovirus-specific polypeptides
synthesized in vitro and in vivo. The nomenclature has been modified
from that originally suggested by Zweerink et al. (1971), which is also
included in the table. It can be seen that as many as ten polypeptides
can be detected in virions. Among them A3, P135, and u3 (uO,
Zweerink et al., 1971) had not previously been detected probably
because of their low level in the virion. Eight of the structural
polypeptides are primary gene products. In reovirus-infected cells,
polypeptides P135, P73, P69, P66, P40, and P36 presumably are
cleavage products of other viral proteins. The major polypeptide of the
u class in infected cells, P73, is a cleavage product of x1 and thus is not
found among the in vitro products coded for by reovirus mRNA. This
finding is consistent with the inability of most cell-free systems to
process polypeptide products by specific proteolytic cleavage.

Reovirus mRNAs isolated from polysomes or synthesized in vitro
do not contain detectable poly(A) sequences (Stoltzfus et al., 1973;
Both et al., 1975b). The in vitro translation studies demonstrate that the
presence of poly(A) sequences in mRNA is not needed for their effec-
tive translation. Moreover, the relative amounts and efficiency of syn-
thesis of particular classes of polypeptides in vitro and in vivo are quite
similar (Both et al., 1975b). For example, polypeptide u3 is the major
protein synthesized in vitro, even when the three species of m class
mRNAs are added in equal amounts to cell-free extracts. Thus the rela-
tive efficiency of translation of a particular mRNA may depend on an
intrinsic property, such as its secondary structure. Levin et al. (1972)
have shown that the three size classes of reovirus mRNA synthesized in
vitro can form protein synthesis initiation complexes with rat liver
[**S]Met tRNAM® incubated with salt-washed 40 S and 60 S ribo-
somal subunits. This process required mild treatment of the mRNA
with formaldehyde. The initiation complex reacted with puromycin,
and the resultant puromycin-peptide was identical to the methionyl-
puromycin formed in response to poly(A,G,U). These results indicate
that reovirus mRNAs and possibly all eukaryotic mRNAs contain the
AUG initiator codon which binds to the puromycin-reactive site on
ribosomes in the presence of Met tRNAMet,
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4.4 Class 4 Viruses (RNA Tumor Viruses)

4.4.1. Virion Proteins

Studies of the structure and function of RNA tumor viruses have
increased in number and intensity during the past few years. Con-
sequently, considerable new information is becoming available on the
mechanism of viral protein biogenesis. Purified avian (e.g., avian
myeloblastosis virus, AMV; Rous sarcoma virus, RSV) and mam-
malian (e.g., Rauscher murine leukemia virus, RLV) RNA tumor
viruses consist of a ribonucleoprotein core surrounded by a lipoprotein
envelope which has surface projections of glycoproteins (Bader, 1975).
The core includes the ~70 S genome RNA, which consists of two or
three ~35 S subunits, 4 S transfer RNA, and other low molecular
weight RNAs. On the basis of oligonucleotide fingerprint patterns
(Duesberg et al., 1974; Quade et al., 1974; Weissman et al., 1974) and
hybridization studies (Baluda et al., 1974), it appears that the two or
three genome subunits are very similar, if not the same. The estimated
polypeptide coding capacity of the genome subunit RNA, like that of
picornavirus genome RNA, is about 250-300K.

Avian virus structural proteins include four internal, group-specific
(gs) antigens that are immunologically distinct but found in all avian
leukemia and sarcoma virus isolates. Two of these four nonglycosylated
internal proteins are in the virus core. The apparent molecular weights
of the avian gs antigens 1-4 as determined by gel filtration are 27K,
19K, 15K, and 12K, respectively (Fleissner, 1971; August et al., 1974).
A fifth, minor internal protein with a molecular weight of about 10K
but no known antigenic function is also part of the virion. The avian
oncornavirus serotype specificity, which varies among different virus
isolates and subgroups, resides in the two large glycoproteins that com-
prise the surface spike structures. The molecular weights of these two
polypeptides are difficult to establish accurately because the constituent
carbohydrate moieties are large, and the degree of glycosylation varies
in different virus strains. Thus C-type viruses of the avian group
contain a total of seven distinct structural proteins, each with a
molecular weight considerably below the theoretical informational
content of the 35 S RNA subunit.

The murine oncornaviruses also contain several structural
polypeptides (Bader, 1975). They include three internal proteins of
molecular weights 30K (the predominant core protein), 16K, and 14K
that together comprise 50-75% of the total virion proteins. A fourth
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minor internal component has a molecular weight of 10K. Three large
type-specific glycoproteins of apparent molecular weights about 180K,
80K, and 60K are also present in RLV and other murine C-type virion
particles.

4.4.2. Virus-Specific Proteins in Productively Infected Cells

In infected chick cells producing AMYV or RSV, cellular proteins
continue to be synthesized, and only a small proportion ( ~1%) of the
total newly synthesized intracellular proteins are virus specific as
determined by immunoprecipitation with antiviral serum. Infected cells
pulse-labeled for 10 min with [%*S]methionine contained no
immunoprecipitable intracellular proteins that corresponded in size to
virion structural components (Vogt and Eisenman, 1973). The largest
and predominant polypeptide in the immune precipitate had an
apparent molecular weight of 76K, i.e., large enough to include the
amino acid sequences of all four internal proteins. After a 1-h “chase”
period, the 76K polypeptide was absent and replaced by smaller
products that comigrated in SDS-polyacrylamide gels with the *H-
labeled proteins of purified virions. Further evidence that the 76K
polypeptide is a precursor of the virion structural proteins was obtained
by comparing its methionine-containing tryptic peptide pattern with
that of total AMV; 10 of the 12 methionine peptides in virions were
also present in the 76K protein. More recent studies (Eisenman et al.,
1975) have confirmed that the 76K polypeptide contains the amino acid
sequences of the four major internal gs antigens but not the minor
internal protein. The methionine-containing tryptic peptides are unique
to each of the four gs antigens, suggesting that they are produced by
protein. By using pactamycin to inhibit initiation of polypeptide syn-
thesis preferentially, an approach first employed successfully with the
picornaviruses (see above), the gene order of the gs antigens in the 76K
precursor was tentatively established as /V-terminus, gs2, gs1, (gs3),
gs4, C-terminus. A cleavage scheme for processing of the 76K
precursor polypeptide similar to that for generating picornavirus
structural proteins have been proposed (Vogt et al., 1975). The
sequence of cleavages begins with the removal of a 12K fragment from
the C-terminus, suggesting that, in contrast to the picornavirus poly-
protein, cleavage begins after the 76K precursor is (almost) completed.
The 12K polypeptide apparently corresponds to gs4. The resulting large
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N-terminal fragment ( ~66K) is converted to a 60K intermediate that is
subsequently processed to yield gs2, gs3, and gsl. In RSV-transformed
hamster cells that do not produce virions, the 76K protein is present but
is not cleaved (Eisenman et al., 1975), consistent with a precursor role
of the 76K polypeptide for virion structural proteins.

The mechanism of formation of the minor internal protein, the two
glycoproteins, and the core-associated reverse transcriptase of oncor-
naviruses is unknown, but clearly the 76K gs precursor polypeptide cor-
responds to only a fraction of the coding capacity of a 35 S genome
subunit. Attempts to find larger, virus-specific protein precursors in
infected cells have been unsuccessful (Vogt et al., 1975). The presence
of ~20 S RNA, i.e., smaller than the genome subunits, in virus-specific
polysomes of murine virus-infected cells (Shanmugam et al., 1974) sug-
gests that the mechanism of RNA tumor virus protein formation may
resemble that of the togaviruses. It will be of interest to determine
whether the 35 S genome subunit has one or multiple sites for initiation
of polypeptide synthesis.

Evidence has also been obtained for the presence of high molecular
weight virion polypeptide precursors in murine oncornavirus-infected
cells (Naso et al., 1975). In Rauscher leukemia virus-infected mouse
cells pulse-labeled with [**S]methionine for 10-20 min and analyzed by
specific immunoprecipitation and SDS-polyacrylamide gel electropho-
resis, the major virus-specific intracellular polypeptides migrated with
apparent molecular weights of 180K, 140K, 110K, 80K, 65K, 60K,
50K, 40K, 30K, and 14-16K. The 180K, 80K, and 60K, polypeptides
correspond to the virion structural glycoproteins; the 110K polypeptide
is also glycosylated and may be a precursor of virion protein(s). On the
basis of pulse-chase experiments, the 140K, 65K, and 50K proteins
appear to be precursors of the major internal polypeptides. Since
tryptic peptide analyses have not yet been done, it is not entirely clear if
the 65K and 50K are intermediates formed by cleavage of the largest
presumptive precursor (140K) or if each large polypeptide represents a
separate precursor of one of the three major internal proteins of RLV.
However, antiserum specific for the major core polypeptide, VP30,
precipitated the 140K, 65K, and SOK polypeptides, suggesting that the
140K material may be sequentially cleaved to form VP30. Thus RLV-
infected cells contain two distinct high molecular weight polypeptides
(140K and 110K). with the characteristics of structural protein
precursors. Together they constitute 250,000 daltons, i.e., close to
the theoretical coding capacity of the ~35 S viral genome subunit
RNA.
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4.4.3. In Vitro Studies

Polysomes of oncornavirus-infected cells contain virus-specific
RNA that corresponds in sequence to the virion genome RNA (Schin-
cariol and Joklik, 1973). Consequently, the virion genome subunits
rather than complementary RNA strands presumably function as the
viral messenger RNA. However, in contrast to results obtained with
many other virion RNAs that also function as mRNA (e.g., EMC,
Sindbis), efforts to translate oncornavirus RNA in eukaryotic cell-free
systems have met with only limited success. In a detailed study
designed to achieve optimal conditions for translation of murine RLV
RNA, ribosomal subunits isolated from RLV-infected mouse JLS-V5
cells bound 65 S RLV RNA and formed dimeric through tetrameric
polyribosomes (Naso et al., 1973). The ~35 S genome subunit RNA
also bound to ribosomal subunits but formed predominantly
monomers. The results suggest that there is only one ribosomal binding
site per 35 S RNA subunit. Addition of 65 S viral RNA to prein-
cubated cytoplasmic S30 extracts prepared from JLS-VS5 cells resulted
in a twofold stimulation of amino acid incorporation, mainly into two
polypeptide products of molecular weights 185K and 125K. The 185K
product was not synthesized in the absence of added viral RNA, and
further studies may establish that it is a virus-specific polypeptide
precursor of the virion proteins.

RSV 70 S or 35 S RNA added to preincubated S30 extracts of
Krebs ascites cells also stimulated [**S]methionine incorporation into
acid-precipitable products (Von der Helm and Duesberg, 1975).
Although the increase above the background level of protein synthesis
was only twofold with 35 S RNA (and less with 70 S RNA), the
products included a polypeptide in the size range of 75-80K. It was
absent from the wunstimulated reaction products. The 75-80K
polypeptide product was immunoprecipitated by rat antiserum against
RSV gs antigens. Furthermore, 11 of the 13 resolved peaks of methio-
nine-containing tryptic peptides of the 75-80K product cochromato-
graphed with peaks derived by digestion of a mixture of the virion gs
proteins. Thus the 75-80K in vitro product may correspond to the 76K
precursor protein synthesized in RSV-infected chick cells (Eisenman et
al., 1975). Tumor virus RNA has also apparently been translated into
viral polypeptide products, including the AMV 30K core protein, in
cell-free systems prepared from E. coli (Siegert et al., 1972; Gielkens et
al., 1972; Twardzik et al., 1973).
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5. FACTORS AFFECTING EFFICIENCY OF TRANSLATION
OF VIRAL mRNAs IN VITRO

5.1. Methylation-Dependent Translation of Viral mRNAs

It was recently reported that the RNA-synthesizing activity of the
cytoplasmic polyhedrosis virus (CPV) associated transcriptase was
stimulated by the addition of S-adenosylmethionine (SAM) to the in
vitro reaction mixtures; furthermore, the viral mRNA products were
methylated (Furuichi, 1974). Similarly, methylated mRNA was
synthesized in the presence of SAM by purified reovirus (Shatkin,
1974b), vaccinia virus (Wei and Moss, 1974; Urushibara et al., 1975),
VSV (Rhodes et al., 1974), and Newcastle disease virus (NDV)
(Colonno and Stone, 1975). Subsequent work (summarized in Table 3)
has shown that the methylation occurs exclusively at the 5’ termini of
the viral mRNAs, which have the general structure m’G(5" )ppp(5 " )N™;
the 5’-terminal 7-methylguanosine is linked by an inverted, 5°-5°
triphosphate bridge to the penultimate nucleotide, which is usually
methylated in the 2’ -ribose position. In addition, as shown in Table 3,
these 5”-terminal structures exist in the viral mRNAs in cells infected
with reovirus, VSV, adenovirus, and SV40 and in the virion RNA of
avian sarcoma viruses. They also occur in the “positive’ strand of the
double-stranded genome RNA of reovirus (Furuichi et al., 1975¢) and
presumably CPV (Furuichi and Miura, 1975; Miura et al., 1974).
Similar 5’-terminal structures have also been found in Hela cell
poly(A)-containing mRNAs (Furuichi et al., 1975b; Wei et al., 1975),
mouse myeloma mRNA (Adams and Cory, 1975), BHK-cell mRNAs
(Moyer and Banerjee, unpublished results), mouse L-cell mRNA (Fur-
uichi, LaFiandra, and Shatkin, unpublished results; Perry and Kelley,
1975), rabbit globin mRNA (Muthukrishnan et al., 1975), Artemia
salina mRNA (Muthukrishnan, Filipowicz, Sierra, Both, Shatkin, and
Ochoa, unpublished results), and BSC-1 monkey cell poly(A)-containing
RNA (Lavi and Shatkin, 1975). However, the pattern of methylation in
cellular mRNAs is more complex because of the presence of N°-
methyladenosine within RNA chains and additional methylations of the
cap structures, e.g., at the 2" -ribose position on the third base from the
5’ terminus, to give the structure m’GpppN™pN™p . . ..

The widespread occurrence of these unusual 5”-terminal structures
implies that they have important biological function(s), and, indeed, the
availability of both methylated and unmethylated VSV and reovirus
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mRNAs has made it possible to determine one of these functions. In
cell-free extracts of wheat germ, unmethylated VSV and reovirus
mRNAs are translated into authentic viral polypeptides (Both et al.
1975b,c). However, in the presence of S-adenosylhomocysteine (SAH),
an inhibitor of methylation, the mRNAs are translated poorly, if at all
(Both et al., 1975a). Addition of the methyl donor SAM to the transla-
tion reaction mixtures results in methylation of the exogenous,
unmethylated viral mRNAs by the wheat germ extract and stimulation
of authentic viral polypeptide synthesis (Both et al., 1975a). The
methylation is highly specific; the 5" -terminal structure GpppN ... in
unmethylated reovirus and VSV mRNAs is converted to m’GpppN
..., and no methylation occurs in any other nucleotides in the mRNA
(Muthukrishnan et al., 1975). In addition, reovirus grows in mouse L-
cell fibroblasts, and L-cell S10 extracts specifically methylate the
reovirus mRNAs at the 5° termini. However, in L-cell extracts the
penultimate base is also methylated in the 2" -ribose position, yielding
m’GpppG™ . ... When the m’G is removed from the 5’ termini of
reovirus mRNAs by the @-elimination reaction (Fraenkel-Conrat and
Steinschneider, 1968), the ability of reovirus mRNAs to direct in vitro
protein synthesis in wheat germ extract is reduced. The results indicate
that m’G at the 5° terminus of viral mRNAs is fundamentally involved
in translation.

Some insight has recently been gained into the function of m’G in
translation. There is a requirement for methylation of reovirus mRNA at
the level of mRNA-80 S ribosome complex formation, and only
methylated mRNA forms stable complexes with 40 S ribosomal subunits
in wheat germ extract (Both et al., 1975¢). In addition, the 5° termini of
methylated reovirus mRNAs bound in mRNA-80 S ribosome com-
plexes in wheat germ extract are partially resistant (15% and 50% respec-
tively) to digestion with pancreatic and T, RNases; a fragment(s) of the
type m’GpppG™pCpUp(Np)sGp(Np)as-50Gp is protected by ribosomes
against RNase digestion. The results suggest that the extremity of the 80
S ribosome in initiation complexes lies within the 5’ -terminal mRNA
sequence, m’GpppG™pCpUp(Np);Gp, contained within the ten reovirus
mRNAs and protects it from attack by RNases. Moreover, this 5" -ter-
minal fragment(s), which lacks most of the ribosome-protected mRNA
sequences, will not bind to wheat germ ribosomal subunits; however,
some of the longer, ribosome-protected, 5’-terminal fragment(s),
m’GpppG™pCpUp(Np);Gp(NpP)as.5Gp, will rebind to ribosomes in an
RNase-resistant complex. The close proximity in at least 50% of the
reovirus mMRNAs of the 5'-terminal m’GpppG™ structure to the
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ribosome-protected sequence(s) of the mRNAs suggests that both
structural features may be required simultaneously for correct ribosome
binding during the formation of protein synthesis initiation complexes
(Both et al., 1975e). The position in reovirus mRNAs of the initiator
codon AUG relative to the 5'-terminal m’GpppG™ is not known.
However, in the case of brome mosaic virus, which grows in wheat, the
mRNA for the viral coat protein has the 5’-terminal structure
m’GpppG . . ., and the AUG sequence lies only ten bases from the 5°
end of the mRNA molecule within a 23-nucleotide fragment which binds
to ribosomes (Dasgupta et al., 1975). Thus it may be that in monocis-
tronic, eukaryotic viral and cellular mRNAs, the close proximity to the
5" end of the molecule of the initiator codon and the ribosome binding
sequence imposes a requirement for m’G, possibly because structures
such as hairpins that may be recognized by ribosomes cannot be formed.
The presence of this unique 5’-terminal structure m’GpppN™ in a
variety of eukaryotic mRNAs is consistent with its fundamental
importance in protein synthesis as first demonstrated in a heterologous
cell-free system.

However, it appears that picornavirus RNAs including EMC and
poliovirus do not have blocked, methylated 5° termini (unpublished
observations of S. Muthukrishnan and A. Shatkin; H. Oppermann and
Y. Furuichi; E. Wimmer et al.; D. Baltimore et al.; J. Darnell et al.; P.
Fellner et al.; S. Mandeles et al.). EMC RNA is not translated or
methylated in wheat germ extract under conditions that result in the
methylation and translation of VSV and reovirus unmethylated RNAs
(G. Both, unpublished observations). Furthermore, in ascites cell
extracts EMC RNA is translated into virus-specific polypeptides in the
absence of exogenous SAM or in the presence of SAH (M. Morgan
and A. Shatkin, unpublished results). Similarly, poliovirus RNA can be
translated into authentic viral products in HeLa cell extract and reticu-
locyte lysate without being affected by the addition of SAM or SAH
(L. Villa-Komaroff and D. Baltimore, unpublished results). Thus it
seems clear that in the case of the picornavirus RNAs that code for
“polyproteins” the initiation of translation occurs by a 7-methyl-
guanosine-independent mechanism. In picornavirus RNAs, there may
be extensive base complementarity between the 3”-terminal portion of
18 S ribosomal RNA and a sequence on the 5 side of the initiator
AUG codon. This could result in stable mRNA-ribsomal subunit
interactions without a requirement for 5'-terminal 7-methylguanosine
(Shine and Dalgarno, 1974; Steitz and Jakes, 1975; Dasgupta et al.,
1975; Both et al., 1975¢). Alternatively, in mRNAs where the initiator
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codon is distant from the 5 end, ribosome binding may depend on
recognition of an intramolecular secondary structure in the mRNA.

5.2. Effects of Interferon on Cell-Free Protein Synthesis

It is well known that multiplication of RNA and DNA viruses is
markedly inhibited in vertebrate cells that have been treated with
homologous interferon (Interferon and Interferon Inducers, 1973).
Although this phenomenon has been known for many years, the
mechanism of interferon action remains unknown. Evidence has been
presented that the primary targets of interferon action in viral gene
expression are at the levels of both transcription and translation.

With the development of mammalian cell-free protein-synthesizing
systems, it became possible to investigate the effects of interferon on
translation of viral and cellular mRNAs in vitro. The first striking
result was that interferon added directly to the in vitro system failed to
inhibit translation of EMC or mengovirus RNA (Kerr, 1971; Falcoff et
al., 1972). However, when cell-free extracts were prepared from
interferon-treated cells a differential stimulation in protein synthesis
was observed with viral vs. endogenous mRNAs. Friedman er al.
(1972a,b) were unable to detect an inhibition of EMC RNA-stimulated
incorporation of labeled amino acids into polypeptides in extracts
derived from L cells treated with interferon. In contrast, in nonprein-
cubated extracts prepared from cells that had been treated with highly
purified interferon and also infected with vaccinia or EMC virus, there
was a marked decrease in the translation of added EMC RNA. In
contrast to viral mRNA, translation of poly(U) or endogenous mRNA
was not decreased. Thus both interferon treatment and virus infection
appeared to be required in order to obtain inhibition of viral mRNA
translation in vitro. On the other hand, Falcoff et al. (1972) showed
that L cells exposed to homologous interferon preparations yielded cell-
free extracts which were totally inactive for the translation of added
purifitd mRNAs, including mengovirus RNA and rabbit globin
mRNA. Translation of poly(U) or endogenous mRNA was not
impaired. Control experiments demonstrated that this differential block
in protein synthesis was apparent only under conditions in which the
antiviral activity of interferon was expressed.

Fractionation of inhibited cell-free extracts indicated that the
interferon inhibitory effect was localized in the ribosome fraction and
could be removed by washing the ribosomes in high-salt buffer (Falcoff
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et al., 1973). A similar inhibitory activity in the ribosomes of extracts
prepared from interferon-treated Ehrlich ascites tumor cells was
detected by Gupta et al. (1973). In these extracts, protein synthesis
directed by exogenous EMC RNA or L-cell mRNA was impaired, but
endogenous protein synthesis was unaffected. The inhibitory effect was
eliminated by the addition of purified mammalian transfer RNA to the
in vitro system (Gupta et al., 1974; Content et al., 1974). Moreover, the
tRNA species which restored the translation of mengovirus RNA and
globin mRNA in extracts from interferon-treated cells were not
identical, suggesting a possible basis for the selective effects of
interferon in virus and host protein synthesis (Content et al., 1974).
Using pactamycin or aurintricarboxylic acid (ATA), it was shown that
the addition of tRNA enhanced elongation of polypeptide chains as
well as the initiation of new molecules (Gupta et al., 1974; Content et
al., 1974). The need for added tRNA may be due to an impairment of
amino acid acceptance by some of the endogenous tRNA species in the
S30 fraction. Indeed, this impairment was pronounced for leucine
(Gupta et al., 1974), and only leucine showed significant charging in the
mixture of tRNAs which counteracted the inhibitory effect on mengo-
virus RNA translation (Content et al., 1974). Content et al. (1975) have
shown that in cell-free extracts prepared from interferon-treated L cells
an inhibition of peptide chain elongation occurs before the block in
initiation. These effects also appeared to be due to a deficiency in
certain tRNA species.

The effect of interferon treatment of Krebs II ascites tumor cells
on the ability of cell-free extracts prepared from them to translate
various mRNAs was also studied by Samuel and Joklik (1974).
Although the treated cells were not tested for resistance to virus infec-
tion, extracts prepared from them efficiently translated exogenous
cellular mRNA and poly(U), but viral mRNAs including reovirus and
vaccinia mRNA were poorly translated. The inability of the extracts to
translate viral mRNAs was due to the presence of some inhibitory pro-
tein(s) associated with ribosomes. A presumptive inhibitory polypeptide
of molecular weight 48K in the 0.3-0.6 M KCl wash of the ribosomes
was absent in the corresponding fraction from untreated cell ribosomes.
This fraction inhibited the translation of viral mRNAs in cell-free
extracts of untreated cells more than other salt wash fractions, suggest-
ing that the antiviral activity of interferon is mediated by a ribosome-
associated polypeptide that permits discrimination between cellular and
viral mRNAs. A better understanding of the mechanism of action of
interferon, in spite of its apparent complexity, may be achieved by
further studies of cell-free systems.
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6. CONCLUSIONS

Our understanding of animal virus genetic expression is likely to
be extended by the increased use of cell-free protein-synthesizing
systems. Genetic mapping of DNA viruses in vitro has recently had an
auspicious start with the translation of specific mRNAs selected by
hybridization to separated endonuclease cleavage fragments of viral
genomes. Among the several classes of RNA viruses, progress has
already been made in defining various schemes for viral protein forma-
tion, and further studies should provide information on specific points
such as the number of polypeptide initiation sites in togavirus mRNAs
and in the genome subunits of RNA tumor viruses. Important control
processes are also being elucidated with the aid of in vitro systems, e.g.,
the role of mRNA methylation in protein synthesis and the mechanism
of action of interferon. These and other aspects of the regulation of
eukaryotic protein synthesis provide challenging problems for future
studies.

A CKNOWLEDGMENT

We thank Christa Nuss for invaluable assistance.

7. REFERENCES

Abraham, G., Rhodes, D. P., and Banerjee, A. K., 19754, The 5’ -terminal structure of
the methylated mRNA synthesized in vitro by vesicular stomatitis virus, Cell 5:51.
Abraham, G., Rhodes, D. P., and Banerjee, A. K., 19755, Novel initiation of RNA

synthesis in vitro by vesicular stomatitis virus, Nature (London) 255:37.

Adams, J. M., and Cory, S., 1975, Modified nucleosides and bizarre 5 -termini in
mouse myeloma mRNA, Nature (London) 255:28.

Adamson, S. D., Herbert, E., and Godchaux, W., III, 1968, Factors affecting the rate
of protein synthesis in lysate systems from reticulocytes, Arch. Biochem. Biophys.
125:671.

Allende, J. E., and Bravo, M., 1966, Amino acid incorporation and aminoacyl transfer
in a wheat embryo system, J. Biol. Chem. 241:2756.

Anderson, C. W., Baum, P. R., and Gesteland, R. F., 1973, Processing of adenovirus 2-
induced proteins, J. Virol. 12:241.

Anderson, C. W., Lewis, J. B., Atkins, J. F., and Gesteland, R. F., 1974, Cell-free syn-
thesis of adenovirus 2 proteins programmed by fractionated messenger RNA: A
comparison of polypeptide products and messenger RNA lengths, Proc. Natl. Acad.
Sci. USA 71:2756. .

Atkins, J. F., Lewis, J. B., Anderson, C. W., and Gesteland, R. F., 1975, Enhanced dif-
ferential synthesis of proteins in a mammalian cell-free system by addition of poly-
amines, J. Biol. Chem. 250:5688.



60 Chapter 1

August, J. T., Bolognesi, D. P., Fleissner, E., Gilden, R. V., and Nowinski, R. C.,
1974, A proposed nomenclature for the virion proteins of oncogenic RNA viruses,
Virology 60:595.

Avery, R. J., 1974, The sub-cellular localization of virus-specific RNA in influenza
virus-infected cells, J. Gen. Virol. 24:77.

Aviv, H., Boime, I., and Leder, P., 1971, Protein synthesis directed by encephalomyo-
carditis virus RNA: Properties of a transfer RNA-dependent system, Proc. Natl.
Acad. Sci. USA 68:2303.

Bader, J. P., 1975, Reproduction of RNA tumor viruses, in: Comprehensive Virology,
Vol. 4 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 253-315, Plenum Press,
New York.

Baltimore, D., 1971, Expression of animal virus genomes, Bacteriol. Rev. 35:235.

Baltimore, D., Huang, A. S., and Stampfer, M., 1970, Ribonucleic acid synthesis of
vesicular stomatitis virus. II. An RNA polymerase in the virion, Proc. Natl. Acad.
Sci, USA 66:572.

Baluda, M. A., Shoyab, M., Markham, P. D., Evans, R. M., and Drohan, W. N.,
1974, Base sequence complexity of 35 S avian myeloblastosis virus DNA deter-
mined by molecular hybridization kinetics, Cold Spring Harbor Symp. Quant. Biol.
39:859.

Banerjee, A. K., and Rhodes, D. P., 1973, In vitro synthesis of RNA that contains
polyadenylate by virion-associated RNA polymerase of vesicular stomatitis virus,
Proc. Natl. Acad. Sci. USA 70:3566.

Banerjee, A. K., and Shatkin, A. J., 1970, Transcription in vitro by reovirus-associated
ribonucleic acid-dependent polymerase, J. Virol. 6:1.

Banerjee, A. K., Moyer, S. A,, and Rhodes, D. P., 1974, Studies on the in vitro
adenylation of RNA by vesicular stomatitis virus, Virology 61:547.

Barth, L. G., and Barth, L. J., 1959, Differentiation of cells of the Rana pipiens
gastrula in unconditioned medium, J. Embryol. Exp. Morphol. 7:210.

Beaud, G., Kirn, A., and Gros, F., 1972, In vitro protein synthesis directed by RNA
transcribed from vaccinia DNA, Biochem. Biophys, Res. Commun. 49:1459.

Bernard, J. P., and Northrop, R. L., 1974, RNA polymerase in mumps virion, J. Virol.
14:183.

Bishop, D. H. L., and Roy, P., 1971, Properties of the product synthesized by vesicular
stomatitis virus particles, J. Mol. Biol. 58:799.

Bishop, D. H. L., Emerson, S. U., and Flamand, A., 1974, Reconstitution of infectivity
and transcriptase activity of homologous and heterologous viruses: Vesicular sto-
matitis (Indiana serotype), and Chandipura, vesicular stomatitis (New Jersey
serotype) and Cocal viruses, J. Virol. 14:139.

Boime, I., and Leder, P., 1972, Protein synthesis directed by encephalomyo-
carditis virus mRNA. III. Discrete polypeptides translated from a monocistronic
messenger in vitro, Arch. Biochem. Biophys. 153:706.

Boime, I., Aviv, H. and Leder, P., 1971, Protein synthesis directed by encepha-
lomyocarditis virus RNA. II. The in vitro synthesis of high molecular weight pro-
teins and elements of the viral capsid, Biochem. Biophys. Res. Commun. 45:788.

Borsa, J., and Graham, A. F., 1968, Reovirus RNA polymerase activity in purified
virions, Biochem. Biophys. Res. Commun. 33:895.

Both, G. W., Banerjee, A. K., and Shatkin, A. J., 19754, Methylation-dependent
translation of viral messenger RNAs in vitro, Proc. Natl. Acad. Sci. USA 72:1189.
Both, G. W., Lavi, S., and Shatkin, A. J., 1975b, Synthesis of all the gene products of

the reovirus genome in vivo and in vitro, Cell 4:173.



Translation of Animal Virus mRNAs irn Vitro 61

Both, G. W., Moyer, S. A, and Banerjee, A. K., 1975¢, Translation and identification
of the mRNA species synthesized in vitro by the virion-associated RNA polymerase
of vesicular stomatitis virus, Proc. Natl. Acad. Sci. USA T72:274.

Both, G. W., Moyer, S. A., and Banerjee, A. K., 19754, Translation and identification
of the viral mRNA species isolated from subcellular fractions of vesicular stomatitis
virus-infected cells, J. Virol. 15:1012.

Both, G. W., Furuichi, Y., Muthukrishnan, S., and Shatkin, A. J., 1975¢, Ribosome
binding to reovirus mRNA in protein synthesis requires 5°-terminal 7-methyl-
guanosine, Cell 6:185.

Brachet, J., Huez, G., and Hubert, E., 1973, Microinjection of rabbit hemoglobin
messenger RNA into amphibian oocytes and embryos, Proc. Natl. Acad. Sci. USA
70:543.

Bratt, M. A., and Robinson, W. S., 1967, Ribonucleic acid synthesis in cells infected
with Newcastle disease virus, J. Mol. Biol. 23:1.

Brawerman, G., 1974, Eukaryotic messenger RNA, Annu. Rev. Biochem. 43:621.

Breindl, M., and Holland, J. J., 1975, Coupled in vitro transcription and translation of
vesicular stomatitis virus messenger RNA, Proc. Natl. Acad. Sci. USA T2:2545.

Brown, D. D., and Littna, E., 1964, RNA synthesis during the development of Xenopus
laevis, the South African clawed toad, J. Mol. Biol. 8:669.

Butterworth, B. E., 1973, A comparison of the virus-specific polypeptides of encepha-
lomyocarditis virus, human rhinovirus-1A, and poliovirus, Virology 56:439.

Cancedda, R., and Schlesinger, M. J., 1974, Formation of Sindbis virus capsid protein
in mammalian cell-free extracts programmed with viral messenger RNA, Proc. Natl.
Acad. Sci. USA 71:1843.

Cancedda, R., Swanson, R., and Schlesinger, M. J., 19744, Effects of different RNAs
and components of the cell-free system on in vitro synthesis of Sindbis viral proteins,
J. Virol. 14:652.

Cancedda, R., Swanson, R., and Schlesinger, M. J., 1974b, Viral proteins formed in a
cell-free rabbit reticulocyte system programmed with RNA from a temperature-
sensitive mutant of Sindbis virus, J. Virol. 14:664.

Choppin, P. W., and Compans, R. W., 1975, Reproduction of paramyxoviruses, in:
Comprehensive Virology, Vol. 4 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp.
95-178, Plenum Press, New York.

Chow, N., and Simpson, R. W., 1971, RNA dependent RNA polymerase activity
associated with virions and subviral components of myxoviruses, Proc. Natl. Acad.
Sci. USA4 68:752.

Clegg, C., and Kennedy, L., 1975, Translation of Semliki-Forest virus intracellular 26 S
RNA: Characterisation of the products synthesized in vitro, Eur. J. Biochem. 53:175.

Clegg, J. C. S., 1975, Sequential translation of capsid and membrane protein genes of
alphaviruses, Nature (London) 254:454.

Collins, B. S., and Bratt, M. A., 1973, Separation of the messenger RNAs of
Newcastle disease virus by gel electrophoresis, Proc. Natl. Acad. Sci. USA 70:2544.
Colonno, R. J., and Stone, H. O., 1975, In vitro methylation of Newcastle disease virus

messenger RNA by a virion-associated enzyme, Proc. Natl. Acad. Sci. USA 72:2611.

Compans, R. W., and Choppin, P. W., 1975, Reproduction of myxoviruses, in:
Comprehensive Virology, Vol. 4 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp.
179-239, Plenum Press, New York.

Content, J., Lebleu, B., Zilberstein, A., Berissi, H., and Revel, M., 1974, Mechanism of
the interferon-induced block of mRNA translation in mouse L cells: Reversal of the
block by transfer RNA, FEBS Lett. 41:125.



62 Chapter 1

Content, J., Lebleu, B., Nudel, U., Zilberstein, A., Berissi, H., and Revel, M., 1975,
Blocks in elongation and initiation of protein synthesis induced by interferon treat-
ment in mouse L cells, Eur. J. Biochem. 54:1.

Crawford, L. V., and Gesteland, R. F., 1973, Synthesis of polyoma proteins in vitro, J.
Mol. Biol. 74:627.

Dasgupta, R., Shih, D. S., Saris, C., and Kaesberg, P., 1975, Nucleotide sequence of a
viral RNA fragment that binds to eukaryotic ribosomes Nature (London) 256:624.
Davies, J. W., and Kaesberg, P., 1973, Translation of virus mRNA: Synthesis of bac-
teriophage Qg proteins in a cell-free extract from wheat embryo, J. Virol. 12:1434.
Dobos, P., Kerr, I. M., and Martin, E. M., 1971, Synthesis of capsid and noncapsid
viral proteins in response to encephalomyocarditis virus ribonucleic acid in animal

cell-free systems, J. Virol. 8:491.

Duesberg, P., Vogt, P. K., Beemon, K., and Lai, M., 1974, Avian RNA tumor viruses;
mechanism of recombination and complexity of the genome, Cold Spring Harbor
Symp. Quant. Biol. 39:847.

Eggen, K. L., and Shatkin, A. J., 1972, In vitro translation of cardiovirus ribonucleic
acid by mammalian cell-free extracts, J. Virol. 9:636.

Ehrenfeld, E., and Summers, D. F., 1972, Adenylate-rich sequences in vesicular sto-
matitis virus messenger ribonucleic acid, J. Virol. 10:683.

Eisenman, R., Vogt, V. M., and Diggelmann, H., 1975, The synthesis of avian RNA
tumor virus structural proteins, Cold Spring Harbor Symp. Quant. Biol. 39:1067.

Emerson, S. U., and Wagner, R. R., 1973, L protein requirement for in vitro RNA
synthesis by vesicular stomatitis virus, J. Virol. 12:1325.

Eron, L., and Westphal, H., 1974, Cell-free translation of highly purified adenovirus
messenger RNA, Proc. Natl. Acad. Sci. USA 71:3385.

Eron, L., Callahan, R., and Westphal, H., 19744, Cell-free synthesis of adenovirus coat
proteins, J. Biol. Chem. 249:6331.

Eron, L., Westphal, H., and Callahan, R., 1974b, In vitro synthesis of adenovirus core
proteins, J. Virol. 14:375.

Esteban, M., and Kerr, I. M., 1974, The synthesis of encephalomyocarditis virus
polypeptides in infected L-cells and cell-free systems, Eur. J. Biochem. 45:567.

Etkind, P. R., and Krug, R. M., 1974, Influenza viral messenger RNA, Virology 62:38.

Falcoff, E., Falcoff, R., Lebleu, B., and Revel, M., 1972, Interferon treatment inhibits
Mengo RNA and haemoglobin mRNA translation in cell-free extracts of L cells,
Nature (London) New Biol. 240:145.

Falcoff, E., Falcoff, R., Lebleu, B., and Revel, M., 1973, Correlation between the
antiviral effect of interferon treatment and the inhibition of in vitro mRNA transla-
tion in noninfected L cells, J. Virol. 12:421.

Fleissner, E., 1971, Chromatographic separation and antigenic analysis of protein of
the oncornaviruses. I. Avian leukemia-sarcoma viruses, J. Virol. 8:778.

Floyd, R. W., Stone, M. P., and Joklik, W. K., 1974, Separation of single-stranded
ribonucleic acids by acrylamide-agrose-urea gel electrophoresis, Anal. Biochem.
59:599.

Fournier, F., Tovell, D. R., Esteban, M., Metz, D. H., Ball, L. A., and Kerr, I. A.,
1973, The translation of vaccinia virus messenger RNA in animal cell-free systems,
FEBS Lett. 30:268 -

Fraenkel-Conrat, H., and Steinschneider, A., 1968, Stepwise degradation of RNA:
Periodate followed by aniline cleavage, in: Methods in Enzymology, Vol. XII (L.
Grossman and K. Moldave, eds.), pp. 243-246. Academic Press, New York.



Translation of Animal Virus mRNAs in Vitro 63

Friedman, R. M., Metz, D. H., Esteban, R. M., Tovell, D. R., Ball, L. A., and Kerr, I.
M., 1972a, Mechanism of interferon action: Inhibition of viral messenger ribonucleic
acid translation in L-cell extracts, J. Virol. 10:1184.

Friedman, R. M., Esteban, R. M., Metz, D. H., Tovell, D. R., Kerr, I. M., and
Williamson, R., 19725, Translation of RNA by L cell extracts; effect of interferon,
FEBS Lett. 24:273.

Furuichi, Y., 1974, Methylation-coupled transcription by virus-associated transcriptase
of cytoplasmic polyhedrosis virus containing double-sttanded RNA, Nucleic Acids
Res. 1:809.

Furuichi, Y., and Miura, K.-I., 1975, A blocked structure at the 5° terminus of mRNA
from cytoplasmic polyhedrosis virus, Nature (London) 253:374.

Furuichi, Y., Morgan, M., Muthukrishnan, S., and Shatkin, A. J., 1975a, Reovirus
messenger RNA contains a methylated, blocked 5’-terminal structure:
m’G(5)ppp(5")G™pCp-, Proc. Natl. Acad. Sci. USA 72:362.

Furuichi, Y., Morgan, M., Shatkin, A. J., Jelinek, W., Salditt-Georgieff, M., and
Darnell, J. E., 1975b, Methylated, blocked 5°-termini in HeLa cell mRNA, Proc.
Natl. Acad. Sci. USA 72:1904.

Furuichi, Y., Muthukrishnan, S., and Shatkin, A. J., 1975¢, 5'-Terminal m’'G(5")
ppp(5°)G™p in vivo: Identification in reovirus genome RNA, Proc. Natl. Acad. Sci.
USA 72:742.

Ghosh, H. P., Toneguzzo, F., and Wells, S., 1973, Synthesis in vitro of vesicular sto-
matitis virus proteins in cytoplasmic extracts of L cells, Biochem. Biophys. Res.
Commun. 54:228.

Gielkens, A. L. T., Salden, M. H. L., Bloemendal, H., and Konings, R. N. H., 1972,
Translation of oncogenic viral RNA and eukaryotic messenger RNA in the E. coli
cell-free system, FEBS Lett. 28:348.

Gilbert, J. M., and Anderson, W. F., 1970, Cell-free hemoglobin synthesis. II. Charac-
teristics of the transfer ribonucleic acid-dependent assay system. J. Biol. Chem.
245:2342.

Graziadei, W. D., III, and Lengyel, P., 1972, Translation of in vitro synthesized
reovirus messenger RNAs into proteins of the size of reovirus capsid proteins in a
mouse L cell extract, Biochem. Biophys. Res. Commun. 46:1816.

Graziadei, W. D., Roy, D., Konisberg, W., and Lengyel, P., 1973, Translation of
reovirus messenger ribonucleic acids synthesized in vitro into reovirus proteins in a
mouse L cell extract, Arch. Biochem. Biophys. 158:266.

Grubman, M. J., and Summers, D. F., 1973, Ir vitro protein-synthesizing activity of
vesicular stomatitis virus-infected cell extracts, J. Virol. 12:265.

Grubman, M. J., Ehrenfeld, E., and Summers, D. F., 1974, In vitro synthesis of pro-
teins by membrane-bound polyribosomes from vesicular stomatitis virus-infected
HelLa cells, J. Virol. 14:560.

Grubman, M. J., Moyer, S. A., Banerjee, A. K., and Ehrenfeld, E., 1975, Subceliular
localization of vesicular stomatitis virus messenger RNAs, Biochem. Biophys. Res.
Commun. 62:531.

Gupta, S. L., Sopori, M. L., and Lengyel, P., 1973, Inhibition of protein synthesis
directed by added viral and cellular messenger RNAs in extracts of interferon-treated
Ehrlich ascites tumor cells: Location and dominance of the inhibitor(s), Biochem.
Biophys. Res. Commun. 54:777.

Gupta, S. L., Sopori, M. L., and Lengyel, P., 1974, Release of the inhibition of



64 Chapter 1

messenger RNA translation in extracts of interferon-treated Ehrlich ascites tumor
cells by added transfer RNA, Biochem. Biophys. Res. Commun. 57:763.

Gurdon, J. B., 1967, On the origin and persistence of a cytoplasmic state inducing
nuclear DNA synthesis in frogs’ eggs, Proc. Natl. Acad. Sci. USA 58:545.

Gurdon, J. B., 1968, Changes in somatic cell nuclei inserted into growing and matur-
ing amphibian oocytes, J. Embryol. Exp. Morphol. 20:401.

Gurdon, J. B., Lane, C. D., Woodland, H. R., and Marbaix, G., 1971, Use of frog eggs
and oocytes for the study of messenger RNA and its translation in living cells,
Nature (London) 233:177.

Haselkorn, R., and Rothman-Denes, L. B., 1973, Protein synthesis, Annu. Rev.
Biochem. 42:397.

Hay, A. J., and Joklik, W. K., 1971, Demonstration that the same strand of reovirus
genome RNA is transcribed in vitro and in vivo, Virology 44:450.

Holland, J. J., and Kiehn, D. E., 1968, Specific cleavage of viral proteins as steps in the
synthesis and maturation of enteroviruses, Proc. Natl. Acad. Sci. USA 60:1015.

Homma, M., and Ohuchi, M., 1973, Trypsin action on growth of Sendai virus in tissue
culture cells. III. Structural differences of Sendai viruses grown in eggs and tissue
culture cells, J. Virol. 12:1457.

Housman, D., Jacobs-Lorena, M., Rajbhandary, U. L., and Lodish, H. F., 1970,
Initiation of haemoglobin synthesis by methionyl-tRNA, Nature (London) 227:913.
Huang, A. S., Baltimore, D., and Stampfer, M., 1970, RNA synthesis of vesicular sto-
matitis virus. III. Multiple complementary messenger RNA molecules, Virology

42:946.

Huang, A. S., Baltimore, D., and Bratt, M. A., 1971, Ribonucleic acid polymerase in
virions of Newcastle disease virus: Comparison with the vesicular stomatitis virus
polymerase, J. Virol. 7:389.

Hunt, T., Vanderhoff, G., and London, I. M., 1971, Control of globin synthesis: The
role of heme, J. Mol. Biol. 66:471.

Imblum, R. L., and Wagner, R. R., 1974, Protein kinase and phosphoproteins of
vesicular stomatitis virus, J. Virol. 13:113.

Interferon and Interferon Inducers, 1973, (N. B. Finter, ed.), North-Holland, New
York.

Jacobs-Lorena, M., and Baglioni, C., 1972, Characterization of a mouse ascites cell-
free system, Biochemistry 11:4970.

Jacobson, M. F., and Baltimore, D., 1968, Polypeptide cleavages in the formation of
poliovirus proteins, Proc. Natl. Acad. Sci. USA 61:77.

Jacobson, M. F., Asso, J., and Baltimore, D., 1970, Further evidence on the formation
of poliovirus proteins, J. Mol. Biol. 49:657.

Jaureguiberry, G., Ben-Hamida, G., Chapeville, G., and Beaud, G., 1975, Messenger
activity of RNA transcribed in vitro by DNA-RNA polymerase associated to vac-
cinia virus cores, J. Virol. 15:1467.

Johnston, F. B., and Stern, H., 1957, Mass isolation of viable wheat embryos, Nature
(London) 179:160.

Joklik, W. K., 1974, Reproduction of reoviridae, in: Comprehensive Virology, Vol. 2
(H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 231-320, Plenum Press, New
York.

Kennedy, S. I. T., 1972, Isolation and characterization of the virus-specific RNA
species found on membrane-bound polyribosomes of chick embryo cells infected with
Semliki Forest virus, Biochem. Biophys. Res. Commun. 48:1245.



Translation of Animal Virus mRNAs in Vitro 65

Kerr, I. M., 1971, Protein synthesis in cell-free systems: An effect of interferon, J.
Virol. 7: 448.

Kerr, I. M., and Martin, E. M., 1971, Virus protein synthesis in animal cell-free
systems: Nature of the products synthesized in response to ribonucleic acid of
encephalomyocarditis virus, J. Virol. 7:438.

Kerr, I. M., Martin, M., Hamilton, M. G., and Work, T. S., 1962, The initiation of
virus protein synthesis in Krebs ascites-tumor cells infected with EMC virus, Cold
Spring Harbor Symp. Quant. Biol. 27: 259.

Kerr, I. M., Cohen, N., and Work, T. S., 1966, Factors controlling amino acid incor-
poration by ribosomes from Krebs 2 mouse ascites-tumor cells, Biochem. J. 98:826.
Kerr, I. M., Brown, R. E., and Tovell, D. R., 1972, Characterization of the
polypeptides formed in response to encephalomyocarditis virus ribonucleic acid in a

cell-free system from mouse ascites tumor cells, J. Virol. 10:73.

Kiehn, E. D., and Holland, J. J., 1970, Synthesis and cleavage of enterovirus
polypeptides in mammalian cells, J. Virol. 5:358.

Kingsbury, D. W., 1973, Cell-free translation of paramyxovirus messenger RNA, J.
Virol. 12:1020.

Kingsbury, D. W., and Webster, R. G., 1973, Cell-free translation of influenza virus
messenger RNA, Virology 56:654.

Knipe, D., Rose, J. K., and Lodish, H. F., 1975, Translation of individual species of
vesicular stomatitis virus mRNA, J. Virol. 15:1004.

Korant, B. D., 1972, Cleavage of viral precursor proteins in vivo and in vitro, J. Virol.
10:751.

Korant, B. D., 1975, Regulation of animal virus replication by protein cleavage, in:
Proteases and Biological Control (Symposium), Cold Spring Harbor Press, Cold
Spring Harbor, NY.

Laemmli, U. K., 1970, Cleavage of structural proteins during the assembly of bac-
teriophage T,, Nature (London) 227:680.

Laskey, R. A., Gurdon, J. B., and Crawford, L. V., 1972, Translation of encepha-
lomyocarditis viral RNA in oocytes of Xenopus laevis, Proc. Natl. Acad. Sci. USA
69:3665.

Lavi, S., and Shatkin, A. J., 1975, Methylated SV,,-specific RNA from nuclei and
cytoplasm of infected BSC-1 cells, Proc. Natl. Acad. Sci. USA 72:2012.

Lawrence, C., and Thach, R. E., 1974, Encephalomyocarditis virus infection of mouse
plasmacytoma cells. I. Inhibition of cellular protein synthesis, J. Virol. 14:598.

Lawrence, C., and Thach, R. E., 1975, Identification of a viral protein involved in post-
translational maturation of the EMC virus capsid precursor, J. Virol. 15:918.

Levin, D. H., Mendelsohn, N., Schonberg, M., Klett, H., Silberstein, S., Kapular, A.
M., and Acs, G., 1970, Properties of RNA transcriptase in reovirus subviral parti-
cles, Proc. Natl. Acad. Sci. USA 66:890.

Levin, D. H., Kyner, D., and Acs, G., 1971, Messenger activity in mammalian cell-free
extracts of reovirus single-stranded RNA prepared in vitro, Biochem. Biophys. Res.
Commun. 42:454,

Levin, D. H., Kyner, D., and Acs, G., 1972, Formation of a mammalian initiation
complex with reovirus messenger RNA, methionyl-tRNAE, and ribosomal subunits,
Proc. Natl. Acad. Sci. USA 69:1234.

Levintow, L., 1974, The reproduction of picornaviruses, in: Comprehensive Virology,
Vol. 3 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 109-169, Plenum Press,
New York.



66 Chapter 1

Lewis, J. B., Atkins, J. F., Anderson, C. W., Baum, P. R, and Gesteland, R. F., 1975,
Mapping of late adenovirus genes by cell-free translation of RNA selected by
hybridization to specific DNA fragments, Proc. Natl. Acad. Sci. USA 72:1344.

Lodish, H. F., 1974, Model for the regulation of mRNA translation applied to haemo-
globin synthesis, Nature (London) 251:385.

Lodish, H. F., Weinberg, R., and Ozer, H. L., 1974, Translation of mRNA from
simian virus 40-infected cells into simian virus 40 capsid protein by cell-free extracts,
J. Virol. 13:590.

Lucas-Lenard, J., and Lipmann, F., 1971, Protein synthesis, Annu. Rev. Biochem.
40:409.

Maizel, J. V., 1971, Polyacrylamide gel electrophoresis of viral proteins, in: Methods in
Virology, Vol. 5 (K. Maramorosch and H. Koprowski, eds.), pp. 179-246, Academic
Press, New York.

Marcu, K. and Dudock, B., 1974, Characterization of a highly efficient protein
synthesizing system derived from commercial wheat germ, Nucleic Acid Res. 1:1385.

Marcus, A., Efron, D., and Weeks, D. P., 1974a, The wheat embryo cell-free system,
in: Methods in Enzymology, Vol. 30 (K. Moldave and L. Grossman, eds.), pp. 749-
754, Academic Press, New York.

Marcus, A., Seal, S. N., and Weeks, D. P., 1974b, Protein chain initiation in wheat
embryo, in: Methods in Enzymology, Vol. 30 (K. Moldave and L. Grossman, eds.),
pp. 94-101, Academic Press, New York.

Martin, E. M., Malec, J., Sved, S., and Work, T. S., 1961, Studies on protein and
nucleic acid metabolism in virus-infected mammalian cells, Biochem. J. 80:585.

Mathews, M. B., and Korner, A., 1970, Mammalian cell-free protein synthesis directed
by viral ribonucleic acid, Eur. J. Biochem. 17:328.

Mathews, M. B., and Osborn, M., 1974, The rate of polypeptide chain elongation in a
cell-free system from Krebs II ascites cells, Biochim. Biophys. Acta 340:147.

Mautner, V., Williams, J., Sambrook, J., Sharp, P. A., and Grodzicker, T., 1975, The
location of the genes coding for hexon and fiber proteins in adenovirus DNA, Cell
5:93.

May, B. K., and Glenn, A. R., 1974, Translation of rabbit haemoglobin mRNA in
oocytes of the Queensland cane toad, Bufo marinus, Aust. J. Biol. Sci. 27:585.

McDowell, M. J., and Joklik, W. K., 1971, An in vitro protein synthesizing system
from mouse L fibroblasts infected with reovirus, Virology 45:724.

McDowell, M., Joklik, W. K., Villa-Komaroff, L., and Lodish, H. F., 1972, Transla-
tion of reovirus messenger RNAs synthesized in vitro into reovirus polypeptides by
several mammalian cell-free extracts, Proc. Natl. Acad. Sci. USA 69:2649.

Miura, K.-I., Watanabe, K., and Sugiura, M., 1974, 5’ -Terminal nucleotide sequences
of the double-stranded RNA of silkworm cytoplasmic polyhedrosis virus, J. Mol.
Biol. 86:31.

Morrison, T. G., and Lodish, H. F., 1975, The site of synthesis of membrane and non-
membrane proteins of vesicular stomatitis virus, J. Biol. Chem. 250:6955.

Morrison, T., Stampfer, M., Baltimore, D., and Lodish, H. F., 1974, Translation of
vesicular stomatitis messenger RNA by extracts from mammalian and plant cells, J.
Virol. 13:62.

Moss, B., 1974, Reproduction of poxviruses, in: Comprehensive Virology, Vol. 3 (H.
Fraenkel-Conrat and R. R. Wagner, eds.), pp. 405-474, Plenum Press, New York.
Mowshowitz, D., 1973, Identification of polysomal RNA in BHK cells infected by

Sindbis virus, J. Virol. 11:535.



Translation of Animal Virus mRNAs in Vitro 67

Moyer, S. A., and Banerjee, A. K., 1975, Messenger RNA species synthesized in
vitro by the virion-associated RNA polymerase of vesicular stomatitis virus, Cell
4:37.

Moyer, S. A., and Summers, D. F., 1974, Phosphorylation of vesicular stomatitis virus
in vivo and in vitro, J. Virol. 13:455.

Moyer, S. A., Grubman, M. J., Ehrenfeld, E., and Banerjee, A. K., 19754, Studies on
the in vivo and in vitro messenger RNA species of vesicular stomatitis virus,
Virology 67:463.

Moyer, S. A., Abraham, G., Adler, R., and Banerjee, A. K., 1975b, Methylated and
blocked 5 termini in vesicular stomatitis virus in vivo mRNAs, Cell 5:59.

Mudd, J. A., and Summers, D. F., 1970, Polysomal ribonucleic acid of vesicular sto-
matitis virus-infected HelLa cells, Virology 42:958.

Muthukrishnan, S., Both, G. W., Furuichi, Y., and Shatkin, A. J., 1975, 5" -Terminal
7-methylguanosine in eukaryotic mRNA is required for translation, Nature (London)
255:33.

Naso, R. B., Wang, C. S, Tsai, S., and Arlinghaus, R. B., 1973, Ribosomes from
Rauscher leukemia virus-infected cells and their response to Rauscher viral RNA
and polyuridylic acid, Biochim. Biophys. Acta 324:346.

Naso, R. B., Arcement, L. J., and Arlinghaus, R. B., 1975, Biosynthesis of Rauscher
leukemia viral proteins, Cell 4:31.

Oberg, B. F., and Shatkin, A. J., 1972, Initiation of picornavirus protein synthesis in
ascites cell extracts, Proc. Natl. Acad. Sci. USA 69:3589.

Oberg, B. F., and Shatkin, A. J., 1974, Translation of mengovirus RNA in Ehrlich
ascites cell extracts, Biochem. Biophys. Res. Commun. 57:1186.

Oberg, B. F., Saborio, J., Persson, T., Everitt, E., and Philipson, L., 1975, Identifica-
tion of the in vitro translation products of adenovirus mRNA by immunoprecipita-
tion, J. Virol. 15:199.

Palmiter, R. D., 1973, Ovalbumin messenger ribonucleic acid translation: Comparable
rates of polypeptide initiation and elongation on ovalbumin and globin messenger
ribonucleic acid in a rabbit reticulocyte lysate, J. Biol. Chem. 248:2095.

Penhoet, E., Miller, H., Doyle, M., and Blatti, S., 1971, RNA-dependent RNA
polymerase activity in influenza virions, Proc. Natl. Acad. Sci. USA 68:1369.

Perry, R. P., and Kelley, D. E., 1975, The methylated constituents of L cell messenger
RNA: Evidence for an unusual cluster at the 5° terminus, Cell 4:387.

Pfefferkorn, E. R., and Shapiro, D., 1974, Reproduction of togaviruses, in:
Comprehensive Virology, Vol. 2 (H. Fraenkel-Conrat and R. R. Wagner, eds.),
pp. 171-230, Plenum Press, New York.

Philipson, L., and Lindberg, U., 1974, Reproduction of adenoviruses, in: Comprehen-
sive Virology, Vol. 3 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 143-227,
Plenum Press, New York.

Pons, M. W., 1973, The inhibition of influenza virus RNA synthesis by actinomycin D
and cycloheximide, Virology 51:120.

Prives, C. L., Aviv, H., Paterson, B. M., Roberts, B. E., Rozenblatt, S., Revel, M., and
Winocour, E., 1974a, Cell-free translation of messenger RNA of simian virus 40:
Synthesis of the major capsid protein, Proc. Natl. Acad. Sci. USA 71:302.

Prives, C. L., Aviv, H., Gilboa, E., Revel, M., and Winocour, E., 1974b, The cell-free
translation of SV40 messenger RNA, Cold Spring Harbor Symp. Quant, Biol.
39:309.

Quade, K., Smith, R. E., and Nichols, J. L., 1974, Evidence for common nucleotide



68 Chapter 1

sequences in the RNA subunits comprising Rous sarcoma virus 70 S RNA, Virology
61:287.

Rekosh, D. M., 1972, Gene order of the poliovirus capsid proteins, J. Virol. 9:479.

Rhodes, D. P., Moyer, S. A., and Banerjee, A. K., 1974, In vitro synthesis of
methylated messenger RNA by the virion-associated polymerase of vesicular sto-
matitis virus, Cell 3:327.

Rich, A., Penman, S., Becker, Y., Darnell, J. E., and Hall, C., 1963, Polyribosomes:
Size in normal and polio-infected HeLa cells, Science 142:1658.

Roberts, B. E., and Paterson, B. M., 1973, Efficient translation of tobacco mosaic virus
RNA and rabbit globin 9 S RNA in a cell-free system from commercial wheat germ,
Proc. Natl. Acad. Sci. USA 70:2330.

Roberts, B. E., Paterson, B. M., and Sperling, R., 1974, The cell-free synthesis and
assembly of viral specific polypeptides into TMV particles, Virology §9:307.

Roberts, B. E., Gorecki, M., Mulligan, R. C., Danna, K. J., Rozenblatt, S., and Rich,
A., 1975, SV,, DNA directs the synthesis of authentic viral polypeptides in a linked
transcription-translation cell-free system, Proc. Natl. Acad. Sci. USA 72:1922.

Robinson, W. S., 1971, Ribonucleic acid polymerase activity in Sendai virions and
nucleocapsid, J. Virol. 8:81.

Rose, J. K., and Knipe, D., 1975, Nucleotide complexities, molecular weights, and
poly(A) content of the vesicular stomatitis virus messenger RNA species, J. Virol.
15:994.

Rosemond, H., and Sreevalsan, T., 1973, Viral RNA’s associated with ribosomes in
Sindbis virus-infected HeLa cells, J. Virol. 11:399.

Saborio, J. L., Pong, S.-S., and Koch, G., 1974, Selective and reversible inhibition of
initiation of protein synthesis in mammalian cells, J. Mol. Biol. 85:195.

Salzman, N. P., and Khoury, G., 1974, Reproduction of papovaviruses, in: Comprehen-
sive Virology, Vol. 3 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 63-141,
Plenum Press, New York.

Samuel, C. E., and Joklik, W. K., 1974, A protein synthesizing system from interferon-
treated cells that discriminates between cellular and viral messenger RNAs, Virology
58:476.

Scheele, C. M., and Pfefferkorn, E. R., 1970, Virus-specific proteins synthesized in
cells infected with RNA* temperature-sensitive mutants of Sindbis virus, J. Virol.
5:329.

Scheid, A., and Choppin, P. W., 1973, Isolation and purification of the envelope pro-
teins of Newcastle disease virus, J. Virol. 11:263.

Scheid, A., and Choppin, P. W., 1974, Identification of biological activities of
paramyxovirus glycoproteins: Activation of cell fusion, hemolysis, and infectivity by
proteolytic cleavage of an inactive precursor protein of Sendai virus, Virology
56:475.

Schincariol, A. L., and Howatson, A. F., 1970, Replication of vesicular stomatitis
virus. I. Viral specific RNA and nucleoproteins in infected L-cells, Virology 42:732.
Schincariol, A. L., and Joklik, W. K., 1973, Early synthesis of virus-specific RNA and

DNA in cells rapidly transformed with Rous sarcoma virus, Virology 56:532.

Schlesinger, S., and Schlesinger, M. J., 1972, Formation of Sindbis virus proteins:
Identification of a precursor for one of the envelope proteins, J. Virol. 10:925.

Schlesinger, M. J., and Schlesinger, S., 1973, Large-molecular-weight precursors of
Sindbis virus proteins, J. Virol. 11:1013.



Translation of Animal Virus mRNAs in Vitro 69

Schreier, M. H., and Staehelin, T., 1973, Initiation of mammalian protein synthesis:
The importance of ribosome and initidtion factor quality for the efficiency of in vitro
systems, J. Mol. Biol. 73:329.

Shanmugam, G., Bhaduri, S., and Green, M., 1974, The virus-specific RNA species in
free and membrane-bound polyribosomes of transformed cells replicating murine sar-
coma-leukemia viruses, Biochem. Biophys. Res. Commun. 56:697.

Shatkin, A. J., 1968, Effects of actinomycin on virus replication, in: Actinomycin (S.
A. Waksman, ed.), pp. 69-86, Interscience, New York.

Shatkin, A. J., 1974a, Animal RNA viruses: genome structure and function, Annu.
Rev. Biochem. 43:643.

Shatkin, A. J., 1974b, Methylated messenger RNA synthesis in vitro by purified
reovirus, Proc. Natl. Acad. Sci. USA 71:3204.

Shatkin, A. J., and Sipe, J. D., 1968, RNA polymerase activity in purified reoviruses,
Proc. Natl. Acad. Sci. USA 61:1462.

Shih, D. S., and Kaesberg, P., 1973, Translation of brome mosaic viral ribonucleic
acid in a cell-free system derived from wheat embryo, Proc. Natl. Acad. Sci. USA
70:1799.

Shine, J., and Dalgarno, L., 1974, Identical 3" -terminal octanucleotide sequence in 18
S ribosomal ribonucleic acid from different eukaryotes, Biochem. J. 141:609.

Siegert, W., Konings, R. N. H., Bauer, H., and Hofschneider, P. H., 1972, Translation
of avian myeloblastosis virus RNA in a cell-free lysate of Escherichia coli, Proc.
Natl. Acad. Sci. USA 69:888.

Siegert, W., Bauer, G., and Hofschneider, P. H., 1973, Direct evidence for messenger
activity of influenza virion RNA, Proc. Natl. Acad. Sci. USA 70:2960.

Simmons, D. T., and Strauss, J. H., 1972, Replication of Sindbis virus. I. Relative size
and genetic content of 26 S and 49 S RNA, J. Mol. Biol. 71:599.

Simmons, D. T., and Strauss, J. H., 1974a, Replication of Sindbis virus. V.
Polyribosomes and mRNA in infected cells, J. Virol. 14:552.

Simmons, D. T., and Strauss, J. H., 1974b, Translation of Sindbis virus 26 S and 49 S
RNA in lysates of rabbit reticulocytes. J. Mol. Biol. 86:397.

Skehel, J. J., 1971, RNA-dependent RNA polymerase activity of the influenza virus,
Virology 45:793.

Skehel, J. J., and Joklik, W. K., 1969, Studies on the in vitro transcription of reovirus
RNA catalyzed by reovirus cores, Virology 39:822.

Smith, A. E., 1973, The initiation of protein synthesis directed by the RNA from
encephalomyocarditis virus, Eur. J. Biochem. 33:301.

Smith, A. E., and Wigle, D. T., 1973, A rapid assay for the initiation of protein syn-
thesis in extracts of animal cells, Eur. J. Biochem. 35:566.

Smith, A. E., Marcker, K. A., and Mathews, M. B., 1970, Translation of RNA from
encephalomyocarditis virus in a mammalian cell-free system, Nature (London)
225:184.

Semliki-Forest virus 42 S RNA in a mouse cell-free system to give virus-coat pro-
teins, Eur. J. Biochem. 49:101.

Soria, M., and Huang, A. S., 1973, Association of polyadenylic acid with messenger
RNA of vesicular stomatitis virus, J. Mol. Biol. 77:449.

Steitz, J. A., and Jakes, K., 1975, How ribosomes select initiator regions in messenger
RNA: Direct evidence for the formation of base pairs between the 3° terminus of 16



70 Chapter 1

S rRNA and the mRNA during initiation of protein synthesis in E. coli, Proc. Natl.
Acad. Sci. USA (in press).

Stoltzfus, C. M., Shatkin, A. J., and Banerjee, A. K., 1973, Absence of polyadenylic acid
from reovirus messenger ribbnucleic acid, J. Biol. Chem. 248:7993.

Stone, H. O, Portner, A., and Kingsbury, D. W_, 1971, Ribonucleic acid transcriptases
in Sendai virions and infected cells, J. Virol. 8:174.

Summers, D. F., and Maizel, J. V., 1968, Evidence for large precursor proteins in
poliovirus synthesis, Proc. Natl. Acad. Sci. USA 59:966.

Summers, D. F., and Maizel, J. V., Jr., 1971, Determination of the gene sequence of
poliovirus with pactamycin, Proc. Natl. Acad. Sci. USA 68:2852.

Summers, D. F., Shaw, E. N, Stewart, M. L., and Maizel, J. V., Jr., 1972, Inhibition
of cleavage of large poliovirus specific precursor proteins in infected HeLa cells by
inhibitors of proteolytic enzymes, J. Virol. 10:880.

Toneguzzo, F., and Ghosh, H. P., 19754, Synthesis in vitro of vesicular stomatitis virus
specific mRNA and its translation in viral proteins, Fed. Proc. 34:675.

Toneguzzo, F., and Ghosh, H. P., 1975b, Cell-free synthesis of vesicular stomatitis
virus proteins: Translation of membrane-bound polyribosomal mRNAs, FEBS Lett.
50:369.

Tozawa, H., Watanabe, M., and Ishida, N., 1973, Structural components of Sendai
virus, serological and physiochemical characterization of hemagglutinin subunit
associated with neuraminidase activity, Virology 55:242.

Twardzik, D., Simonds, J., Oskarsson, M., and Portugal, F., 1973, Translation of
AKR-murine leukemia viral RNA in an E. coli cell-free system, Biochem. Biophys.
Res. Commun. 52:1108.

Urushibara, T., Furuichi, Y., Nishimura, C., and Miura, K.-1., 1975, A modified struc-
ture at the 5°-terminus of mRNA of vaccinia virus, FEBS Lert. 49:385.

Van Venrooij, W. J. W, Henshaw, E. C., and Hirsch, C. A., 1970, Nutritional effects
on the polyribosome distribution and rate of protein synthesis in Ehrlich ascites
tumor cells in culture, J. Biol. Chem. 245:5947.

Villa-Komaroff, L., Baltimore, D., and Lodish, H. F., 19744, Translation of poliovirus
mRNA in mammalian cell-free systems, Fed. Proc. 33:531.

Villa-Komaroff, L., McDowell, M., Baltimore, D., and Lodish, H. F., 1974b, Transla-
tion of reovirus mRNA, poliovirus RNA,*and bacteriophage Q8 RNA in cell-free
extracts of mammalian cells, in: Methods in Enzymology, Vol. 30 (K. Moldave and
L. Grossman, eds.), pp. 709-723, Academic Press, New York.

Vogt, V. M, and Eisenman, R., 1973, Identification of a large polypeptide precursor of
avian oncornavirus proteins, Proc. Natl. Acad. Sci. USA 70:1734.

Vogt, V. M., Eisenman, R., and Diggelmann, H., 1975, Generation of avian myeloblas-
tosis virus structural proteins by proteolytic cleavage of a precursor polypeptide, J.
Mol. Biol. 96:471.

Von der Helm, K., and Duesberg, P. H., 1975, Translation of Rous sarcoma virus
RNA in a cell-free system from ascites Krebs II cells, Proc. Natl. Acad. Sci. USA
72:614.

Wagner, R. R., 1975, Reproduction of rhabdoviruses, in: Comprehensive Virology,
Vol. 4 (H. Fraenkel-Conrat and R. R. Wagner, eds.), pp. 1-80, Plenum Press, New
York.

Ward, R., Banerjee, A. K., LaFiandra, A., and Shatkin, A. J., 1972, Reovirus-specific
ribonucleic acid from polysomes of infected L cells, J. Virol. 9:61.



Translation of Animal Virus mRNAs in Vitro 71

Weeks, D. P., and Marcus, A., 1971, Preformed messenger of quiescent wheat
embryos, Biochim. Biophys. Acta 232:671.

Wei, C. M., and Moss, B., 1974, Methylation of newly synthesized viral messenger
RNA by an enzyme in vaccinia virus, Proc. Natl. Acad. Sci. USA 71:3014.

Wei, C. M., and Moss, B., 1975, Methylated nucleotides block 5’ -terminus of vaccinia
virus messenger RNA, Proc. Natl. Acad. Sci. USA 72:318.

Wei, C. M., Gershowitz, A., and Moss, B., 1975, Methylated nucleotides block 5’
terminus of HeLa cell messenger RNA, Cell 4:379.

Weiss, S. R., and Bratt, M. A., 1974, Polyadenylate sequences on Newcastle disease
virus messenger RNA synthesized in vivo and in vitro, J. Virol. 13:1220.

Weissman, C., Parsons, J. T., Coffin, J. W., Rymo, L., Billeter, M. A., and Hofstetter,
H., 1974, Studies on the structure and synthesis of Rous sarcoma virus RNA. Cold
Spring Harbor Symp. Quant. Biol. 39:1043.

Wengler, G., Beato, M., and Hackemack, B.-A., 1974, Translation of 26 S virus-
specific RNA from Semliki-Forest virus-infected cells in vitro. Virology 61:120.

Williams, J. F., Young, C. S. H., and Austin, P. E., 1974, Genetic analysis of human
adenovirus type 5 in permissive and nonpermissive cells, Cold Spring Harbor Symp.
Quant. Biol. 39:427.

Wimmer, E., 1972, Sequence studies of poliovirus RNA. I. Characterization of the 5°
terminus, J. Mol. Biol. 68:537.

Woodward, W. R., Ivey, J. L., and Herbert, E., 1974, Protein synthesis with rabbit
reticulocyte preparations, in: Methods in Enzymology, Vol. 30 (K. Moldave and L.
Grossman, eds.), pp. 724-731, Academic Press, New York.

Zweerink, H. J., and Joklik, W. K., 1970, Studies on the intracellular synthesis of
reovirus-specified proteins, Virology 41:501.

Zweerink, H. J., McDowell, M. J., and Joklik, W. K., 1971, Essential and nonessential
noncapsid reovirus proteins, Virology 45:716.



CHAPTER 2

Defective Interfering Animal
Viruses

Alice S. Huang
Department of Microbiology and Molecular Genetics
Harvard Medical School
Boston, Massachusetts 02115

and

David Baltimore
Department of Biology and Center for Cancer Research

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

1. INTRODUCTION

Defective interfering (DI) particles were discovered three decades
ago by von Magnus (1947) using the influenza virus system. He called
them “incomplete” or “immature” particles. Even though they could
not be isolated or characterized biochemically, a great deal was learned
about them from their physiological interactions with the host and from
their interference with the multiplication of “infectious’ standard virus
(Gard and von Magnus, 1947; Bernkopf, 1950; von Magnus, 1951).
Reviews by Henle (1950), by von Magnus (1954), and by Schlesinger
(1959) on viral interference discuss the earlier work on this particular
homologous interference caused by incomplete virus.

A similar type of interference was soon discovered for other virus
systems, most notably that of vesicular stomatitis virus (VSV) (Cooper
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and Bellett, 1959; Bellett and Cooper, 1959). This virus system has the
added advantage that its DI particles are bullet-shaped particles shorter
than standard virus (Hackett, 1964), and thus they could be purified by
rate zonal centrifugation in sucrose (Huang et al., 1966; Crick et al.,
1966; Hackett et al., 1967). Because it was possible to separate them
from standard virus, DI particles of VSV could be characterized
biochemically and quantitative analysis of their effects on standard
virus could be carried out (Huang and Wagner, 1966a). Studies on
other virus systems show that the effect of DI particles on virus-host
interactions is a general one. Although in some virus systems DI parti-
cles cannot be separated from standard virus, general cr1ter1a can be
established for DI particles of animal viruses.

DI particles were named and their properties codified by Huang
and Baltimore (1970), who postulated a significant role for DI particles
in acute and persistent viral disease. The molecular biology of DI parti-
cles was last reviewed in 1973 along with a discussion of which animal
viruses are known to produce DI particles (Huang, 1973).

In this chapter, the properties of DI particles will be presented first
in general terms. Detailed discussions will follow on those prototype
virus systems in which something is known about the mechanism of
interference and about the characteristics of the DI particles. There will
be only cursory coverage of the many very interesting biological studies
on DI particles published before 1966. Only certain articles published
between 1966 and 1973 will be mentioned because that period has
already been reviewed (Huang, 1973). Lastly, studies on the presence of
DI particles in laboratory infections of animals will be reviewed to see
what evidence there is to support the hypothesis that DI particles play a
role in determining the outcome of a viral infection.

Interference caused by DI-like particles has now been discovered
for almost every animal virus group (Table 1). Although the DI parti-
cles have not been thoroughly characterized in each system, there is
little doubt that DI particles are virtually universal and can play signifi-
cant roles in virus multiplication. Moreover, DI particles are not
limited to animal viruses alone: they have been reported for plant
viruses (Huang, 1973) as well as for bacteriophage (Enea and Zinder,
1975).

2. GENERAL PROPERTIES

DI particles are a class of animal virus mutants that have a
number of common properties. These properties are inability to propa-



Defective Interfering Animal Viruses

TABLE 1
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Catalogue of Viruses with DI Particles

Group
name Examples References
Picorna Polio Cole et al. (1971)
Toga Sindbis Inglot and Chudzio (1972)°
Schlesinger et al. (1972)¢
Rift Valley fever Mims (1956)*
Orthomyxo Influenza von Magnus (1947)*
Fowl plague Rott and Scholtissek (1963)°
Paramyxo Sendai Sokol et al. (1964)°
Mumps Cantell (1961)°
East and Kingsbury (1971)
Measles Parfanovich et al. (1971)*
Schluederberg (1971)°
Rhabdo Vesicular stomatitis Bellett and Cooper (1959)
Rabies Yoshino et al. (1966)*
Sokol et al. (1968)°
Infectious hematopoietic necrosis McAllister and Pilcher (1974)
Arena Lymphocytic choriomeningitis Lehmann-Grube et al. (1969)*
Welsh and Pfau (1972)
Parana Staneck and Pfau (1974)
Reo reo Nonoyama et al. (1970)
Infectious pancreatic necrosis Nicholson and Dunn (1972)°
Retro Murine sarcoma Bondurant et al. (1973)°
Papova Sv40 Uchida et al. (1966)
Polyoma Blackstein et al. (1969)
Adeno Adeno Mak (1971)°
Herpes Herpes simplex Bronson et al. (1973)
Pseudorabies Ben-Porat et al. (1974)

@ Although DI particles were not characterized in these studies, enough evidence is presented
regarding homologous interference during undiluted passages (“‘von Magnus-like” effect) to jus-
tify inclusion of these virus systems in this list.

gate themselves in the absence of a helper virus (defectiveness), ability
to be complemented by helper virus and so to multiply in the presence
of helper, ability to decrease the yield of the wild-type virus
(interference), and ability to increase their proportion of the yield from
cells coinfected with wild-type virus (enrichment). Because all of these
are defining properties for DI particles, only a small class of deletion
mutants are DI particles. For instance, viruses with lesions that confer
temperature sensitivity can spawn DI particles; such particles can have
two kinds of mutations. To distinguish the DI particle from the virus
that gi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>