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Foreword

The time seems ripe for a critical compendium of that segment of
the biological universe we call viruses. Virology, as a science, having
only recently passed through its descriptive phase of naming and num-
bering, has probably reached that stage at which relatively few new—
truly new—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 so far been made to chronicle these
events. This comprehensive series, which will comprise some 6000
pages in a total of about 22 volumes, represents a commitment by a
large group of active investigators to analyze, digest, and expostulate
on the great mass of data relating to viruses, much of which is now
amorphous and disjointed and scattered throughout a wide literature.
In this way, we hope to place the entire field in perspective as well as to
develop an invaluable reference and sourcebook for researchers and
students at all levels. This series is designed as a continuum that can be
entered anywhere but which also provides a logical progression of
developing facts and integrated concepts.

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

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

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

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

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

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

A strong tendency has become evident in recent years to give virus groups names that have
more or less self-evident meanings, referring to some structural characteristic of a given group of
viruses. Thus the names picornaviridiae and togaviridiae have become officially recognized for
groups of animal viruses, notwithstanding the fact that also very many plant and bacterial viruses
are small-RNA viruses and many viruses of other groups contain “mantles” (togas). The term
“togaviruses” appeared preferable to the older term “arboviruses’ because of the latter’s derivation
and lack of identifying character. In the same spirit oncornaviruses appears justified, even though
not all members of the class are truly oncogenic (and “RNA tumor viruses” is no better in this
regard), and similar limitations hold for the terms rhabdoviruses and myxoviruses. The only ex-
ception to this terminology based on structure would appear to be the official sanction of the term
reoviridiae. This word has no meaning to the uninitiated and is erroneous in the eyes of those who
know its meaning, since the plant virus members of this group lack a respiratory-enteric system and
are not orphans. Diplornaviruses is a good descriptive term for these viruses, since they share the
characteristic feature of double-stranded RNA, and the fact that there exist double-stranded-RNA
viruses that do not belong to this group is as irrelevant as the fact that the term “picornaviridiae”
does not include all small-RNA viruses. However the International Committee of Virus Nomen-
clature appears to favor the term “‘reoviridiae,” as used by Prof. Joklik.

H.F.-C.
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Reproduction of RNA
Bacteriophages

L. Eoyang and J. T. August
Department of Molecular Biology
Division of Biological Sciences
Albert Einstein College of Medicine
Bronx, New York 10461

1. INTRODUCTION

Studies on virus replication have been greatly facilitated by the
discovery in 1961 of a small RNA-containing bacteriophage (Loeb and
Zinder, 1961). The RNA coliphage represents a biological system
uniquely reduced to its simplest form. Unlike all other bacterial
viruses, the RN A phage does not contain DNA, but rather RNA as its
sole genetic material. As a consequence, the RNA must serve a dual
function both as a template for nucleic acid synthesis and as a
messenger for virus-specific protein synthesis. Due to the size of the
genome and the limited number (three) of gene products, it has been
possible to elucidate the biological processes of replication and
translation as well as the mechanisms by which these events are con-
trolled. Over the past several years, considerable progress has been
made in this respect, and though by no means complete, our knowledge
of the RNA bacteriophage has become quite extensive. We have at-
tempted to summarize below some of the more recent contributions
toward our understanding of the molecular biology of virus replication.

Several reviews on specific aspects of RNA bacteriophages have

1



2 Chapter 1

been published: on replication, Lodish (1968a), Erikson (1968), and
Stavis and August (1970); on translation, Kozak and Nathans (1972)
and Sugiyama er al. (1972); on RNA sequence analysis, Gilham
(1970); on RNA structure and function, Weissmann et al. (1973) and
Fiers (1973); on assembly, Hohn and Hohn (1970); and on RNA
viruses in general, Zinder (1974).

2. PROPERTIES OF THE RNA PHAGE
2.1. Properties of the Particles

Infection of susceptible bacteria by RNA phages yields 10°-10*
viral particles per cell. These particles are composed of a single
molecule of RNA, 180 molecules of coat protein, and one molecule of
the maturation (A) protein. The RNA genome contains only three
genes, those for the coat protein, the maturation protein, and a protein
subunit of the phage RNA polymerase. All of the Escherichia coli
RNA phages that have been isolated are similar in structure and
properties. These phages are among the smallest and genetically
simplest infectious, self-replicating organisms known.*

An extensive study of over 30 E. coli RNA phages has shown that
they are all similar and fall into three or possibly four serological
groups (Scott, 1965; Watanabe et al., 1967; Sakurai, 1968). Most of
the commonly studied phage (f2, MS2, R17, M12, fr, and FHS) are in
the same group and the coat protein sequences of these phages differ
from each other by only a few amino acids. The Q@3 phage is in another
group and, although similar in size and many physical properties, has
certain distinctive properties, including an RNA genome that appears
to be slightly larger than that of other viruses (Boedtker, 1971).

The diameter of these particles is 20-27 nm. They sediment
at 75-84 S and have a density of 1.42-1.47 g/ml (Paranchych and
Graham, 1962; Enger et al., 1963; Hofschneider, 1963; Marvin and
Hoffmann-Berling, 1963; Davern, 1964a; Gesteland and Boedtker,
1964; Strauss and Sinsheimer, 1963; Overby er al., 1966). Their
particle weight is between 3.6 and 4.2 x 10° a value that agrees with
the sum of the molecular weights of the individual components. As de-
termined by X-ray analysis, R17 has a diameter of 27 nm, with an
outer shell 3-4 nm thick and a hollow core of about 3 nm in diameter
(Fishbach et al., 1965).

* Editor’s note: The applicability of the term *““organism” to a virus may well be ques-
tioned [H. F.-C.].
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Of the normal products of a bacterial lysate, only a small propor-
tion of the phage particles, 10-20%, produce an infective center. This
can be explained either by unsuccessful infection of the bacterium by
normal phage or by the possibility that many of the phages are de-
fective in some manner. One type of particle with known low in-
fectivity has been detected as having a buoyant density slightly lower
than normal, and is thus termed an L particle (Rohrmann and
Krueger, 1970). These L particles appear to have a normal ratio of
protein to RNA. They contain A protein and their RNA is infectious
in spheroplasts. It is thought that the decreased buoyant density
reflects a structural modification in the capsid surface. Another form
of defective particle is one that lacks maturation protein. These parti-
cles were recognized as products of infection of nonpermissive bacteria
by RNA phages which contained an amber mutation in the maturation
protein cistron of the genome (Heisenberg and Blessing, 1965; Lodish
et al., 1965; Heisenberg, 1966; Argetsinger and Gussin, 1966; Tooze
and Weber, 1967). Such particles also appeared after infection of cul-
tures deprived of histidine at a time when polymerase but not matu-
ration protein was synthesized. Under these conditions, defective parti-
cles lacking maturation protein were produced (Kaerner, 1969, 1970).
These defective particles cannot be distinguished from normal phage by
electron microscopy. However, they do not adsorb normally to the bac-
terial host, and the RNA of the phage is sensitive to attack by RNase
(Argetsinger and Gussin, 1966; Heisenberg, 1966). The evidence sug-
gests that in the absence of maturation protein the RNA fails to be
packaged correctly and as a consequence protrudes from the particle.

2.2. Physical Properties of the RNA

Each virus particle contains one molecule of single-stranded
RNA. The RNA of 2 and similar phages has a molecular weight of
1.1-1.3 x 10° and a sedimentation coefficient of about 27 S (in 0.Im
NaCl) (Strauss and Sinsheimer, 1963; Gesteland and Boedtker, 1964;
Overby et al., 1966; Marvin and Hoffmann-Berling, 1963; Mitra et al.,
1963; Boedtker, 1971). The QB8 RNA appears to be slightly larger,
with a molecular weight of 1.5 x 10°. The four bases are present in
nearly equimolar amounts. The RNA is a linear structure since both
5" and 3° termini have been detected (vide infra). Sedimentation of the
RNA under a variety of conditions (Strauss and Sinsheimer, 1968) has
failed to show evidence for the potential formation of ring structures.

The radius of gyration, reported as 16 nm (in 0.2M NaCl)
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(Strauss and Sinsheimer, 1963) and 19 nm (in 0.1m NaCl) (Geste-
land and Boedtker, 1964), together with the sedimentation coefficient,
indicates a compact structure. Thermal denaturation profiles, slow
reactivity with formaldehyde (Strauss and Sinsheimer, 1963), and
analysis of nucleotide sequences (vide infra) indicate extensive hy-
drogen bonding throughout the molecule. From the change in
absorbance upon reaction with formaldehyde, the helical fraction of
the RNA was estimated to be about 70% (Mitra er al., 1963; Boedtker,
1967). The RNA probably has a specific secondary structure since
limited digestion with ribonuclease at low temperature gives specific
cleavage products (Bassel and Spiegelman, 1967; Min Jou ef al., 1968;
Spahr and Gesteland, 1968; Gould er al., 1969; Thach and Boedtker,
1969).

RNA phages that infect Pseudomonas (Feary er al., 1963;
Bradley, 1966) and Caulobacter (Schmidt and Stanier, 1965; Shapiro
and Bendis, 1974) have also been isolated.

2.2.1. Primary Structure

Work on the primary structure of the genome of RNA bacterio-
phages has been quite extensive in recent years. Much of the sequence
analysis has been done on RNA from R17 (Adams er al., 1969a;
Steitz, 1969a; Sanger, 1971), MS2 (Fiers et al., 1971), and Qg
(Weissmann et al., 1973), although f2 and M12 RNA have also been
studied (Webster er al., 1969; Thirion and Kaesberg, 1970). In ad-
dition, small molecules such as Q3 6 S RNA (Banerjee er al., 1969a)
and several classes of variant RNA (Bishop et al., 1968; Kacian et al.,
1971) synthesized in vitro by the QB8 RNA polymerase (replicase,
synthetase) have also been analyzed. As a result of the labors of several
groups, over 30% of the genome, or more than 1000 nucleotides of R17
and MS2, and about 15% of Q@ have been sequenced. Of more critical
value, however, is that the known sequences include the oligonu-
cleotides at both 5° and 3° termim as well as at least part of the cis-
trons of all three phage-coded proteins. The method of nucleotide se-
quence analysis essentially involves the specific enzymic cleavage of
intact molecules of RNA purified from phage or of RNA fragments
synthesized in vitro by phage polymerase under limiting conditions
(Billeter ez al., 1969). Enzymic hydrolysis is usually accomplished by
use of the following: T, ribonuclease, which specifically cleaves 5°
bonds after Gp residues; U, ribonuclease, which splits at purine
residues; the carbodiimide method, in which the reagent specifically
reacts with guanine and uridine residues and renders the latter resistant
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to ribonuclease A; ribonuclease A, which splits at cytosine and uridine
residues. Separation and sequence analysis of the enzyme digests are
generally performed according to the methods developed by Sanger
and his colleagues and involve two-dimensional ionophoresis in 8w
urea and thin-layer DEAE homochromatography. The detailed tech-
niques of purification, fractionation, and cleavage of the RNA as well
as separation and isolation of the polynucleotides have been detailed
(Steitz, 1969a; Gilham, 1970; Sanger, 1971) and will not be described
here.

2.2.1(a). §° Terminus

The 5° terminus of the RNA from all RNA bacteriophages
analyzed thus far is pppGp (DeWachter er al., 1968a,b; Glitz, 1968;
Roblin, 1968a,b; Watanabe and August, 1968a). The serologically re-
lated phages MS2 and R17 have identical sequences at the 5° ends for
at least the first 125 bases (Adams etr al., 1972), whereas f2 has
identical sequences for at least the first 74 residues (Ling, 1971) (Table
1). Even RNA from Q@, which is serologically and chemically distinct,
contains 5’ -terminal sequences homologous to those of group I phage
RNA (Adams ez al., 1972). These similarities, however, cannot be re-
lated directly to the protein-coding capacity of the RNA. Translation
does not occur at or near the 5” terminus since the initial sequences do
not contain either of the formylmethionine codons AUG or GUG
necessary for initiation of protein synthesis (DeWachter et al., 1968c¢;
DeWachter and Fiers, 1969; Adams and Cory, 1970; Ling, 1971). In
the group I phages, even though AUG and GUG codons appear in pre-
ceding residues, translation does not begin until the 130th nucleotide.
In Qg, the first AUG codon is found at the 62nd nucleotide and it is
the initiation signal for the translation of the first cistron (Billeter et
al., 1969).

As no specificity of base is required, the conservation of primary
structure for a long sequence at the 5° terminus is surprising. It has
been suggested by several workers (Adams and Cory, 1970; De-
Wachter et al., 1971a) that the similarities in sequences may not be
fortuitous. Adams and Cory (1970) have hypothesized that the
homology of sequence is evidence for the evolution of the RNA phages
from a common prototype and that perhaps the 5" -terminal sequence
was retained because it may have advantages in natural selection. It
was suggested, for instance, that the 5" -terminal sequence protects the
molecule from exonucleolytic attack (Kuwano ef al., 1970) by its ca-
pacity to form tight hydrogen-bonded loops (Fig. 1). In addition, as



Chapter 1

(1L61) 1v 15 UBIOBY] 4

"(06961) '1v 70 9a3l1ouey

*(0L61) "Iv 72 UBWPOOL) ,

"(696T) 10 10 1993[11d »

“(2L6T) "1v 12 sWBPY ‘(0L61) £10) puB swEpY ,
"(1261) 3ury

"UrBIg0UN 194 $8 918 $9s9yIuared ur seousnboes oY, »

" 1ypHoddd oT-AIN UBLIEA,, &

*+rpddd : /8990

T HNOANYVNOVHVVNDINIVININIDIDINVIVIOVYVIDONIVHVOHYHOVHHHddd sPUBIIS SNUIW PP
#70

" DNVAYOYDOYOYVNYNDVINIYONNIYADYIDY (ONDOVOY) OYONDHDHHVANNIDDD00VHDDDDddd

© " DOYDHYHIHYANNONDAVYANNNNYIIDAVYNIHYHINDNIONNDYYINIDNDINDIDIINNNIDI0YHHDNDHHddd 2LT4
"7 DIYHVIODYNNNINDNYVANNNNYIIDAYVAIDVIONHNDINNIYYONIDHNIINDHIDINANIINIYDDINDDeddd @
VN4

SNUIULILT, ,G

VNY 98eydoriejoeg uj seouanbag 1eupwmiiag -,
T 3TdVL



Reproduction of RNA Bacteriophages 7

i
U ]

U=—A

U—A

A—U

C—G

U U cC U

U c G—C

C—G U v
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)] C—G A—U
U U Cc—G U—A
C A A—U c—G
Cc——G G—C¢C G¢—C
C—G G—C A G
C~=G G--U G A
c—G U--¢ c—G
c—G G—C U—A
A—U G--U G—C
PPPGGGG=—=CAC (AC )Y ACYCUC)AGC PPPG—Cp s ciucc®~-C

QB R17

Fig. 1. Possible secondary structure at the 5 terminus of RNA
from QB and R17. The Qg sequence within the arrows indicates a frag-
ment resistant to vigorous digestion by T, RNase (Billeter et al., 1969).
The sequence for R17 is from Adams and Cory (1970).

suggested by DeWachter er al. (1971a), the 5" -terminal sequence may
serve to specify the 3° end of the complementary sequence of the minus
strand, thereby dictating a similar secondary structure. It may be that
a uniquely specific secondary and tertiary structure at the 3 end of the
minus strand is necessary for recognition by the viral RNA polymerase
(Fig. 2).

2.2.1(b). 3° Terminus

The 3 terminus (Table 2) of all RNA bacteriophages analyzed
ends with . . . CCAsu (DeWachter and Fiers, 1967; Weith and Gilham,
1967; Dahlberg, 1968), a feature that is also common to plant viral
RNA and all tRNA. Terminal cytidine, though to a lesser extent, has
also been detected in RNA of f2, MS2, and QB (Lee and Gilham,
1965; Rensing and August, 1969). The presence of the 3’ -terminal
adenosine is curious as the expected base complementary to the
guanylate at the 5° terminus is cytidine. It was demonstrated that if
spheroplasts are infected with R17 RNA lacking adenosine at the 3”-
OH terminus, the terminal A is restored to progeny RNA (Kamen,
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cUu
G u
U--G
c—G A A
G—C G A
A—U c—G
U—A C—G
L) Cc—G C—G
U C A—U c—G
A—U A—U A=-U
G—C U—A G—C
G—C G—C G—C
G—C G—C AA GUUGAGCA CACCCAOH
C—G U=—A, TR
C AUU CCA G, CAGCUCG
OH A
AC
R17 Plus Strand R17 Minus Strand
GC
U G U U
C C C U
U U U U
A 1) A G A
G i} G-—C A A
G G G—C u G
G—C G—C C—G
G—C G--U C—G
G~—C G—C C—G
A—U A—U C—G
G—C G—C C—G
A—U A—U A—U
GUG—CUCCUCCCAOH GUG—CCUCCCAOH UGUG—CCCCAOH
QB Plus Strand Q8 Minus Strand

Fig. 2. Possible secondary structure at the 3’ terminus of plus and minus
strands of R17 and Q8 RNA. Structures for R17 are from Cory et al. (1972).
The R17 minus-strand sequence is deduced from the experimentally deter-
mined sequence at the 5 end of R17. The structures for Q3 RNA are from
Goodman ez al. (1970). The second structure for the QB plus strand requires
a G-U base pair.

1969). In addition, it was found that the terminal A is restored to the
RNA product synthesized in vitro by the Q3 RNA polymerase even
though the template RNA terminates in Cor (Rensing and August,
1969; Weber and Weissmann 1970). Sequential removal of terminal
nucleotides both in R17 and Q3 showed that the penultimate cytidylate
is required for biological and template activity. Only the terminal
adenylate can be removed without destroying the template activity or
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the infectivity of the RNA. It is assumed that the phage enzyme itself
adds the terminal adenosine residue.

Just as there is no signal for the initiation of translation at or
near the 5° terminus of phage RNA, neither is there one for termi-
nation at or near the 3° terminus. In R17 RNA, none of the three
known termination codons, UAA, UAG, or UGA, are present in the
last 10 nucleotides (Dahlberg, 1968). Within the last 51 residues,
however, there are three potential termination signals, two UAGs and
one UAA (Cory er al., 1972). Of the three, the termination codon
(UAG) closest to the 3° end is precluded from being the normal termi-
nation signal by its proximity to the preceding nonsense codon (UAG).
It was concluded, that at least the last 25 residues from the 3° terminus
are not translated. In the case of Q8 RNA, no termination codons were
found within the last 32 nucleotides at the 3° terminus (Goodman et al.,
1970).

The sequence at the 3° terminus is of particular interest since
RNA synthesis which proceeds in a 5’ -triphosphate to a 3”-hydroxyl
direction (Banerjee et al., 1969b) initiates near the 3” end of the tem-
plate. Viral enzymes like the Q3 RNA polymerase (Haruna and
Spiegelman, 1965a; August et al., 1968) recognize only certain tem-
plates (Q8 RNA, Q@ complementary strand, Q38 6 S RNA) for rep-
lication. Elucidation of the 3’-terminal sequence, therefore, should
provide clues to the specificity of templates. As previously noted the
penultimate cytidylate is required for both in vitro and in vivo rep-
lication. This cannot be the sole requirement for specificity, however,
for the sequence CCCAopn is common to the 3° termini of almost all
viral RNAs analyzed thus far. In R17 RNA (Fig. 2) (Goodman et al.,
1970; Cory et al., 1972) the last hexanucleotide (excluding the terminal
A) is common to both plus and minus strands, and it is suggested
(Cory et al., 1970) that the CCCACC sequence may be part of the
recognition site for the R17 polymerase. However, in Q8 RNA there
are no such regions of identity between plus and minus strands at the
3’ terminus, so that sequence alone cannot be the critical factor in a
specific recognition site. It is known, in fact, that in the purified
polymerase system a host factor in required for synthesis of minus
strands but not of plus strands (vide infra).

2.2.1(¢c). Maturation Protein Cistron

Utilizing a unique method previously demonstrated by Takanami
et al. (1965), Steitz and others have succeeded in elucidating the se-
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quences of the ribosomal binding sites and initiation sites for all three
cistrons of phage RNA. Exploiting the fact that ribosomes bound to
messenger RNA under conditions of polypeptide chain initiation
protect a portion (25-40 nucleotides) of the RNA from nucleolytic at-
tack, they were able to identify initiator regions for the maturation,
coat, and polymerase cistrons (Table 3). The N-terminal amino acid
sequences of the three phage-coded proteins being distinct [the matu-
ration protein beginning with fMet-Arg (Lodish and Robertson,
1969a), the coat protein with fMet-Ala (Weber, 1967; Konigsberg et
al., 1970), and the polymerase with fMet-Ser (Lodish, 19685; Geste-
land and Spahr, 1969; Osborn er al., 1970a)], a comparison of nu-
cleotide sequences immediately following initiator codons with the
known N-terminal amino acid sequences allowed identification of the
cistrons. The efficiency of translation of A protein is quite low com-
pared to the other cistrons, as the ratio of coat, polymerase, and A
protein synthesized is 100:30:5.5, respectively (Lodish, 19685), and the
yield of fragments containing A protein binding sites is correspondingly
meager.

Taking advantage of the observation by Lodish and Robertson
(19694) that when ribosomes from Bacillus stearothermophilus are
used for in vitro translation of f2 RNA only the maturation protein is
initiated and synthesized, Steitz was able to increase the yield of A
protein initiator fragments tenfold over that when E. coli ribosomes
were used (Steitz, 1969b). This result and finding an arginine codon
following an AUG initiation sequence allowed her to identify the A
protein sequence. In R17 and in Qg (Staples et al., 1971) the initiator
codon for all three cistrons is AUG. In MS2, both AUG (Berissi et al.,
1971; DeWachter et al., 1971a) and GUG (Volckaert and Fiers, 1973)
have been reported as the initiator codon for the A protein.

Remaut and Fiers (1972) found that infection by MS2 of an
amber UAG suppressor strain caused the appearance of a fourth viral
protein (A;) in addition to the three normally found in infected cells. It
was concluded that this protein was an elongation product of the A
protein (addition of 30 amino acids) since no A, protein was
synthesized after infection of a UAG suppressor strain by a UGA
phage mutant defective in the A protein cistron. Moreover, the effi-
ciency of readthrough was not affected by UGA suppression. It is
likely, therefore, that the termination signal for the maturation protein
cistron of MS2 is a single UAG codon. This conclusion is supported by
the sequence data obtained by Contreras e al. (1973). They reported a
160-nucleotide sequence comprising the residues coding for the last 45
amino acids of the A cistron, the termination codon, and the intercis-
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tronic region between the first and second gene. The sequence contains
four UAG codons and it was suggested because of the proximities of
the preceding three that the fourth codon is the true terminator. The
finding by Vandekerckhove er al. (1973) that the carboxyl-terminal
amino acid of the maturation protein is arginine provides convincing
evidence that the last UAG triplet is indeed the termination codon of
the maturation protein cistron.

2.2.1(d). Coat Protein Cistron

The sequence of the initiator region of the coat protein cistron has
been determined for f2 (Gupta et al., 1970), R17 (Adams et al., 1969b;
Robinson et al., 1969; Steitz, 19695), Q8 (Hindley and Staples, 1969;
Hindley er al., 1970) and MS2 (Fiers et al., 1971; Min Jou et al.,
1971). The entire sequence of the MS2 coat protein gene has been de-
termined by Min Jou et al. (1972). They found that 49 different codons
specify the sequence of 129 amino acids which constitute the coat pro-
tein subunit. Their model of the secondary structure of the coat protein
based on the thermodynamic stability (Tinoco er al., 1971) of various
base-paired segments suggests that 66% of the nucleotides are involved
in helical regions. It was suggested that these regions may serve as
structural controls for actual initiator regions. If, for example, the rep-
licase initiation site were sequestered through hydrogen bonding to an
early sequence of the coat protein cistron, disruption of this con-
figuration by a translating ribosome would render the replicase cistron
accessible to other ribosomes. This mechanism would explain the po-
larity effect in which a mutation in amino acid position 6 results in
decreased synthesis of replicase protein, whereas mutations in positions
50, 54, or 70 do not. If translation of the region around position 6 were
critical to the unmasking of the replicase initiator codon, then muta-
tions at later positions would not exert any polarity on the reading of
the replicase cistron.

Using an in vitro system, Hindley et al. (1970) were able to de-
termine the terminal sequence of the coat protein cistron as well as the
location of the cistron on the Q@3 genome. They prepared full-length
QB RNA labeled to different extents using purified Q8 RNA
polymerase. After binding ribosomes to these RNA preparations, the
complexes were digested, isolated, and characterized. Since ra-
dioactivity could be recovered only from protected sequences, it was
possible to identify the location of the coat protein site. Using this
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technique, the beginning of the cistron was estimated to be around the
1100-1400th nucleotide.

The nucleotide sequence of the termination region of the coat pro-
tein cistron for both R17 (Nichols, 1970) and MS2 (vide supra) have
been determined. There are three terminator codons: Two adjacent
codons, UAA and UAG, immediately follow the codon for the C-ter-
minal amino acid; UGA occurs six triplets later. It is suggested that
the normal termination signal is the two adjacent nonsense triplets and
that the presence of muitiple terminators is to insure the effective
termination of translation.

However, in Qg phage a fourth protein (A, or I1,)) is detected both
in vitro and in vivo (Garwes et al., 1969; Jockusch et al., 1970; Ho-
riuchi et al., 1971). It has a molecular weight of 36,000-38,000 (Strauss
and Kaesberg, 1970; Moore et al., 1971). Evidence indicates that this
polypeptide is not the gene product of a fourth cistron but rather a
result of faulty translation through the termination signal of the coat
protein cistron (Moore et al., 1971; Weiner and Weber, 1971). This
possibility is based on the fact that this readthrough protein contains
the same N-terminal amino acid sequence as that for coat protein and
that this fourth protein is not found in QB8 coat amber mutants which
do not induce the synthesis of coat protein (Horiuchi and Matsuhashi,
1970). Additionally, since viruses grown in a UGA suppressor host
result in increased amounts of A, protein (Weiner and Weber, 1971;
Radloff and Kaesberg, 1973), it is likely that the termination signal for
coat protein in Q@ is a single UGA codon. If, in Qg, the coat and rep-
licase genes are separated by at least 600 nucleotides, then the residues
of A, protein extending beyond the coat cistron need not extend into
the replicase gene and may actually be restricted to the intercistronic
region preceding it. In fact, as Steitz (1972) has pointed out, faulty
translation into the initiator region of the replicase cistron is highly im-
probable because of the location of four nonsense codons in this region.
They are placed such that all three possible phases of translation are
obstructed.

2.2.1(e). Polymerase Protein Cistron

The sequence of the ribosome-binding site for the polymerase cis-
tron has been determined for R17 (Steitz, 19695), QB (Steitz, 1972),
and MS2 (Contreras er al., 1972). As observed by Steitz (19694) for
R17 and by Hindley and Staples (1969) for Qg, ribosomes bind intact
RNA predominantly at the coat protein cistron. However, the binding
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sites of the polymerase protein as well as A-protein cistrons become
accessible when the secondary and tertiary structure of the RNA is
modified. Staples and Hindley (1971) and Steitz (1972) were able to
use RNA fragmented by means of alkali treatment at high ionic
strength or autoradiolysis to form initiation complexes with ribosomes.
The sequence data (Steitz, 1972) suggest that the Q@ coat and
polymerase genes are separated by a long intercistronic region of at
least 600 nucleotides. In group I phages this region extends over only
36 nucleotides. Sequence comparison indicates that the untranslated
regions, at least those immediately preceding the initiating codons, are
genetically stable within the serologically related phages MS2, R17,
and f2 (Robertson and Jeppesen, 1972).

2.2.1(f). Site of Coat Protein Repression

In an in vitro protein-synthesizing system, addition of coat protein
to phage RNA inhibits the synthesis of replicase (Sugiyama and
Nakada, 1968; Eggen and Nathans, 1969; Spahr et al., 1969; Ward et
al., 1969). It has been shown that coat protein acts as a translational
repressor of the phage polymerase (Lodish and Zinder, 1966a; Lodish,
1968¢; Sugiyama and Nakada, 1968; Eggen and Nathans, 1969;
Nathans et al., 1969; Ward et al., 1969) by specifically inhibiting the
initiation of translation of that cistron (Lodish, 1969a; Skogerson et
al., 1971). The formation of two types of protein-RNA complexes has
been observed: Complex I, which consists of 1-6 molecules of coat pro-
tein bound to one molecule of phage RNA, sediments at the same rate
as free RNA: Complex II, which consists of approximately 180
molecules of coat protein bound to one molar equivalent of RNA, re-
sembles phage but is not infectious (Sugiyama et al., 1967). Digestion
of Complex I by RNase T, should yield a fragment containing the site
of translational repression since this region would be protected against
nucleolytic attack by the coat protein. Such a fragment has been
isolated and it contains the codon for the last six amino acids of the
coat protein, the intercistronic region, and the first codon of the
polymerase cistron (Bernardi and Spahr, 1972). Since the RI17
RNA-coat protein complex is still capable of directing the in vitro
synthesis of coat protein, it must be assumed that coat protein does not
bind to this region, and the reason this region survives RNase T, at-
tack is that it has some degree of secondary structure. Since Q@ coat
protein does not protect R17 RNA just as it does not repress
translation of the polymerase cistron in nonhomologous messenger, the
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binding site for coat protein repression must be presumed to be a
specific one. Based on these results, it is suggested that the recognition
site for the coat protein consists of the intercistronic region and the
first codon of the polymerase cistron.

Evidence by Gralla et a/. (1974) indicates that in addition to the
primary sequence, coat protein recognizes a secondary structure that
includes the ribosome-binding site at the beginning of the replicase
gene. They found that RNase T, digests of R17-coat protein complex
yield two major species, the 59-nucleotide fragment characterized by
Bernardi and Spahr (1972) and a 29-nucleotide fragment lacking helix
a (Fig. 3). Measurement of the absorbance change during thermal tran-
sition of the large fragment indicates the presence of two hairpin
helices which melt independently. This result is consistent with the pre-
diction that the sequence in this region justifies the existence of two
hairpin loops. The presence of coat protein is found to retard the rate
of melting of the helix containing the replicase initiator codon. Also, T,
digests of the RNA-coat protein complex sometimes yield the initiator
fragment alone, but never only the terminator hairpin. The
stoichiometry of binding of coat protein to the protected fragment was
found to be an average of one mole of coat protein to one mole of
RNA.

Although there is excellent correspondence of sequence in the
untranslated termini of related phages, there is less homology in the
cistronic regions of the genome. In R17, although the sequence

terminators
U A
C A
tyr YA—U
'U—A]: Uuvu
1 C—G A A
ile 'U—A G—C
'A—=U A—06—C
U--G ~G—C
G—C U—A,
G—C A—U,; fmet
C—G C—GI
C~—G A—U

CAAACY CCAUUCAA CG :
ribosome

a b binding site

Fig. 3. Sequence of coat protein-protected
fragment from R17 RNA. The small arrow
indicates the site of T, RNase cleavage
which produced the 29-nucleotide fragment
(Gralla et al., 1974).
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GGUUUGA precedes the AUG initiator by 3 nucleotides in both coat
and A protein binding sites, no such sequence occurs in the polymerase
binding site (Table 3). This similarity of sequence in coat and A pro-
tein binding sites does not correlate with the differences in frequency of
translation of these two cistrons. The question of recognition sites is as
yet an unsolved one, and it is conceivable that its solution will involve
the nucleotide sequence around the initiator region, both the secondary
and tertiary structure of the RNA, and possible additional nucleotide
sequences that the configuration may expose.

2.2.2. Secondary and Tertiary Structure

As several workers have shown (Cory er al., 1972; Goodman,
1970; Steitz, 1969b; Fiers et al., 1971), it is possible to construct stable
hairpin loops for several regions of the RNA molecule. The probability
that there are regions of extensive base complementarity in phage
RNA is supported by the observation that certain regions are resistant
to mild attack by degradative enzymes. The secondary and tertiary
structure of phage RNA are of significant functional value in
transcription as they are in translation (vide infra), but as yet the
precise configurational requirements for recognition are unknown.

2.3. Properties of the Phage Proteins
2.3.1. Properties of the Maturation (A) Protein

The protein has been isolated as a product of in vivo translation
from R17 (Osborn er al., 1970b; Steitz, 1968a) and MS2 (Van-
dekerckhove et al., 1973) as well as in vitro translation (Eggen et al.,
1967; Lodish, 1968b; Lodish and Robertson, 1969a). This histidine-
containing protein (Vinuela er al., 1967; Nathans er al., 1966),
comprising 1-2% of the total protein produced, has a molecular weight
estimated to be 40,000 (Steitz, 1968b). The amino acid sequence of 43
C-terminal residues from MS2 maturation protein has been de-
termined (Vandekerckhove et al., 1973).

The maturation protein is probably present in one copy per virion
(Steitz, 1968a) and is required for adsorption and proper assembly. In-
fection of nonpermissive bacteria by amber mutants of the maturation
protein cistron produces noninfectious defective particles lacking matu-
ration protein. The mutant virus contains intact RNA, but part of the
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RNA protrudes from the particle and is consequently sensitive to
RNase digestion (Heisenberg, 1966; Steitz, 19685b). It is likely that
maturation protein is required for the proper structural conformation
of the RNA within the capsid shell.

2.3.2. Properties of the Coat Protein

The capsid of the RNA phage is comprised of 180 coat protein
subunits (Vasquez et al., 1966). The complete amino acid sequences of
the coat protein of f2 (Konigsberg er al., 1966; Konigsberg, 1966;
Weber and Konigsberg, 1967), Q3 (Konigsberg et al., 1970) and R17
(Weber, 1967) have been determined, while nearly complete sequences
are known for fr (Wittmann-Liebold, 1966) and ZR (Nishihara et al.,
1970). The amino acid compositions of MS2 and M12 are identical
(Lin et al., 1967; Vandekerckhove et al., 1969); they differ from that of
f2 by substitution of one methionine for leucine, and from that of R17
by substitution of a single glutamic acid or glutamine for lysine (Enger
and Kaesberg, 1965). Comparison of terminal residues (Table 4) of the
three phage groups indicates that while alanine prevails as the sole
amino acid at the amino terminus, tyrosine (group I, III) or alanine
(group II) is present at the carboxyl terminus. Coat proteins of group
II phages GA and SD lack cysteine and methionine, while Qg8 coat
protein lacks tryptophan and methionine. All lack histidine. The
molecular weight of the coat protein of the known RNA phages is ap-
proximately 14,000 (Konigsberg et al., 1970; Weber and Konigsberg,

TABLE 4

Comparison of Coat Protein Sequences from Three Phage Groups*

RNA
phage group Phage N-terminal sequence? C-terminal sequence
I f2b Ala-Ser-Asn~Phe- —-Ser-Gly-Ile-Tyr
1I GA- Ala~ -(Tyr, Phe)-Ala
III Qp Ala-Lys-Leu-Glu- ~Asn-Pro—-Ala-Tyr

¢ The amino-terminal formylmethionine residue which is incorporated in viltro has been
shown to be cleaved in vivo (Housman et al., 1972; Ball and Kaesberg, 1973).

® Weber and Konigsberg (1967).

¢ Nishihara et al. (1969).

¢ Konigsberg et al. (1970).
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1967; Enger and Kaesberg, 1965). Depending on how the {2 (129
residues) and Qg (131 residues) sequences are aligned and whether
insertions and deletions are accommodated, 36-48% of residues that

differ can be accounted for by a single base change (Konigsberg er al.,
1970).

2.3.3. Properties of the Polymerase Protein

The gene product of the third cistron of phage RNA, the
polymerase subunit, is the only one not found in the viral particle. The
molecular weight of the protein has been estimated to be 70,000 for Qg
(Kondo er al., 1970; Kamen, 1970; August er al., 1973) and 63,000 for
f2 (Federoff and Zinder, 1971). The polymerase subunit together with
3 host subunits (vide infra) form the active enzyme complex which
catalyzes the synthesis of infectious viral RNA. The amino-terminal
tripeptide of QB polymerase protein synthesized in vitro is reported to
be fMet-Ser-Lys (Skogerson er al., 1971). Analysis of the phage
subunit separated from purified Q3 polymerase isolated from infected
E. coli extends that sequence to Ser-Lys-Thr-Ala-Ser (Weiner and
Weber, 1971).

3. TRANSLATION

The study of gene expression has been greatly facilitated by the
discovery of the RNA bacteriophage system. Coupled with the detailed
knowledge of protein synthesis in E. coli, the genetic and biochemical
data on the structure and function of the simple polycistronic
messenger RNA have yielded a wealth of information concerning the
translational processes of initiation, elongation, and termination, the
participation of ribosomes and various cellular factors; and the
mechanisms of polarity and suppression as well as those of transla-
tional control.

3.1. Regulation of Translation

In the first five minutes after infection the bulk of parental phage
RNA is associated with the 30 S ribosome subunits and the polysomes
(Godson and Sinsheimer, 1967). An RNA-dependent RNA polymerase
activity appears within 10 minutes after infection (August ez al., 1963;
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Lodish er al., 1964). This phage-induced enzyme catalyzes the synthesis
of a complementary minus strand which in turn serves as the template
for the synthesis of progeny RNA. The newly synthesized phage RNA
is detectable in a seemingly RNase-resistant fraction which appears in
the 50 S and polysome fraction (Godson and Sinsheimer, 1967). At 15
minutes post-infection, when large amounts of progeny viral RNA
have accumulated but no infectious phage particles have appeared,
most of the infectious RNA is associated with the polysomes (Godson,
1968). Newly synthesized RNase-resistant material pulse-labeled 30
minutes after infection is found with the polysomes, particularly the
large ones, while little radioactivity is found in free RNA (Godson,
1968; Hotham-Iglewski and Franklin, 1967, Hotham-Iglewski et al.,
1968). The localization of this RNA does not seem to correspond to
the site of RNA and protein synthesis: most of the RNase-resistant
RNA is in the more rapidly sedimenting fractions, whereas the bulk of
RNA and protein synthesis is in the lighter fractions (Hotham-Iglewski
and Franklin, 1967). The presumption that translation is coupled to
transcription is supported by the fact that almost all of the double- and
single-stranded phage RNA is associated with ribosomes throughout
the latent period. It is likely that the translational events occur on early
nascent progeny RNA, as minus strands do not appear to function as
messenger (Schwartz ef al., 1969). The evidence that in the absence of
detergents newly synthesized RNA first appears as a protein-RNA
particle in the 30,000 x g sediment indicates that in the cell, RNA and
protein synthesis may occur in membrane structures (Haywood and
Sinsheimer, 1965; Haywood er al., 1969). These particles, some of
which sediment at about 40 S, contain all of the phage-specific proteins
(Richelson and Nathans, 1967).

The phage proteins first detected in the infected cell are the
polymerase and maturation proteins. Enzyme activity as detected in
cell-free extracts appears within 5 to 10 minutes after infection and the
activity peaks after 20 to 30 minutes (Weissmann et al., 1963; August
et al., 1963; Haruna et al., 1963). The synthesis of maturation protein
occurs later than that of polymerase and continues until 30-40 minutes
after infection (Sugiyama, 1969; Fromageot and Zinder, 1968). In
contrast, the production of coat protein, synthesized in much greater
quantity and for a longer time than noncoat histidine-containing pro-
teins, continues at a maximal rate throughout the growth period. This
pattern of protein synthesis is also manifest in the requirement for his-
tidine early during infection for the synthesis of noncoat proteins but
not later through the latent period when coat protein continues to be
synthesized (Cooper and Zinder, 1963).
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Many of the studies of phage protein synthesis depended on in-
hibition of host protein synthesis by actinomycin D or rifampicin. The
results, while not directly applicable to normal phage development be-
cause phage yield and RNA synthesis are inhibited (Nathans er al.,
1969; Oeschger and Nathans, 1966; Kelly er al., 1965; Haywood and
Harris; 1966; Lunt and Sinsheimer, 1966; Marino et al., 1968), have
been confirmed in the absence of drugs with the use of the phage R23,
which itself markedly inhibits host protein synthesis (Watanabe et al.,
1968). Clearly, in the translation of the phage messenger there are
mechanisms for control of the amount of protein synthesized and the
time of synthesis.

3.2. Polarity

Amber coat protein mutants demonstrate two patterns of protein
synthesis, depending upon the site of the mutation. Mutants have been
described in which the glutamine codon CAG of the coat protein cis-
tron has been substituted by the amber codon UAG at amino acid
positions 6 or 70 in f2 (Notani ez al., 1965; Lodish and Zinder, 1966a)
and 6, 50 or 54 in R17 (Tooze and Weber, 1967). The mutation at site
6, but not at the later sites, yields decreased polymerase activity; it is,
therefore, considered a polar mutant since it results in decreased syn-
thesis of a product of another gene of the same operon (Gussin, 1966;
Tooze and Weber, 1967; Lodish and Zinder, 1966a). Synthesis of
enzymes is not detected by enzyme assay (August ez al., 1963; Gussin,
1966), conversion of parental RNA to double-stranded forms (Lodish,
1968¢; Capecchi, 1967), or by polyacrylamide gel analysis of infected
cell extract. The nonpolar mutants distal to position 6 lead to excessive
formation of polymerase late in the infectious cycle and to a less
marked increase in maturation protein synthesis (Horiuchi and Matsu-
hashi, 1970; August er al., 1963; Gussin, 1966, Lodish er al., 1964,
Lodish and Zinder, 1966a; Nathans er al., 1969; Vinuela et al., 1968).

The observations of a polar effect of certain amber mutants sug-
gest that translation of the first part of the coat protein gene is re-
quired for translation of the polymerase gene. It has been suggested
that translation of the early region of the coat protein cistron modifies
the RNA such that the initiation site of the polymerase gene becomes
available for ribosome binding (Zinder et al., 1966; Gussin, 1966; En-
gelhardt er al., 1967; Lodish, 19684). Such a model is consistent with
the observations that fragmentation of phage RNA or changes in its
conformation promote in vitro synthesis of the polymerase protein
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(vide supra). In line with this evidence is the effect of aurintricarboxylic
acid, an inhibitor of the initiation of protein synthesis. If this drug is
added early during incubation, i.e., within 2 minutes after the start of
coat protein synthesis, there is no synthesis of polymerase (Grubman
and Nakada, 1970). By analyzing the time after infection when
polymerase synthesis becomes resistant to the drug, it was estimated
that the polymerase initiation site becomes available when elongation
of the coat polypeptide reaches approximately the 40th amino acid
residue (Stewart et al., 1971).

Polarity of translation has not been demonstrated in the
translation of other phage cistrons. In cells infected with amber
polymerase mutants no phage proteins were detected; with ts
polymerase mutants only the enzyme protein was detected (Nathans et
al., 1969). These results can be attributed not to a translational
mechanism per se, but to the fact that synthesis of maturation and coat
protein is dependent upon synthesis of progeny RNA. Infection with
amber maturation protein mutants did not modify synthesis of
polymerase or coat protein.

3.3. The Repressor Role of Coat Protein

It has been found that infection by nonpolar amber mutants of the
coat protein gene results in higher levels of polymerase activity.
Moreover, the levels of polymerase produced in permissive strains were
inversely related to the amount of functional coat protein produced
(Gussin, 1966; Nathans et al., 1969; Garwes et al., 1969; Lodish and
Zinder, 1966a). These observations led to the hypothesis that phage
coat protein is a ‘“‘repressor’’ of the synthesis of the other phage-
specific proteins (Gussin, 1966). Such a repressor function of phage
coat protein on synthesis of polymerase protein was further elucidated
by using RNA complexed with 5-10 molar equivalents of coat protein
(Capecchi and Gussin, 1965; Capecchi, 1966; Sugiyama et al., 1967) as
a messenger in vitro. With homologous mixtures of RNA and coat
protein, synthesis of the polymerase protein was specifically repressed,
as demonstrated by reduced histidine incorporation and polyacryl-
amide gel electrophoresis (Sugiyama and Nakada, 1968; Eggen and
Nathans, 1969; Robertson er al., 1968; Sugiyama and Nakada, 1967,
Ward et al., 1967; Ward et al., 1969). The inhibition occurs at the
initiation step of protein synthesis, as shown by lack of formation of
the initiation dipeptide (Lodish, 1969a; Roufa and Leder, 1971;
Skogerson et al., 1967). A further confirmation of the repressor effect
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of coat protein has now been obtained by sequence analysis of the coat
protein binding site, directly demonstrating coat binding to the initia-
tion site of the polymerase cistron (vide supra).

A second possible repressor mechanism has recently been
described by which the polymerase-enzyme complex inhibits
translation of phage RNA accompanied by the release of ribosomes
and cessation of protein synthesis (Kolakofsky and Weissmann, 1971).
This has been attributed to the i-factor component of the enzyme
acting on the site for ribosome binding to the coat protein initiation
site (Groner et al., 1972a,b).

3.4. Translation In Vitro

The synthesis of phage protein in cell-free extracts was first
demonstrated with coat protein, the predominant product of in vitro
synthesis (Capecchi, 1966; Nathans er a/., 1962; Yamazaki and Kaes-
berg, 1966; Nathans, 1965; Adams and Capecchi, 1966; Webster et al.,
1966; Sugiyama and Nakada, 1968). The synthesis of non-coat pro-
teins was indicated as well by the incorporation of histidine, an amino
acid absent in the coat protein (Capecchi and Gussin, 1965; Nathans et
al., 1962; Nathans, 1965; Ohtaka and Spiegelman, 1963). By use of
RNA containing an amber codon in this gene (Capecchi, 1966; Vinuela
et al., 1967) it was possible to identify one of these proteins as the
product of the polymerase cistron. Identification of the maturation
protein was more difficult since little is synthesized in vitro (Capecchi,
1966; Adams and Capecchi, 1966; Sugiyama and Nakada, 1968;
Vinuela et al., 1967), although material with the same electrophoretic
mobility has been found (Eggen er al., 1967; Eggen and Nathans,
1969). However, synthesis of the aminoterminal peptide of the matu-
ration protein was detected by specific labeling with N-formyl-*S-
methionine (Lodish, 1968b). Also, relatively greater synthesis of this
protein was obtained by use of a polar coat mutant RNA complexed
with coat protein to reduce the synthesis of coat and polymerase pro-
teins (Lodish and Robertson, 1969a) (vide supra).

In addition to phage RNA, the strand complementary to R17
RNA and partially double-stranded RNA from f2 infected cells have
been tested in the in vitro system. The complementary strand does not
initiate protein synthesis or bind to ribosomes but stimulates the incor-
poration of amino acids directed by viral RNA (Schwartz et al., 1969).
The partially double-stranded RNA is translated to produce mainly
coat protein (Engelhardt et al., 1968).
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3.4.1. Initiation of Synthesis

When synthesized in vitro, each of the three phage-specific pro-
teins contains N-formylmethionine as the N-terminal amino acid
(Lodish, 1968b.d; Lodish and Robertson, 1969a; Adams and Capecchi,
1966; Webster et al., 1966; Vinuela et al., 1967). In the case of the coat
protein of f2, the amino-terminal sequence of the in vitro product is
fMet-Ala—, in contrast to the natural coat sequence NH,Ala—
(Lodish, 1968b; Adams and Capecchi, 1966; Webster er al., 1966;
Lodish, 19694). The amino-terminal dipeptide of the f2 maturation
protein is fMet-Arg (Lodish, 1969a), and that of the polymerase pro-
tein is fMet-Ser (Lodish, 19685, 1969a).

3.4.2. Eifect of Primary and Secondary Structure

The regulation of translation of the phage genome in vivo is ap-
parent because coat protein is synthesized in greater quantity and for a
longer time than the other phage-specific proteins. Regulation of
translation also occurs in vitro, as seen both by a temporal order of
translation and by greater synthesis of coat protein (Lodish, 19685 .4,
Ohtaka and Spiegelman, 1963; Engelhardt er al., 1967; Webster and
Zinder, 1969). These observations of the relative amounts of viral pro-
tein synthesized in vitro are dependent upon the integrity and con-
formation of viral RNA. With intact *“‘native” RNA isolated from
phage particles by phenol extraction, ribosomes bind initially only to
the coat protein initiation site. This was determined by use of the
dipeptide assay for the initiation of synthesis (Lodish, 19685), by nu-
cleotide sequence analysis of the RNA in the initiation complex (Gupta
et al., 1970; Hindley and Staples, 1969), by the observations that only
one ribosome can attach to phage RNA if polypeptide chain elon-
gation is prevented (Engelhardt er a/., 1967; Iwasaki er al., 1968,
Lodish and Robertson, 1969a; Takanami et al., 1965; Webster et al.,
1969; Webster and Zinder, 1969), and by analysis of the protein
product of synthesis limited to the single initiation site (Webster er al.,
1969; Gupta et al., 1971; Kuechler and Rich, 1970). The specific ribo-
some binding depends, however, upon the intactness of the RNA, as
fragmentation by any one of several procedures or alterations in
structural conformation such as formaldehyde treatment allowed the
initiation of all three proteins (Lodish, 1968b.d, 1969a, 1970a; Steitz,
19696; Staples and Hindley, 1971; Voorma et al., 1971; Fukami and
Imahori, 1971; Gesteland and Spahr, 1969; Lodish and Robertson,
1969a).
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3.4.3. Ribosome Specificity

Another possible element in the regulation of translation is a
specificity of ribosomes for certain RNA sites. This was first made
evident by the finding that in contrast to E. coli ribosomes, B.
stearothermophilus ribosomes initiate maturation protein synthesis,
but not coat protein or polymerase (Lodish, 19695, 1970b; Lodish and
Robertson, 1969b; Steitz, 1969b), while B. subtilis is not active with
phage RNA (Lodish and Robertson, 1969b). Recent work by Steitz
(1973) demonstrated that whereas ribosomes from B. stearothermo-
philus bind to the maturation initiation site both in native RNA and in
a mixture of the three initiator fragments, E. coli ribosomes prefer the
maturation protein-initiator fragment over the coat protein region in
intact RNA. She suggests that in native RNA the potentially efficient
A protein initiator is masked by the remainder of the RNA. It must be
presumed then that the species specificity of ribosomes resides in their
relative affinities for the coat and polymerase regions.

3.4.4. Specific Initiation Factors

There is also evidence that the initiation factors play a regulatory
role. This is suggested by the fact that in the presence of initiation fac-
tors from phage T4-infected cells, initiation occurs chiefly at the matu-
ration protein cistron (Steitz et al., 1970), apparently due to a defi-
ciency in IF3 (Lee-Huang and Ochoa, 1971; Pollack et al., 1970). It
also has been found that purified fractions of IF3 differ in their ability
to direct translation of the different phage proteins (Lee-Huang and
Ochoa, 1971; Revel et al., 1970).

3.4.5. Role of Nascent RNA

Another possible component in the regulation of translation is the
nascent chain of progeny RNA. A replicative RNA complex consisting
of minus-strand RNA as template and one or more nascent progeny
RNA chains shows about 5-fold greater initiation of maturation pro-
tein relative to total protein than does single-stranded RNA
(Robertson and Lodish, 1970). This presumably is because the matu-
ration protein cistron at the 5° terminus of phage RNA is available for
ribosome binding on the nascent chain. Only a few of the maturation
protein chains initiated were completed, however, in contrast to coat
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protein, which was the major product of the reaction. From these
observations it was suggested that maturation protein synthesis begins
at the 5” end of the nascent strands of progeny RNA. As RNA syn-
thesis proceeds, however, folding of the RNA chain blocks the matu-
ration protein initiation site, preventing further ribosome binding
(Robertson and Lodish, 1970). Thus it was postulated that maturation
in vivo might occur on nascent RNA chains, consistent with evidence
that transcription and translation are coupled.

3.4.6. Summary of the Control of Translation

The first protein synthesized 5-10 minutes after infection is the
phage polymerase. This protein must be translated chiefly, if not
solely, from parental RNA since normal levels of polymerase do not
depend on RNA synthesis. In contrast, normal yields of the other two
phage proteins do require synthesis of progeny RNA. Translation of
the polymerase gene is dependent, however, on at least partial synthesis
of coat protein, as some amber mutants of the coat cistron are polar
for polymerase synthesis. After formation of the polymerase protein,
the parental RNA is then used as a template for the synthesis of prog-
eny RNA. There is evidence that binding of host subunits of the
polymerase complex may also act to prevent further binding of
ribosomes to the coat protein initiation site. At 10-20 minutes after in-
fection, maturation and coat protein appear in the infected cell.
Shortly thereafter, synthesis of the polymerase protein ceases and the
rate of maturation protein synthesis declines. The inhibition of syn-
thesis of polymerase is achieved by a repressor effect of coat protein
binding to the parental phage messenger. The synthesis of maturation
protein may be regulated by the restricted accessibility of the matu-
ration protein initiation site to ribosome binding in intact RNA. If
maturation protein can be translated only from nascent strands
(Robertson and Lodish, 1970), then such synthesis would be necessarily
limited since the number of intact molecules far exceeds that of nascent
chains.

4. REPLICATION
4.1. RNA Replication In Vivo

The replication of RNA in RNA bacteriophages is a multistep
process which involves the synthesis of complementary RNA in the
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presence of the parental RNA template and host factors with the sub-
sequent synthesis of progeny RNA from the template complementary
strand. Early studies on the mechanism of in vivo replication have
focused on the isolation of RNA intermediates in the reaction
(Erikson, 1968; Lodish, 1968a; Stavis and August, 1970). Three classes
of molecules can be distinguished: a completely double-stranded rep-
licative form consisting of a complete plus strand and one minus
strand (Ammann et al., 1964; Francke and Hofschneider, 1966a,b;
Franklin, 1966, 19674,b; Granboulan and Franklin, 1966); a replicative
intermediate consisting of a complete plus strand and one complete
minus strand and one or several partially complete progeny strands
(Fenwick et al.,1964; Erikson et al., 1964, 1965; Francke and
Hofschneider, 19665; Granboulan and Franklin, 1968; Kelly and Sin-
sheimer, 1967a); and a small completely RNase-resistant ‘‘core”
(Billeter et al., 1966a). There are two possible types of replication: se-
miconservative or conservative. The first is one in which a nascent
strand is hydrogen bonded to its complement; as synthesis proceeds it
displaces its preexisting counterpart. The second type is one in which a
duplex of plus and minus strands remains intact except for a growing
point at which the new strand is synthesized; when completed, the pro-
geny strand is displaced (Lodish and Zinder, 19665, Weissmann et al.,
1964a; Fenwick et al., 1964; Kelly and Sinsheimer, 1967a,b; Erikson
and Erikson, 1967; Ochoa et al., 1964; Erikson and Franklin, 1966;
Billeter et al., 1966b).

It is possible initially to identify parental RNA as part of an
RNase-resistant replicative form, and later, during infection, as an
RNase-sensitive component of the replicative intermediate (Kelly and
Sinsheimer, 1964, 1967a,h; Weissmann et al., 1964a; Kaerner and
Hoffmann-Berling, 1964; Erikson and Erikson, 1967; Lodish and
Zinder, 1966b). However, contrary to the expectation that all of the la-
beled RNA in a brief pulse would be in double-stranded form, only ap-
proximately 50% of the nascent RNA appears to be RNase-resistant.
Since this result is not consistent with a semiconservative mechanism,
it has been suggested that replication occurs both conservatively and
semiconservatively, with the latter being the prevailing mode (Kelly
and Sinsheimer, 1967a). Formaldehyde inactivation of infectious RNA
was also used to determine the mechanism of replication. Formal-
dehyde should inactivate infectious RNA that is a component of a se-
miconservative structure, while the infectious RNA that is in a con-
servative-type replicative intermediate should be resistant to formal-
dehyde treatment. It was found that at least 80% of the infectivity of
the replicative intermediate was destroyed by formaldehyde (Francke
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and Hofschneider, 1969). These results suggest that a majority of rep-
licative-intermediate molecules are of the semiconservative type.

One intriguing observation is that parental RNA is not found in
progeny phage (Davis and Sinsheimer, 1963). It is possible that some
distinguishing modification (factors perhaps) makes the parental strand
the preferential template for the synthesis of minus strands.

Studies on the in vivo replication of RNA indicate that the site of
RNA synthesis may be membrane associated (Haywood, 1971, 1973;
Haywood and Sinsheimer, 1965; Haywood er al., 1969; Hunt er al.,
1971). Labeled replicative intermediate was isolated from membrane
and membrane eluate, a fraction containing material bound only in the
presence of divalent cations. It was found that all replicative RNA was
associated with membrane fractions, and that the amount found in the
membrane leveled off within 1-2 minutes while that found in the
membrane eluate increased with time of labeling. The bulk of the label
entering viral RNA came from the replicative intermediate associated
with the membrane eluate. It is suggested that the factors required for
complementary strand synthesis are bound to membrane. After the
replicative RNA is formed it is released into the membrane eluate where
polymerase that is no longer bound to factors is capable of making viral
RNA (Haywood, 1973).

4.2. RNA Replication In Vitro

Infection of E. coli by RNA bacteriophage leads to the ap-
pearance of an RNA-dependent RNA polymerase, which catalyzes the
synthesis of phage RNA. Although phage RNA polymerases have
been isolated from several sources (Weissmann et al., 1963, 1964b,
August er al., 1963, 1965; Haruna et al., 1963; Weissmann, 1965), the
system most extensively studied is derived from the bacteriophage Q@
(Watanabe et al., 1967). In the reaction catalyzed by the Q3 RNA
polymerase template, Q3 RNA is replicated yielding a product which
is infectious in spheroplasts (Spiegelman er al., 1965). In addition to
the enzyme and template RNA, the reaction requires host cell factors
(August, 1969).

4.2.1. Properties of the Q3 RNA Polymerase

The enzyme, originally isolated from extracts of Qg-infected cells
by Haruna and Spiegelman (1965a), has been purified to a high degree
of homogeneity (Pace and Spiegelman, 1966; Eoyang and August,
1968, 1971, Kamen, 1972). Purified preparations have specific
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activities of 200-500 nmoles of GMP incorporated per milligram of
enzyme protein per minute at 37°C. The molecular weight of the
enzyme has been estimated to be 130,000. The active enzyme complex
consists of 4 polypeptides, one of which is the gene product of the repli-
case cistron of the phage genome (Kondo et al., 1970; Kamen, 1970).
Their molecular-weight estimates are: Subumit I, 70,000-74,000;
Subunit I1I, 62,000-65,000; Subunit 111, 47,000; Subunit 1V, 30,000-35,
000 (Kondo ez al., 1970; Kamen, 1970; August et al., 1973). Although
the molecular weight of the native enzyme as determined by gel fil-
tration, zonal sedimentation, and sedimentation equilibrium centrifu-
gation is 130,000-150,000, the sum of the molecular weights of the four
subunits exceeds 200,000. The reason for this discrepancy is as yet un-
clear, but it is likely that the components actually exist in multiple
polymeric forms and that each of these forms exhibit the molecular
weight attributed to the active enzyme complex. The finding that
simple alterations in ionic environment produce variations in the
associative interactions of the four components indicates that the
polymerase is not composed of a single active enzyme but a complex of
loosely associated protein components.

By virtue of its serological cross-reactivity, its molecular weight,
and its equivalency with factor i in the Q8 RNA reaction, subunit I
has been identified as host interference factor i (Kamen ez al., 1972;
Groner et al., 1972b), a bacterial protein which inhibits the translation
of the coat protein cistron in native viral mRNA but stimulates the
translation of the replicase cistron when it is accessible, e.g., in formal-
dehyde-treated RNA (Groner et al., 1972a). It is presumed that this ef-
fect involves the binding of factor i to IF3, a factor which selectively
stimulates the binding of ribosomes to the initiation site of the coat
protein cistron (Lee-Huang and Ochoa, 1971; Berissi et al., 1971). An
intriguing possibility is that an autoregulatory system exists in which,
initially, factor i stimulates the synthesis of the replicase subunit.
Factor i, together with the replicase subunit and subunits IIT and IV, is
then incorporated into the enzyme complex (Groner et al., 1972b).

Subunit II is the virus-specific polypeptide induced upon infection
of E. coli by RNA phage. It is this polypeptide that confers the speci-
ficity of replication to the enzyme complex. Subunits III and IV have
been shown to be protein synthesis elongation factors Tu and Ts [for a
summary of translational factors, see Lengyel (1969)] on the basis of
serological cross-reactivity, the presence of Tu and Ts activities in the
Q3B replicase, identity of aminoterminal residues of subunit IV and Ts,
and the recovery of enzymic activity when subunits I and II are re-
constituted with authentic Tu and Ts (Blumenthal et al., 1972). As yet
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the precise role of these two host proteins in Q3 RNA replication is
not known. It has been suggested that since Tu and Ts function in the
host as intermediaries in the transfer of aminoacyl-tRNA to the
ribosome by means of a complex containing Tu, GTP, and aminoacyl-
tRNA, subunits IIT and IV may play an analogous role in Q3 RNA
synthesis by binding to the initiation site near the 3 -hydroxyl end of
the RNA.

In vivo evidence that at least Ts is required for the poly C-directed
poly G polymerase activity associated with Q8 polymerase comes from
the isolation of a temperature-sensitive mutant (HAK-88) with a lesion
in the Ts cistron (Kuwano er al., 1973). Incubation of enzyme isolated
from Qpg-infected HAK-88 cells at the nonpermissive temperature
(42°C) shows a marked decrease in enzyme activity compared to that
from infected wild-type host.

A unique property of the QB polymerase is its template speci-
ficity. The only nucleic acids known to serve as template for replication
are Q3 RNA (Haruna and Spiegelman, 19654), QB8 complementary
strand (Feix et al., 1968; August er al., 1968; Banerjee er al., 1969b),
“variants” of QB RNA isolated under various limiting conditions
(Mills et al., 1967; Levisohn and Spiegelman, 1968), and a 6 S RNA
present in Qg-infected E. coli (Banerjee et al., 1969a).

The specificity of these templates does not reside solely in the
primary structure of a limited region since fragments of Q3 RNA do
not serve as templates (Haruna and Spiegelman, 1965b). The only
known specification for enzyme recognition is the penultimate cytidine
at the 3"-OH terminus (Rensing and August, 1969; Kamen, 1969). As
described above, the terminal adenosine residue can be removed
without affecting the infectivity or template activity of the RNA, but it
is the only one that is not crucial to the initiation site. In view of the
fact that polycytidylate and synthetic ribocopolymers containing
cytidylate also act as template for the enzyme, albeit only for the syn-
thesis of the complementary polymer (Hori ez al., 1967), it seems that
a string of Cs is one of the recognition requirements for the enzyme.
Since other natural messengers such as the RNA of TMV, MS2, and
R17 contain C-rich terminal regions as well, it must be presumed that
the secondary and tertiary structure of the RNA is also implicated in
the specificity of binding sites for the enzyme.

4.2.2. Host Cell Factors

It was found during the course of enzyme purification that other
components were required for the recovery of fully active enzyme
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(Eikhom et al., 1968; Shapiro er al., 1968). In addition to the
polymerase complex, two bacterial proteins not associated with the
polymerase and found in both uninfected and infected E. coli are re-
quired for the synthesis of infectious RNA (Shapiro et al., 1968). Their
function is related solely to the template activity of Q3 RNA, as they
are not needed for synthesis directed by the Q8 complementary strand
or other templates. A factor requirement has also been reported for the
f2 poly G polymerase (Federoff and Zinder, 1973). This requirement is
observed, however, in the presence of both f2 plus- and minus-strand
template. Q@ factors and f2 factor, though functionally analogous, are
not interchangeable between the two systems.

4.2.2(a). Factorl

Factor 1 can be isolated as a homogeneous protein with a
molecular weight of 70,000-80,000 (Franze de Fernandez et al., 1968,
1972). SDS-polyacrylamide gel electrophoresis of a boiled, denatured
preparation of factor I yields a single band with a molecular weight of
approximately 12,000-15,000. This evidence suggests that the active
factor is a polymeric protein consisting of 4-6 polypeptides of the same
molecular weight. The protein is remarkably resistant to heat (100°C),
though it has no unusual constituents. Its amino acid composition has
been published (Franze de Fernandez er al., 1972).

The absolute requirement for factor I varies with RNA
concentration only, and it is independent of the amount of enzyme in
the reaction. Studies on the stoichiometric relationship between factor
I and RNA indicate that one molecule of factor I is required per
molecule of RNA. Factor I binds to single-stranded RNA (E. coli
rRNA, R23 RNA, f2 RNA), but not to double-stranded RNA
(reovirus RNA) or DNA, either double or single stranded. Analysis of
the early steps in the polymerase reaction indicates that neither phos-
phodiester bond formation nor irreversible binding of 5 -terminal GTP
occurs in the absence of factor I. It has been suggested that factor I is
required for RNA synthesis at the level of enzyme-RNA binding
(Franze de Fernandez et al., 1972).

4.2.2(b). Factorll

The requirement for factor II can be fulfilled by a number of basic
polypeptides (Kuo, 1971; Kuo and August, 1972). Aside from many of



Reproduction of RNA Bacteriophages 33

the basic proteins associated with the structural proteins of ribosomes,
factor II activity has been detected in QB, R23, and 2 coat protein and
lysine-rich and arginine-rich calf thymus histones, as well as salmon
sperm protamine sulfate. However, poly-L-lysine, poly-L-arginine, bo-
vine serum albumin, spermine, spermidine, and putrescine are inef-
fective. Irrespective of the source of factor II, the amount of protein
required for maximal activity was the same, 0.1-0.2 ug per ug Q@
RNA. Factor II proteins bind tightly to RNA, as would be expected
considering their basic properties. As measured by the nitrocellulose
filter assay, enzyme binding of Q8 RNA is dependent upon the
presence of factor Il (Kuo et al., 1974), with the concentration required
for binding being the same as that required for RNA synthesis.
Analysis of enzyme-RNA binding using equilibrium partition in a two-
phase liquid polymer system indicates that while binding of enzyme to
different RNA molecules is possible at 0°C, the formation of a specific
initiation complex in which one molecule of enzyme binds one
molecule of Q8 RNA occurs only at 37°C and in the presence of GTP
and both factors (Silverman, 1973a,5).

The role of the factor proteins is probably to mediate the
interaction of polymerase with Q38 RNA to form an initiation com-
plex. Since enzyme can bind to many sites on the RNA, factor Il may
function by competing with the enzyme for nonspecific binding regions
thereby facilitating enzyme binding to a single specific site. Factor I
may possibly act on the RNA initiation site or on the enzyme bound to
this site prior to the onset of synthesis.

4.2.3. The Complementary Strand

A strand with a base composition complementary to that of the
Q@B RNA is synthesized early in the reaction, before the appearance of
progeny RNA (Feix er al., 1967; Weissmann and Feix, 1966). The
minus strand is detected by the appearance of RNase-resistant RNA
product after deproteinization (Weissmann et al., 1968). Concomitant
with the appearance of RNase-resistant product is the loss in in-
fectivity of the template RNA (Mills er al., 1966). The complementary
or minus strand then serves as a template for the synthesis of Q3 RNA
in a reaction that does not require the presence of host factors.

Analysis of the 3” terminus of the complementary strand shows
that A is the predominant terminal residue though C has also been
found at the 3 site (Weber and Weissmann, 1970). Thus, even though
both plus and minus strands are terminated by a 3" -adenosine, pppG is
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the only known residue at the 5° terminus. Since no adenylate-adding
activity has been detected in the purified enzyme (Rensing and August,
1969; August er al., 1973), it must be assumed that the enzyme itself
has this capability. The paradox of a terminal adenosine, which is not
copied according to the Watson-Crick model of base-pairing, is not a
requirement for infectivity or template activity, and yet is added on
during replication, remains unresolved.

4.2.4. Synthesis of Viral RNA

The synthesis of infectious viral RNA in vitro (Spiegelman et al.,
1965) requires, in addition to the phage polymerase, Mg?*, the four
ribonucleoside triphosphates, host factors, and Q3 RNA.

One property of the reaction is the recognition of specific template
RNA. In addition to Q3 RNA, the Q3 RNA polymerase can utilize
only a few natural RNA molecules synthesized in vivo and in vitro,
polyribocytidylic acid, and synthetic ribopolymers which contain
cytidylate. There is evidence that the mechanism of this phenomenon
resides at least in part in the template-binding properties of the
enzyme. Two properties of the enzyme have been distinguished: (1) The
recognition of specific templates and (2) binding to a single site on
template RNA. At 0°C and in the absence of reaction components re-
quired for RNA synthesis, the enzyme reversibly binds to any RNA
and to DNA as well (August et al., 1968); as many as 30 enzyme
molecules can bind to a single Q3 RNA molecule (Silverman, 1973a).
Under these conditions, however, template specificity is manifest by a
10-fold higher affinity of the enzyme for Q3 RNA than that for other
RNAs. It was suggested that such preferential binding to multiple sites
could serve in vivo to minimize competition for enzyme between phage
and cellular RNA. Binding of enzyme to a single site on Q3 RNA has
been observed to require incubation at 37°C in the presence of GTP
and host factors (Silverman, 1973a,b). The reaction results in the
formation of a complex that is not dissociated by high ionic strength or
competing RNA, and is specific for Qg8 or other template RNA. The
stoichiometry of binding is the same as that for initiation, i.e., a
maximum of one molecule of active enzyme is bound per molecule of
QB RNA. However, complex formation can be distinguished from
initiation of synthesis as the latter is dependent on the presence of
Mg?* ions. It was hypothesized that the role of the basic protein factor
II in this reaction is to compete with enzyme for the nonspecific
binding sites thus facilitating enzyme binding to the specific site. Pre-
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sumably the binding site is that which specifies the initiation of syn-
thesis at the 3'-OH terminus of the template.

The first RNA to be synthesized is the complementary strand.
The subsequent synthesis of viral RNA can be described by two
possible models: (1) a double-stranded intermediate consisting of a plus
strand and a newly completed minus strand serves as the template, and
(2) free complementary minus strand serves as template. Although
there has been much work on the isolation of these double-stranded
structures from both in vivo and in vitro sources (Weissmann et al.,
1964a; Weissmann and Borst, 1963; Weissmann, 1965; Mills et al.,
1966; Bishop et al., 1967a,b; Pace er al., 1967, 1968), it is not clear
whether they are direct precursors of the viral product or artifacts of
the isolation procedure. Since detection of double-stranded structures
is based on their resistance to RNase and extraction procedures such
as phenol may artifactually confer double-stranded characteristics to
the RNA, evidence that they are intermediates in replication is not
conclusive. More persuasive evidence that free complementary strands
may indeed be the true template for viral RNA synthesis is the fact
that neither replicative-form RNA (one plus and one minus strand) nor
replicative-intermediate RNA (one plus, one minus, and one or more
nascent plus chains) has been found to serve as template, while free
complementary minus strand serves quite well (Weissmann et al., 1967,
1968). There are, however, no data to explain how the potentially hy-
drogen-bonded complementary strands are maintained free or are
denatured in the course of the reaction.

Based on the available data, it is possible to construct the fol-
lowing scheme for the replication of phage RNA. Specific recognition
of QB RNA results from the high-affinity reversible binding of enzyme
to template. In the presence of GTP and host factors, the enzyme se-
lectively and irreversibly binds to a single site, possibly initiated by fac-
tors binding to competing RNA sites. Synthesis is initiated in the
presence of Mg?* and the four nucleoside triphosphates, beginning at
the penultimate C residue and ending with the addition of the 3" -ter-
minal adenosine to yield the complementary strand. The newly
synthesized complementary strand acts as the template for the syn-
thesis of viral RNA, with the enzyme again initiating at the penulti-
mate C and completing the molecule by the addition of an A residue.

4.2.5. Replication of Other Templates

In addition to Q3 RNA and its complementary strand, two other
classes of RNA are replicated by the polymerase in vitro. These are
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not infectious nor do they require the presence of factors for their syn-
thesis. One class of small RNA molecules replicated in vitro is the Q3
6 S RNA isolated from infected cells (Banerjee et al., 1969b; Prives
and Silverman, 1972). This double-stranded molecule has a chain
length of 130 nucleotides. As they do not have the same terminal se-
quences, they are considered (Trown and Meyer, 1973) to be distinct
from the ““variant” RNA. Variant RNA molecules (Mills er al., 1967,
1968; Levisohn and Spiegelman, 1968, 1969) originally derived from
QB RNA have been isolated by selecting for molecules which are
differentiated either by virtue of the selective advantage of being able to
replicate rapidly or by survival under limiting conditions, i.e., low
concentrations of substrate or in the presence of inhibitors (Saffhill er
al., 1971). Several such variants have been isolated, the smallest of
which contains only 6% of the genetic material found in phage Qg (Ka-
cianet al., 1972).

5. ADSORPTION AND PENETRATION

Infection by RNA phage particles can occur only in male bacteria
(Loeb and Zinder, 1961), but phage RNA is infectious in both male
and female spheroplasts. Male cells are distinguished by the presence
of F pili, phenotypic expressions of the fertility (F) factor (Crawford
and Gesteland, 1964; Caro and Schnds, 1966; Brinton et al., 1964,
Valentine and Strand, 1965). These filamentous appendages, one or
two of which are present on the surface of male cells (Brinton er al.,
1964), are flexible rods, 85 nm in diameter, and from less than 1 um to
80 um long (Brinton and Beer, 1967). As shown in electron mic-
rographs, the virus particles adsorb to the pilus in large numbers along
its entire length (Crawford and Gesteland, 1964; Caro and Schnos,
1966; Brinton et al., 1964; Valentine and Strand, 1965), but infection is
carried out by only one or a few particles; this evidence suggests the
existence of either a few unique binding sites or an exclusion process
which prevents multiple infections. Phage attachment to F pili is
presumed to be mediated by the maturation protein (Roberts and
Steitz, 1967) since phage mutants defective in maturation protein do
not adsorb to bacteria (Lodish er al., 1965). These mutants are
characterized by their sensitivity to RNase, and it is thought that the
loss of infectivity is a consequence of RNA degradation. There is,
however, another class (class III) of defective particles found in R17
phage preparations which lack the maturation protein, are unable to
adsorb to pili, and yet are resistant to RNase (Krahn and Paranchych,
1971). It would seem, therefore, that the maturation protein has a dual
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function affecting both the stability of the phage and its ability to ad-
sorb to the host.

The adsorption of phage to the cell triggers a series of events
during the initial five minutes of the infectious cycle. This eclipse pe-
riod parallels the release of maturation protein from the viral capsid, a
marked decrease in the cellular levels of nucleoside triphosphates,
and the release of free pili into the medium (Paranchych er al., 1971).
The RNA separates from the coat protein leaving the empty shell
outside (Edgell and Ginoza, 1965). At the separation stage the RNA
becomes sensitive to RNase. The separation reaction is energy de-
pendent, requires host metabolic activity (Danziger and Paranchych,
19704a), but does not require divalent metal ions (Paranchych, 1966;
Danziger and Paranchych, 19705).

After separating from the coat, the RNA then penetrates the host
cell. This reaction is dependent on the presence of divalent cations
(Paranchych, 1966) and is blocked by the addition of EDTA (Sil-
verman and Valentine, 1969). It has been suggested that penetration is
facilitated by a structural modification of the F pilus in which the pilus
becomes fragmented (Paranchych er al., 1971).

6. ASSEMBLY

Phage RNA together with homologous or heterologous coat pro-
tein is capable of forming several types of complexes that resemble
phage particles (Sugiyama et al., 1967; Eggen and Nathans, 1969;
Hung er al., 1969). Although there is RNA-protein interaction
between phage RNA and heterologous protein, there seems to be a
specificity of interaction between homologous protein and RNA. A
complex of a few heterologous or homologous protein subunits and
phage RNA can be converted into phagelike particles only upon ad-
dition of the same protein (Hung et al., 1969). It has been shown that
during in vitro self-assembly QB and MS2 protein do not interact to
form mixed particles (Ling et al., 1969). Further evidence for the speci-
ficity of assembly was the finding that double infection of E. coli with
MS2 and Qg does not produce hybrid or mixed-coat particles (Ling et
al., 1970).

Studies of defective particles produced by amber mutants of the
maturation protein cistron (Argetsinger and Gussin, 1966; Hohn, 1967)
and reconstitution experiments (Hung and Overby, 1969; Roberts and
Steitz, 1967) demonstrate that self-assembly of complete phage parti-
cles requires biologically competent RNA, coat protein, and matu-
ration protein. It has been suggested that maturation protein is re-
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quired at an early step in the packaging of the phage particle and it
may involve the correct assembly of viral RNA into the viral particle
(Kaerner, 1970; Cramer and Sinsheimer, 1971). In view of the observa-
tions that newly synthesized maturation protein is found to be
associated with viral RNA (Richelson and Nathans, 1967) in infected
cells, that the protein penetrates the host cell during infection, and that
it enters the cell complexed with the infecting RNA (Kozak and
Nathans, 1971; Krahn et al., 1972), it is likely that it functions both in
adsorption to F pili and in assembly of the mature phage particle.

Three models of the mechanism of phage assembly have been
proposed: (1) RNA is packaged into an empty shell formed by the ag-
gregation of protein subunits. (2) An assemblage of protein subunits is
constructed around an RNA core. (3) RNA and protein condense
cooperatively, perhaps in a two-step reaction in which first, an initia-
tion complex is formed by a few protein molecules and RNA, and
second, the particle is completed by the subsequent aggregation of ad-
ditional coat subunits. The observations that empty shells do not react
with RNA (Hohn, 1969), that capsid formation is not specific to the
size or composition of RNA, and that initiation complexes of the types
described have been isolated would seem to preclude the first two
models of phage assembly.

The final events in phage infection, that of phage release and cell
lysis, have not as yet been well defined. It is known, however, that cell
lysis is not an absolute and necessary prerequisite for phage release
since at reduced temperatures phage particles can be released from
intact bacterial cells (Engelberg and Soudry, 1971; Hoffmann-Berling
and Maze, 1964). Zinder and Lyons (1968) have suggested that coat
protein causes the lysis of the host cell when infected with phage f2.
The f2 mutants that are blocked in coat protein synthesis or produce
defective coat protein do not lyse host bacteria. However, since in
phage QB maturation protein mutants do not cause host cell lysis (Ho-
riuchi and Matsuhashi, 1970) and no lytic activity of coat protein has
been detected (Zinder and Lyons, 1968), it would seem that the
function of coat protein in cell lysis is less direct.

7. THE RELATION OF PHAGE INFECTION AND HOST
METABOLISM

7.1. Host Metabolism Required for Phage Synthesis

Although DNA synthesis is not required for RNA phage rep-
lication, as shown by the inability of inhibitors of DNA synthesis to
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block phage multiplication (Cooper and Zinder, 1962; Watanabe and
August, 1967, 1968b), phage growth does require the maintenance
of some host metabolic functions. Thus, alteration of the host DNA
by ultraviolet irradiation or thymine starvation abolishes the cell’s
susceptibility to infection (Neubauer and Zavada, 1965; Rappaport,
1965; Zavada et al., 1966). Evidence for the requirement for host-
DNA-dependent RNA synthesis is the finding that actinomycin D, a
known inhibitor of cellular metabolism markedly inhibits phage
growth when added either before or up to 10-16 minutes after infection
(Vinuela et al., 1967; Haywood and Sinsheimer, 1965; Oeschger and
Nathans, 1966; Haywood and Harris, 1966; Lunt and Sinsheimer,
1966). The inhibition of phage yield is accompanied by a decreased
synthesis of 27 S progeny RNA. Total RNA synthesis is increased,
however, and there is an accumulation of a 6-10 S phage-specific
RNase-resistant RNA. The significance of the synthesis of the *‘aber-
rant” RNA is unknown, but it can also be observed under abnormal
conditions such as UV irradiation (Kelly et al., 1965; Nonoyama and
Ikeda, 1964) or infection by a coat protein or maturation protein
mutant of f2 (Lodish and Zinder, 1966a). It is known that an RNase-
resistant 6 S RNA can be replicated in vitro by the QB polymerase
(vide supra).

The use of actinomycin D to inhibit host protein synthesis has
been complicated by the fact that the cell must be pretreated to
enhance its permeability to this drug, thus making interpretation of the
data less satisfactory. The discovery that rifampicin inhibits cellular
RNA and protein synthesis (Hartmann er al., 1967) presumably by
binding to the @ subunit of the DNA-dependent RNA polymerase
(Zillig er al., 1970; Heil and Zillig, 1970) has led to further studies on
the effect of this drug on host-phage interactions. RNA phage rep-
lication is blocked by rifampicin if it is added prior to infection
(Fromageot and Zinder, 1968; Marino er a/., 1968). It is suggested that
the block occurs after the penetration of the phage RNA. Subsequent
studies on QB and MS2 prompted suggestions that the effect of
rifampicin is on a host factor essential for phage assembly (Passent and
Kaesberg, 1971) or the release of phage particles (Engelberg and
Soudry, 1971).

Although it is generally accepted that host protein synthesis is re-
quired for phage replication, the precise mechanism involved is as yet
unknown. Studies with the Q@ polymerase reaction indicate that in
. vitro synthesis of phage RNA is not inhibited by rifampicin (Bandle
and Weissmann, 1970). However, in MS2-infected cells, while
rifampicin only reduces the rate of minus-strand synthesis, it com-
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pletely abolishes progeny RNA synthesis (Engelberg, 1972). It has
been suggested that the synthesis of host factors necessary for Qg
RNA synthesis in vitro may be involved. The possibility that protein
synthesis elongation factors Tu and Ts are the affected proteins has
also been suggested (Meier and Hofschneider, 1972), though in view of
the fact that Tu and Ts comprise at least 2% of the soluble protein in
E. coli (Miller and Weissbach, 1970), this possibility seems less likely.
Alternatively, consideration must be given to the possibility that factor
1, identified also as host subunit I of the Q@ polymerase-enzyme com-
plex (vide supra), is the protein being depleted.

The presence of an analogue of uracil, 5-fluorouracil (Cooper and
Zinder, 1962; Davern 1964b; Shimura and Nathans, 1964; Shimura et
al., 1965), has been found to also inhibit phage growth. Addition of the
drug up to 13 minutes after infection results in a yield of MS2 about
three orders of magnitude less than that found in untreated cells. When
added later in infection, the effect is less dramatic and the particle yield
is about 50% despite an approximately 80% replacement of uracil by 5-
fluorouracil. It appears that some necessary early function of phage or
host is highly susceptible to the presence of 5-fluorouracil. The effect of
5-fluorouracil cannot be explained by perturbation of specific base
complementarity since highly substituted phage lose little infectivity
compared to those grown in the presence of the analogue (Shimura et
al., 1965).

RNA phage replication is also inhibited by colicine E, or superin-
fection with X174 or T-even DNA phages (Neubauer and Zavada,
1965; Hattman and Hofschneider, 1967; Yarosh and Levinthal, 1967;
Huppert et al., 1967; Fujimura, 1966). The effect appears to require
the expression of the DNA phage genome in the synthesis of DNA
phage protein. It is suggested that inhibition of f2 multiplication by
superinfection with T4 phage is due to the induction of a specific en-
doribonuclease which degrades f2 RNA and thus prevents phage pro-
tein synthesis (Goldman and Lodish, 1971). Superinfection by T4
DNA-free ghosts can also block RNA phage replication but, unlike the
effect by T4 viable phage, inhibition by ghosts cannot be blocked by
rifampicin (Goldman and Lodish, 1973). It seems, therefore, that
whereas inhibition of RNA phage replication by intact T4 is due to
induction of expression of T4 gene function, inhibition caused by T4
ghosts may be due to suppression of host function by affecting the
pools of DNA, RNA, or protein precursors (Duckworth, 1970). Since
phage RNA synthesis is known to be dependent on host metabolism,
attempts have been made to pinpoint the specific host gene expression
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required. By measuring infectious RNA uptake rather than uracil
uptake to monitor phage RNA synthesis, phage RNA replication was
compared in re/* (relaxed) and rel (stringent) strains of E. coli deprived
of a required amino acid. No effect of amino acid starvation was ob-
served (Siegel and Kjeldgaard, 1971). This suggests that the rel gene
may not be a control for the synthesis of phage RNA as had been pre-
viously thought (Friesen, 1965, 1969).

7.2. Phage-Induced Changes in Host Metabolism

Changes in cellular metabolism upon RNA phage infection vary
according to the infecting phage. With f2 and Q@, for instance, syn-
thesis of bacterial RNA is only slightly affected upon infection, with
less than half of the protein and RNA synthesized after infection being
recoverable in phage particles (Watanabe er a/., 1968). In contrast,
despite their physical and chemical similarities, infection with R17,
R23, and ZIK/1 results in a marked inhibition of bacterial protein and
ribosomal RNA synthesis (Ellis and Paranchych, 1963; Hudson and
Paranchych, 1967; Bishop, 1965; Yamazaki, 1969). During R23 in-
fection, 60% of the RNA synthesized is encapsulated into phage parti-
cles and almost all protein synthesized late in infection is coat protein
(Watanabe et al., 1968).

Induction of 3-galactosidase is inhibited when cells are infected
with 8 and R23 and to a lesser extent when 2 or Qg is used (Nono-
yama et al., 1963; Watanabe et al., 1968). No inhibition is seen,
however, when addition of inducer precedes infection. Coat protein
synthesis is not required for this inhibition, as protein synthesis is also
reduced in cells infected with a nonpolar amber mutant of the coat pro-
tein gene, while a lesion in the phage polymerase gene blocks the
expression of this inhibitory effect. The inhibition of ribosomal RNA
synthesis can not be correlated with the ability of infecting R17 to
produce either coat or maturation protein. Phage-induced inhibition of
host rRNA synthesis has been observed only when the infecting phage
is able to produce viral polymerase (Spangler and Iglewski, 1972).
Since inhibition of host protein and RNA synthesis can also occur at
high multiplicities of infection with ultraviolet-inactivated phage or
when penetration is blocked by EDTA (Yamazaki, 1969; Watanabe
and Watanabe, 1968), it would appear that there are several
mechanisms by which host metabolism is inhibited and some of them
may not require the expression of a phage cistron.
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8. CONCLUSION

The RNA bacteriophage has been the model system for the study
of replication because of the simplicity of its genetic material. The
same molecule serves both as a messenger for transcription and
translation. The size of the genome is limited to three cistrons and con-
sequently only three gene products need be monitored. The simplicity,
however, has proven to be deceptive, for although our knowledge of the
transcriptional and translational processes as well as the mechanisms
by which these processes are controlled has advanced remarkably, the
elucidation of these mechanisms is far from complete: While the
physical structure of the phage particle is known, there is uncertainty
as to how the component parts are assembled; while considerable
progress has been made in sequencing the three cistrons and their sur-
rounding regions, the unique recognition sequences and configurations
that specify translation or transcription are unknown; while the three
enzyme-associated host proteins required for in vitro replication have
been identified, their function in the synthesis reaction has not been de-
fined. Thus, although many of the major uncertainties in RNA phage
replication have been resolved, the task is as yet unfinished.
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1. INTRODUCTION

Plant cells appear to be no different from bacterial and animal
cells in their capacity to support virus replication and, indeed, tobacco
mosaic virus was the first infectious entity to be identified as what we
now consider to be virus (Iwanowski, 1892; Beijerinck, 1898). In this
chapter we shall describe current knowledge concerning replication of
the class of small single-stranded RNA-containing viruses which use
cells of higher plants as host. Reference is made to the recent treatises
by Matthews (1970) and Kado and Agrawal (1972) for more complete
coverage of principles of and techniques used in plant virology.

Evidence derived mostly from study of bacterial and animal
viruses leads to the following broad outline of the strategy of re-
plication for most of the small RNA-containing viruses. Upon in-
fection, viral RNA is released from its capsid into cellular protoplasm
whereupon it is both translated and replicated. It is generally assumed
that the cell lacks the complete enzymatic apparatus necessary to repli-

* Some of the work reported herein and preparation of this chapter was supported in
part by AEC contract AT(11-1)-2384 and a grant from the National Science Foun-
dation.
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cate viral RNA and, thus, that the viral RNA contains a coding se-
quence for an RNA replicase (or at least a part of such an enzyme)
which must be translated before replication can proceed. Replication
then proceeds via double-stranded RNA intermediates in a manner re-
miniscent of DNA replication but modified to produce an excess of
new single-stranded viral RNA molecules. These combine with other
translation products, primarily capsid protein, to yield newly
assembled infectious virus particles (as reviewed by Sugiyama er al.,
1972).

In the past few years plant virus workers have begun to examine
the infection process with the view towards ascertaining whether the
above general scheme is valid for plant viruses and, in addition, to de-
termine the particulars of the replication process as it occurs in plant
cells infected with different types of viruses.

Understanding of the replication of plant viruses is not as well ad-
vanced as that for some of the bacterial and animal RNA viruses,
probably because the nature of the host-virus system presents a pe-
culiar set of experimental difficulties. Chief among these difficulties
has been the inability to study the events of infection in a population of
cells in which all could be infected simultaneously and in which the
subsequent events of infection could be maintained in synchrony. Other
problems are presented by the fact that most plant cells are composed
of only a thin layer of protoplasm bounded on the outside by a plasma
membrane and rigid cell wall and on the inside by a tonoplast which
encloses a large vacuole which frequently contains noxious substances.
The preparation of cell-free systems and fractions is made difficult be-
cause forces necessary to break the tough cell wall can cause damage
to organelles, and also because disruption of the cell dilutes the proto-
plasm and causes it to come into contact with vacuolar substances.

Advances in plant cell culture have been made recently which may
overcome some of the difficulties previously encountered by plant virus
investigators. It has been found that leaf cells may be separated from
each other by pectinases and that cell walls may be removed by a mix-
ture of enzymes containing cellulase. The resultant protoplasts can be
maintained in viable condition in hypertonic solutions so that they re-
semble animal cells in their lack of a large central vacuole. The proto-
plasts can be treated with either virus or viral RNA under conditions in
which the majority become infected and thus, the promise is great that
they will prove an extremely useful tool for study of the infection process
(Takebe and Otsuki, 1969; Cocking, 1966; Zaitlin and Beachy, 1974;
Coutts efal., 1972; Aoki and Takebe, 1969).
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2. NATURE OF THE HOST-VIRUS SYSTEM
2.1. Types and Properties of Plant Viruses

The types of plant viruses which have been identified so far and
some of their features are listed in Table 1. Most plant viruses can be
considered picornaviruses because they consist of a single-stranded
RNA genome encapsidated with protein subunits to form either a
nucleoprotein particle with icosahedral symmetry or a rodlike structure
(sometimes flexuous) with helical symmetry. There are, however, a
number of other types of plant viruses in addition to the small ones
which contain single-stranded RNA. A group typified by lettuce ne-
crotic yellow virus (Wolanski er al., 1967) and potato yellow dwarf
virus (Macleod et al.,, 1966) can be classified as rhabdoviruses
(Howatson, 1970), having a single-stranded RNA genome in a complex
bacilliform, or bullet-shaped, lipid-membrane-containing particle.
Wound tumor virus (Black and Markham, 1963) is an example of a
virus with a segmented, double-stranded RNA genome (Reddy and
Black, 1973) similar to that of the reoviruses (Shatkin er al., 1968).
There are several, such as cauliflower mosaic virus (Shepherd et al.,
1968), which are small viruses that contain double-stranded DNA. Fi-
nally, there is the large, complex, membrane-containing tomato spot-
ted wilt virus which has not been fully characterized (Joubert et al.,
1974; Mohamed et al., 1973).

The primary concern in this chapter, as already stated, will be the
smatl, RNA-containing, plant viruses. Although many of these re-
semble some of the animal and bacterial picornaviruses in structural
organization, others have particular features of interest. A disease
agent, termed ‘‘viroid,” so far unique to higher plants and responsible
for diseases such as potato spindle tuber and citrus exocortis (Diener
and Raymer, 1969; Semancik and Weathers, 1972), has been
characterized as an 80,000-dalton RNA molecule which lacks a protein
capsid. It has been postulated that a viroid may be responsible for a
number of “‘slow’” animal virus diseases such as scrapie (Diener, 1972).

A fairly large number of plant viruses have a split genome,
characterized by two or more single-stranded RNA molecules
separately encapsidated. An example is brome mosaic virus, which
consists of three nucleoprotein particles, all of which are necessary for
initiation of infection and which have identical protein capsids. Two of
the particles each contain a single RNA molecule of molecular weights
1.1 and 1.0 x 10°% the third two RNA molecules of 0.7 and 0.3 x 10°
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daltons (Lane and Kaesberg, 1971). The three largest RNA species are
necessary to initiate infection, while the fourth, which proves to be an
excellent in vitro messenger for the capsid protein subunit, has a nu-
cleotide sequence which is identical to part of that in the third largest
RNA (Shih et al., 1972). Several other split-genome viruses resemble
brome mosaic virus in the nature of their components, whereas others
are somewhat different.

A more complete description and classification of the known plant
viruses can be found in the following references: Gibbs et al.,
1970-1971; Harrison and Murant, 1972-1973); Harrison er al., 1971;
and Brown and Hull, 1973.

2.2. Some General Features of Infection

Virus replication generally begins in a primary infected cell, and
infection may then spread to uninfected cells by either of two
methods: to adjacent cells probably via plasmodesmata (thin proto-
plasmic connections between most adjacent plant cells), or to distantly
located cells via the conducting elements of the plant. Symptoms,
which appear as a consequence of virus infection and which are
frequently reflected in the names of viruses, are specific to virus-host
combinations and cultural conditions. There can be either no apparent
symptom, lack of full chlorophyll development in some portions of the
host, malformed growth, tumor formation, death of either the host or
parts of the host, or other manifestations of infection. Taking TMV as
an example, no apparent symptoms develop when mature leaves of
most cultivars of tobacco (Nicotiana tabacum L.) are inoculated with
the common strain although the virus replicates to extremely high
titers in these leaves. Symptoms do develop, however, on leaves that
were immature at the time of inoculation; depending primarily on
position of the leaf, age of the plant, and cultural conditions, these
symptoms may take the form of a disappearance or lack of
development of chlorophyll (mottling) particularly along the veins of
the leaf (vein clearing), malformation (blistering), or a mosaic of light
green and dark green areas (the symptom from which the virus is
named). When N. glutinosa, the tobacco cultivar Xanthi n.c., or sev-
eral other hypersensitive species are inoculated with the same virus,
however, an entirely different symptom appears: necrotic spots which
develop only on the inoculated leaf (local lesions). The number of these
spots is a function of the concentration of virus in the inoculum; thus, a
basis for an infectivity bioassay is provided which is similar in many
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respects to the plaque assay for bacterial and animal viruses although,
in the case of plant virus infection, the “efficiency of plating” is very
low.

Replication of virus in plant cells is frequently accompanied by the
appearance of characteristic intracellular inclusion bodies, the nature
and content of which vary depending upon the host-virus system
(Rubio-Huertos, 1972). The inclusions may consist of crystalline or
pseudocrystalline arrays of virus particles (Steere and Williams, 1953;
Sheffield, 1939); tubes composed of an array of capsid protein
(Hitchborn and Hills, 1968); a complex of sheets of non-capsid protein
(Edwardson er al., 1968; Hiebert and McDonald, 1973); or a complex
mixture of virus, endoplasmic reticulum, ribosomes, and filaments
(Esau and Cronshaw, 1967).

The question of host range for individual viruses presents an
enigma; although it is observed that a virus will infect some plant
species easily and others with difficulty or not at all, it is known that
successful inoculation depends on a number of factors, not all of which
have been well studied (Kado, 1972). It is difficult to conclude that a
plant species might have an absolute immunity to a particular virus
either because virus replication might be inapparent or because proper
inoculation conditions for initiation of infection might not have been
discovered. Two examples of the difficulties in establishing host range
follow. (1) The U2 strain of tobacco mosaic virus produces no visible
signs of infection on pinto bean when this host is maintained under
certain cultural conditions. If, however, the leaves are heat-shocked a
few hours after inoculation, large local necrotic lesions appear to sig-
nify virus replication (Rappaport and Wu, 1963). (2) Cowpea chlorotic
mottle virus multiplies only to a limited extent in the inoculated leaves
of a tobacco plant and does not become systemic in this host. It is
surprising to find, therefore, that tobacco protoplasts provide an ex-
cellent substrate for replication of this virus (Motoyoshi ez al., 1973b).

A large number of plant viruses are not transmitted vertically,
either through female or male gametes. This is not a general rule,
however, because other plant viruses are transmitted through seed to a
greater or lesser extent, dependent on the host and other factors. There
exists also a group of viruses which are pollen transmitted. This topic
has recently been reviewed (Shepherd, 1972; Bennett, 1969).

2.3. Virus Transmission

Virus infection is transmitted from host to host in nature by a
number of living vectors, the insects being of primary importance. Of
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the insects, aphids probably transmit the largest number of different
viruses (Watson, 1972), but other insect groups, among which are leaf
hoppers (Whitcomb, 1972), white flies, mealybugs, flea beetles, thrips,
bugs, and psyllas (Gibbs, 1969), also contain members which serve as
plant virus vectors. In addition to insects, other organisms such as
mites (Slykhuis, 1972), fungi (Teakle, 1972), nematodes (Taylor, 1972),
and dodder, a parasitic higher plant (Bennett, 1967), have been found
to transmit particular plant viruses.

No vector has yet been found for a considerable number of plant
viruses. These, as well as most of the viruses with known vectors, can
be transmitted by mechanical inoculation or grafting. Infection by
mechanical inoculation is generally accomplished by mild injury to a
host in the presence of a virus-containing suspension. Techniques and
principles of mechanical inoculation have recently been reviewed by
Kado (1972). Until quite recently, studies of plant-virus replication
have generally been performed with tissue that had been inoculated
mechanically. During the past several years, however, studies have ap-
peared in which plant protoplasts have been infected under strictly de-
fined conditions, generally with the aid of poly-L-ornithine (i.e., Sakai
and Takebe, 1972).

2.4. Early Events of Iniection

Most of the available information on the initiation of infection has
been derived from experiments in which leaves of a hypersensitive host
have been inoculated mechanically. Several days following inoculation,
such leaves develop necrotic lesions as a consequence of localized virus
replication. The following principles concerning initiation of infection
have been found to apply in several host-virus systems.

1. Tissue must be abraded if it is to become infected. High-titer
virus suspensions can be applied to leaf tissue without effect unless the
surface of the leaf is rubbed or otherwise traumatized. It is not known
how abrasion causes a leaf to become susceptible, but it has been found
empirically that mild abrasives such as carborundum or diatomaceous
earth will increase the number of infections obtained with a given ino-
culum. One can speculate that abrasion causes localized damage to
cuticle and cellulose cell wall, thus permitting virus particles to come
into contact with the cell membrane or with ectodesmata (Brants,
1965; Merkens er al., 1972), but, actually, little is known about how
virus particles or their nucleic acids get into cells.

2. Infectible sites appear on the surface of a leaf as a conse-
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quence of abrasion. These sites are defined operationally, and little is
known of their physical nature. Generally, they can be most easily
infected (converted to an infective center) if virus particles are present
at the time of abrasion. The infectible sites disappear as the time is
extended between abrasion and exposure to virus, although in some
systems there is an initial increase in their number (Siegel, 1966;
Furumoto and Wildman, 1963; Jedlinski, 1956). Analysis of the rela-
tionship between the number of infections and the inoculum concentra-
tions leads to the conclusion that infectible sites probably vary in their
susceptibility to infection (Kleczkowski, 1950; Furumoto and Mickey,
1967).

3. The efficiency of infection is low. Under the best of circum-
stances, between 10* and 10° virus particles need to be applied to a leaf
for each infection (Steere, 1955). However, since most of such virus
can be recovered in infective form by washing of the inoculated leaf,
the actual efficiency is several orders of magnitude higher (Fraenkel-
Conrat et al., 1964). The reason for low efficiency is unknown, and it is
true even when plant protoplasts are exposed to virus in liquid
suspension (Takebe and Otsuki, 1969; Motoyoshi et al., 19735).

4. A single infectious virus particle is sufficient to establish in-
fection despite the low efficiency of infection. This is deduced from the
relationship between inoculum concentration and local-lesion number
and applies to those viruses which have an unsplit genome. The relative
efficiency of infection with a split-genome virus, upon dilution, is lower
(Van Kammen, 1968; Van Vloten-Doting et al., 1968); this is as would
be expected since a split-genome virus depends on the simultaneous
presence of the component parts of the genome at an infectible site
(Fulton, 1962).

S. Probably only a single infectious unit can initiate and par-
ticipate in an infection, even when an infectible site is exposed to many
such units. This conclusion is open to some question and is based
partially on the quantitative interference between strains of a virus in
establishing infection (Lauffer and Price, 1945; Siegel, 1959) and
partially on the observation that infective centers are inactivated ex-
ponentially by ultraviolet light soon after their formation (Rappaport
and Wu, 1962).

6. An carly and necessary process which follows upon es-
tablishment of an infected site is the release of viral nucleic acid from
its capsid. The manner in which this occurs is unknown, but a number
of methods have been used to estimate how long it takes. One such
method is based on the fact that infection can be induced with viral nu-
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cleic acid as well as with virus particles (Fraenkel-Conrat et al., 1957).
Several investigators have observed that necrotic local lesions appear
sooner when the inoculum contains nucleic acid rather than virus, the
difference, about two hours under certain conditions, being attributed
to the time for uncoating (i.e., Kassanis, 1960). Another method which
yields the same conclusion observes the time it takes for infective
centers induced by either nucleic acid or virus particles to change in
sensitivity to inactivation by ultraviolet light (Siegel et al., 1957,
Kassanis, 1960).

7. A peculiar feature found in some virus-host combinations is
that under certain conditions the interaction of a virus particle and
an infectible site will not lead to productive infection. The infection
process will proceed to a certain point and then stop. Sometimes, such
“blocked” sites can be activated by a treatment such as heat shock
(Yarwood, 1961; Wu, 1963).*

3. REPLICATION OF VIRAL NUCLEIC ACID
3.1. Some Properties of Plant Virus RNA

RNA virus genomes possess several properties which distinguish
them from nonviral RNA species found in uninfected hosts. It is
generally thought that the virus genome should contain minimally: (1)
a recognition sequence for an RNA replicase enzyme, (2) a coding se-
quence for a replicase enzyme, or at least part of a replicase enzyme,
and (3) a coding sequence for at least one type of capsid protein.

Many plant viruses contain RNA molecules which can be
considered complete genomes because it can be inferred that they
contain the three features listed above. It has become apparent in
recent years, however, that a number of plant viruses contain RNA
molecules which lack one or two of the above properties. Listed in
Table 2 are a number of pertinent viral RNAs together with indica-
tions as to which of the three properties they probably contain.

Viroid RNA. The smallest RNA listed represents a type of in-
fectious agent responsible for several plant diseases, among them po-
tato spindle tuber (Diener and Raymer, 1969), citrus exocortis
(Semancik and Weathers, 1972), and chrysanthemum stunt (Diener

* Editor’s note: The interactions of plant viruses with host cell components is an active
field of research that will be dealt with in greater detail in a future chapter of
Comprehensive Virology [H. F.-C].
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TABLE 2

Selected Properties of Some RNAs Found in Plant Viruses

Recognition Cistron
sequence Cistron for
Size, for for capsid
RNA daltons X 107% replicase replicase protein
Viroid 0.8 + — —
Tobacco ringspot virus 0.8-1.162 + - -
satellite RNA
Brome mosaic virus RNA #4, 3 —b - +
alfalfa mosaic virus top
a RNA
Tobaceo necrosis virus 4 + -
satellite RNA
Tobacco rattle virus short 6 + -
RNA
Tobacco rattle virus long 23 + + —
RNA
Tobacco necrosis virus RNA 12 + + +
Tobacco mosaic virus RNA, 20 + + +
turnip yellow mosaic virus
RNA

2 See Table 1.
It has not been established whether or not brome mosaic virus #4 RNA is replicated or
whether it appears only as an enzymatic digestion product of brome mosaic virus #3 RNA.

and Lawson, 1973). This RNA has a molecular weight of about 80,000
daltons (Diener and Smith, 1973; Semancik et al., 1973), which means
that it is constituted of only about 250 nucleotide residues. This RNA
probably does not contain a coding sequence for capsid protein because
of its small size and because no capsid has been found (Zaitlin and
Hariharasubramanian, 1972). It apparently exists as a free nucleic acid
with considerable secondary structure. It is unlikely, moreover, be-
cause of its small size that it contains a coding sequence for any pro-
tein, although the possibility has not been eliminated that it may code
for a small peptide which imparts specificity to a replicase. If this
RNA does indeed lack genes for a capsid protein and a replicase
component, then it is left with only one of the three features of viral
RNA: the ability to recognize a replicase enzyme.

Because of its unique features, this disease agent has been given
the appelation viroid (Diener, 1971) to distinguish it from typical
viruses. It is interesting to note that the viroid is only slightly larger
than midvariant-1, the well-characterized RNA which is one of the
smallest molecules known to be replicated by Qg replicase (Mills ez al.,
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1973). The question arises as to the source of replicase enzyme for
viroid RNA. One possible source is the partially characterized RNA
replicase that has been found in extracts of leaves from apparently
healthy plants, the in vivo function and activity of which remain to be
elucidated (Duda er al., 1973; Astier-Manifacier and Cornuet, 1971). A
peculiar feature of this enzyme is that more of it is found in extracts of
tissue infected with a virus than in healthy tissue, although it is ques-
tionable whether this enzyme plays any role in the replication of the
viral RNAs.

Tobacco Ringspot Satellite RNA. This RNA has about the same
molecular weight as viroid RNA but differs from it by being dependent
on the presence of another virus, tobacco ringspot, for its replication.
It is encapsidated by the tobacco ringspot virus protein; 12-25 satellite
RNA molecules are found in the same type of protein shell that nor-
mally contains tobacco ringspot virus RNA (Schneider er al., 1972).
As with viroid RNA| ringspot satellite RNA appears to be too small to
contain structural genetic information, but it is reasonable to assume
that it contains a recognition site for and is replicated by an enzyme
coded for by the ringspot virus genome.

Brome Mosaic Virus (BMV) RNA #4 and Alfalfa Mosaic Virus
(AMV) top a RNA. A number of plant viruses have split genomes.
One of the examples described in the introduction and listed in Tables
1 and 2 is brome mosaic virus, which consists of 4 RNA species encap-
sidated in three identical protein shells with icosahedral symmetry
(Lane and Kaesberg, 1971). Several other viruses are similarly consti-
tuted (Hull, 1972; Peden and Symons, 1973), e.g., the well-studied
cowpea chlorotic mottle virus (Bancroft, 1971; Bancroft and Flack,
1972). Either the three nucleoprotein particles or the three largest
RNA molecules are required for infection; the fourth or smallest RNA
molecule 1s the next viral RNA to be listed in Table 2. This 300,000-
dalton-molecular-weight species, although encapsidated, is not required
for infection. Its genetic information is redundant, as it is also
contained in the next largest encapsidated RNA (component 3-700,00
daltons) (Shih et al., 1972). Evidence to date indicates that component
4 is probably not replicated, but that it may be formed as a specific nu-
clease product of component 3; it has been found to be an excellent in
vitro messenger for the capsid protein (Shih and Kaesberg, 1973). The
larger RNA component, 3, which also contains the gene for coat pro-
tein, 1s not as efficient a messenger for the coat protein, at least in the
system tested. We conclude, therefore, that BMV #4 contains the gene
for coat protein but probably lacks either the gene for a replicase or a
replicase recognition site.
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A similar situation exists for alfalfa mosaic virus although the
details differ. This virus has 4 RNA species, but in this case each of the
four is encapsidated separately in capsids of different sizes and con-
figurations (Van Vloten-Doting et al., 1970). The nucleoprotein parti-
cles have been named, in decreasing size order: bottom, middle, top b,
and top a. The three largest particles, but not top a, are required for
initiating infection. A peculiar situation exists, however, when the
RNA molecules are used as inoculum. Either all four RNA species are
required to initiate infection or capsid protein can substitute for the
smallest RNA, that contained in top a (Bol et al., 1971). It is suspected
that the RNA contained in top a is an efficient messenger for capsid
protein in a manner similar to brome mosaic virus RNA #4 (Bol and
Van Vloten-Doting, 1973). The evidence indicates that top a RNA is
translated but not replicated and that its nucleotide sequence is also
present in the third largest RN A component, top b (Dingjan-Versteegh
et al., 1972). It is not clear why RNA components such as BMV #4
and AMYV top a are encapsidated. It may be that they contain a
recognition site for capsid protein or that they facilitate infection under
natural conditions.

Satellite Tobacco Necrosis Virus RNA. The next larger RNA
listed in Table 2 is the 400,000-dalton RNA molecule found in the to-
bacco necrosis satellite virus (Reichmann, 1964). This virus is de-
pendent for its multiplication on a concurrent infection with tobacco
necrosis virus, but the converse is not true (Kassanis, 1962). This RNA
is similar to that of the tobacco ringspot satellite virus in that it lacks a
replicase-specifying gene but it differs in that it is somewhat larger and
that is contains a gene for its own unique capsid protein which is dif-
ferent from that of the necrosis virus (Kassanis and Nixon, 1961; Klein
et al., 1972). It differs from the BMV #4 and AMYV top a RNAs in
being replicated and, thus, it contains a replicase recognition sequence,
It is probably replicated by the tobacco necrosis RNA-specified repli-
case.

Tobacco Rattle Virus Short RNA. Tobacco rattle virus is another
split-genome virus that is somewhat different from the others so far
considered. It consists of two rod-shaped nucleoprotein particles of dif-
ferent lengths (Paul and Bode, 1955; Harrison and Woods, 1966). Dif-
ferent strains of this virus all have long rods of about the same length,
188-197 nm, which contain RNA of about 2.3 x 10° daltons (Tollin
and Wilson, 1971). The shorter rods have different lengths, from 43 to
114 nm, depending on the strain. Listed in Table 2 is the RNA from
the shortest short rod. It has a molecular weight of 600,000 daltons
and resembles the tobacco necrosis satellite virus RNA in lacking a
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replicase-specifying gene and in possessing both a gene for coat protein
and a replicase recognition sequence. It differs from satellite RNA in
being somewhat larger and in the fact that the capsid protein specified
is that for the long RNA as well as for the short RNA. It is dependent
for multiplication on a replicase specified by the long RNA. The long
RNA, in contrast to the short RNA, lacks a cistron for capsid protein
and can initiate infection by itself; in this case, however, no nucleopro-
tein virus particles are produced, only infectious nucleic acid (Lister,
1966; Frost et al., 1967; Sdnger, 1968).

Other than the long tobacco rattle virus, no component of a split-
genome virus has been shown to be capable of initiating infection. It is
not known why this is so but it may be that in some systems RNA rep-
lication may require the concurrent synthesis of capsid or other viral-
related protein or because the genetic information for a presumed
multicomponent replicase is distributed among the different RNA
species. An observation which supplies support for the former ar-
gument is the odd requirement for either virus protein or the presumed
viral protein messenger for initiation of infection by the three largest
RNA components of alfalfa mosaic virus. On the other hand, in ad-
dition to the long tobacco rattle RNA, at least two viral RNAs have
been shown to replicate in the absence of functional virus protein.
These are the unsplit, single-stranded genomes of certain mutant
strains of tobacco mosaic (PM 1-6), and tobacco necrosis viruses which
code for aberrant, nonfunctional coat proteins (Siegel et al., 1962;
Babos and Kassanis, 1962; Kassanis and Welkie, 1963).

Plant viral RNA species have so far been described which lack
one or another of the three basic properties which are necessary to
constitute the genome of a nucleoprotein virus capable of independent
replication. These by no means constitute a complete catalogue of such
RNA species because all of the RNA components of the split-genome
viruses fall into this class. The reader is referred to the recent
comprehensive review by Van Kammen (1972) for further details of the
split-genome viruses and their nucleic acids (see also Coviruses in Vol.
1 of Comprehensive Virology).

The Single-Stranded RNA Complete Genomes. Several examples
are listed in Table 2 of RNA molecules which constitute a complete
viral genome and which presumably contain genes for capsid protein
and replicase in addition to a replicase recognition site. The size range
of such single-stranded complete genomes is narrowly restricted; the
smallest, that found in tobacco necrosis virus, being 1.2 x 10°® daltons
(Kaper and Waterworth, 1973) and the largest, as in the well-studied
tobacco mosaic and turnip yellow mosaic viruses, being about 2 x 10°
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daltons. Apparently, a nucleic acid molecule composed of fewer than
about 4000 nucleotides is not sufficiently large to contain all of the in-
formation and structure necessary for successful infection of a plant
cell (or, at least, none such has as yet been found), and there exists an
unknown restriction which makes a complete, single-stranded RNA
genome longer than about 6400 nucleotides unlikely.

Different kinds of viral RNA have been discussed so far in
relation to three properties; replicase recognition site, genes for capsid
protein, and genes for replicase. There are several other properties of
viral RNA which may or may not be of significance in the replication
process. A genomic recognition site(s) for capsid protein or for ag-
gregates of capsid protein may be necessary for regulation of rep-
lication and/or translation (Hohn and Hohn, 1970; Sugiyama ez al.,
1972) as well as to ensure efficient and specific encapsidation of viral
RNA. Such recognition sites have been identified for the RNAs of to-
bacco mosaic (Butler and Klug, 1971; Thouvenel et al/ , 1971; Ohno et
al., 1971), tobacco rattle virus (Abou Haidar ef al., 1973), and alfalfa
mosaic virus (Van Vloten-Doting and Jaspars, 1972), and it may be
that other viral RNAs also contain regions of high specific affinity for
capsid protein.

Several viral RNAs have been found to resemble transfer RNAs
in their capability to become amino-acylated in the presence of appro-
priate tRNA synthetase enzymes. This property is specific in that the
RNAs with this property each will accept only a particular amino acid.
To date, it has been found that the RNA of some strains of tobacco
mosaic virus will accept histidine (Litvak er al., 1973), the RNA from
turnip yellow mosaic and related viruses will accept valine (Pinck et
al., 1970, 1972), and brome mosaic virus RNA will accept tyrosine
(Hall et al., 1972). A further indication that viral RNA may have
considerable secondary structure is the unconfirmed report that frag-
ments of TMV RNA can be charged with either serine or methionine,
dependent on Mg?* ion concentration (Sela, 1972).

Whereas some plant virus RNAs have, or tend to form, a tRNA-
like 3" -terminal structure and have been shown not to contain a poly-
adenylic acid sequence (Siegel er al., 1973; Fraser, 1973), this is not
true in all cases. Cowpea mosaic virus, a two-component split-genome
virus, contains two RNA species, each of which has a 200-member
polyadenylic acid 3'-terminal sequence (El Manna and Bruening,
1973) similar to that of a number of animal virus RNAs (Armstrong er
al., 1972; Green and Cartas, 1972; Johnston and Bose, 1972). Only a
few of the plant virus RNAs have as yet been examined for the nature
of their 3’ -terminal structure and, thus, not enough information is
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available for generalization or speculation concerning the significance
of a 3° terminal which may be tRNA-like, polyadenylated or, perhaps,
neither.

3.2. Virus-Related RNA Found in Infected Tissue

Infected cells contain unique virus-induced RNA species in ad-
dition to those encapsidated in virus particles. Two of these are similar
to the double-stranded replicative form (RF) and the partially double-
stranded replicative intermediate (RI) found in infected bacterial and
animal cells. The third is a low-molecular-weight species (LMC)
identified primarily in tissue infected with tobacco mosaic virus and
perhaps also in extracts of broad bean mottle virus-infected tissue
(Romero, 1972).

3.2.1. RF

Soon after the discovery of a double-stranded form of RNA in
encephalomyocarditis-infected mouse ascites tumor cells by
Montagnier and Sanders (1963), such forms were identified in extracts
of a number of tissues or cells infected with other RNA viruses (Ralph,
1969; Bishop and Levintow, 1971). Among these were extracts of plant
tissue infected with tobacco mosaic virus, turnip yellow mosaic virus,
and a number of other plant viruses (Shipp and Haselkorn, 1964;
Burdon et al., 1964; Mandel et al., 1964; Ralph er al., 1965). Perhaps
the best-characterized plant virus RF to date is that extracted from to-
bacco mosaic virus-infected tissue. It resembles that of poliovirus RF
(Bishop and Koch, 1967) in being composed of an unbroken strand of
viral RNA (plus strand) annealed to complementary RNA (minus
strand) (Nilsson-Tillgren, 1970; Jackson et al., 1971). Like the RFs of
several bacterial virus RNAs (Francke and Hofschneider, 1966) and in
contrast to poliovirus RF (Pons, 1964), the tobacco mosaic virus RF is
not infectious but becomes so when the strands are separated (Jackson
et al., 1971). The only detectable double-stranded RNA in extracts of
tobacco mosaic virus-infected tissue is RF of molecular weight ca. 4 x
10° daltons (Siegel er al., 1973) and RI of a somewhat higher
molecular weight (see below). Minus strand has not been detected to
exist free in extracts but only as a component of the double-stranded
forms (Siegel et al., 1973).

Tissues infected with unsplit-genome viruses have been found to
contain a single, homogeneous RF component. In contrast, it has been
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observed that split-genome viruses induce the appearance of multiple
RF species, generally one RF species for each genome component. Ex-
tracts of tissue infected with the following viruses have been found to
contain multiple RF species: cowpea mosaic virus (Van Griensven and
Van Kammen, 1969), alfalfa mosaic virus (Pinck and Hirth, 1972),
brome mosaic virus (Lane and Kaesberg, 1971), and barley stripe
mosaic virus (Pring, 1972; Jackson and Brakke, 1973). Although it is
clear that cells infected with split-genome viruses contain multiple RF
species, individual RF species have not as yet been definitively matched
to particular genome components.

In almost all cases examined to date, RF species identified in ex-
tracts of infected leaves appear to be of a size to contain an unbroken
strand of viral RNA and its complement. A notable exception to this
generality is the RF found in extracts of leaves infected with tobacco
ringspot virus; it is considerably smaller than expected and rather
heterogeneous (Rezaian and Francki, 1973). The significance of the
low-molecular-weight double-stranded tobacco ringspot virus RNA for
viral RNA replication remains to be elucidated.

3.2.2. RI

A form of RNA that is partially double-stranded and partially
single-stranded is present in cells infected with bacterial and animal
RNA viruses (Franklin, 1966; Baltimore, 1968). This form, called rep-
licative intermediate (RI), is believed to be composed of a double-
stranded core, the same length as RF, and to have single-stranded tails
which presumably are mostly plus strands in the process of being
synthesized. RI has also been isolated from extracts of tobacco mosaic
virus-infected tobacco leaves and has been partially characterized. It is
somewhat larger than RF as evidenced by its sedimentation behavior in
sucrose gradient and its electrophoretic mobility in polyacrylamide gel.
It is intermediate between viral RNA and RF in bouyant density (in
cesium sulfate), and it is converted to a form closely resembling RF
upon mild ribonuclease treatment (Nilsson-Tillgren, 1970; Jackson et
al., 1971).

3.23. LMC

A low-molecular-weight (ca. 350,000 daltons), single-stranded
RNA species has been detected in total extracts of tobacco mosaic
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virus-infected tobacco leaf cells (Jackson et al., 1972; Fraser, 1969,
Hirai and Wildman, 1969) and has been identified as a fragment of
viral RNA. It does not contain the 5 -terminal end of viral RNA and
it is present in low concentration, being detectable only after labeling
of cellular RNA with radioactive isotopes (Siegel er al., 1973). A low-
molecular-weight fragment of viral RNA has also been detected in
association with ribosomes of tobacco mosaic virus-infected tissue
(Babos, 1969, 1971), but it has not yet been determined whether the
RNA fragment detected in the total RNA extract of infected cells is
the same as that found in association with ribosomes.

3.3. Mechanism of RNA Replication
3.3.1. Evidence from In Vivo Studies

In Sect. 3.2 we reviewed evidence for the presence of the double-
stranded RNA forms RF and RI in plant virus tissue. In this section
we will describe the work done so far to determine whether and in what
manner these forms serve as intermediates in the synthesis of viral
RNA. Although there is uncertainty concerning the functional con-
formation of these forms inside the cell (Weissmann et al., 1968; Bove
et al., 1968), the experiments with plant-virus systems have not yet
proceeded to the point where this can be a matter of concern. It is
assumed, by analogy with evidence from bacterial and animal systems,
that the double-stranded forms are indeed involved in replication of
plant virus RNA; the few experiments performed to date support this
assumption.

Ralph er al. (1965) observed that when double-stranded RNA is
extracted from turnip yellow mosaic virus-infected leaves labeled with
2P for a short time (0.5-4 hours), the plus strand (viral RNA) is
probably labeled to a greater extent than its complement, indicating
asymmetric rapid synthesis of plus strands. In contrast, when the
double-stranded RNA was labeled for 4 days before extraction, it ap-
peared that both strands had become equally labeled. In agreement
with these results, Nilsson-Tillgren (1970) observed that most of the
label in tobacco mosaic virus RI was in plus strand after a one-hour la-
beling period. However, experiments performed under somewhat dif-
ferent conditions and employing a different method of analysis
revealed that both strands of tobacco mosaic virus RF were almost
equally labeled following only a two-hour exposure of infected tissue to
3H-uridine (Siegel er al., 1973). A more-refined temporal analysis is
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needed on uniform experimental material to define the relative rates of
synthesis of plus and minus strands of plant virus RF and RI.

A study designed to determine the rate of appearance of plus and
minus strands in tobacco leaf cells which approach synchronous in-
fection with tobacco mosaic virus (Nilsson-Tillgren er al., 1969;
Nilsson-Tillgren, 1969) concluded that minus strands are formed
rapidly at early stages of infection (Kielland-Brandt and Nilsson-
Tillgren, 1973). After their rapid formation, the number of minus
strands remains constant throughout a rapid phase of virus synthesis;
at the end of this phase the ratio of plus to minus strands reaches about
100:1. Minus-strand concentration reaches a value of about 1 ug per
mg cellular RNA, whereas plus-strand concentration is about 50-
100 ug on the same basis. In the same study, it was determined that
at early stages of infection the concentration of RI is somewhat greater
than that of RF and that the ratio becomes reversed at later stages al-
though the changes are not great. This study, although not definitive, is
suggestive of asynchronous replication of the plus strand and is
consistent with the concept that RI is the precursor of the viral plus
strand (cf. Bishop and Levintow, 1971). The same suggestion could be
drawn from data of an earlier study in which the kinetics of labeling of
ribonuclease-resistant RNA was compared with that of tobacco mosaic
virus RNA in shredded leaf tissue (Woolum et al., 1967).

An investigation employing separated cells that had been pre-
viously infected with tobacco mosaic virus permitted the use of the
pulse-chase technique (Jackson et al., 1972). It was observed that,
when cells were exposed to [*H]-uridine for % hour, considerably more
label was incorporated into both RI and RF than into viral RNA.
After incubation of these cells for an additional 3% hours in the
presence of excess unlabeled uridine, it was found that all of the label
had disappeared from RI and that much, but not all, of the label had
disappeared from RF. Considerable label was incorporated into viral
RNA as it disappeared from double-stranded forms during the chase
period. It is clear from these experiments that RI turns over more
rapidly than RF. Even after a considerably longer chase period (15
hours) most, but not all, of the label disappears from the RF
component. These experiments suggest that RI is the more likely
candidate than RF for a viral RNA precursor, although interpretation
of the data suffers somewhat from the inherent difficulties of
performing pulse-chase experiments with eukaryotic cells.

In summary, the results of in vivo experiments indicate that
double-stranded forms of RNA are involved in RNA replication. It ap-
pears that at early stages of infection minus strands are preferentially
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synthesized, while the reverse is the case at later stages. RI seems to be
the best candidate as source of virus RNA, but the roles of RF and RI
in the replication process still remain to be clearly defined.

3.3.2. Evidence from In Vitro Studies

The in vitro studies of RNA replication mediated by replicase
enzymes isolated from infected bacterial cells provide the model with
which to compare experimental findings obtained with plant virus cell-
free systems (Spiegelman et al., 1968). Viral RNA (plus strand)
provides a specific substrate for viral-induced polymerase in the bac-
terial system. Q@ polymerase, for instance, will recognize Q3 RNA
and its complement to the exclusion of almost all other RNA species
except for the homopolymer polycytidylic acid. The polymerase directs
synthesis of minus strand in the 5" — 3° direction using the plus strand
as template to form the double-stranded intermediates, RF first and
then RI. Upon completion of a minus strand, it in turn acts as a tem-
plate for 5° — 3° synthesis of plus strand, again via double-stranded
intermediates. RI appears to act as the immediate precursor of plus
strand. The involvement of RF in the replicative process is not clearly
understood. Some regard it as ‘““an end product or expended template”
(Bishop and Levintow, 1971).

Virus-specific actinomycin D-resistant RNA polymerase activities
have been detected in many extracts of infected plant tissues. The
activity in most cases is associated with a rather large particle ag-
gregate which sediments between 100 and 30,000 x g and, in a few
cases, the enzyme has been solubilized with mild detergent treatment
and further characterized. None of the enzymes have as yet been pu-
rified to the extent where possible substructure organization could be
examined.

Particulate cell-free replicases have been identified in extracts of
tissues infected with turnip yellow mosaic virus (Bové er al., 1967;
Ralph and Wojcik, 1966), tobacco mosaic virus (Ralph and Wojcik,
1969), brome mosaic virus (Semal and Hamilton, 1968), broadbean
mottle virus (Semal, 1970), tobacco ringspot virus (Peden er al., 1972),
and cucumber mosaic virus (May er al., 1970).Enzyme activity is de-
tected by incorporation of radioactive precursor nucleoside triphos-
phate into an acid-insoluble product and is dependent on the presence
of all four ribonucleoside triphosphates. Except for one variant of cu-
cumber mosaic virus particulate polymerase (May et al., 1970), the
reaction proceeds without the addition of exogenous RNA, indicating



82 Chapter 2

that the particulate system consists of a template-enzyme complex
bound to or entrapped in a subcellular structure.

The product of the reaction is largely ribonuclease-resistant
double-stranded RNA, indistinguishable in size and configuration from
RF as extracted from infected tissue in the case of the single-
component genome systems of turnip yellow mosaic virus and tobacco
mosaic virus (Lafleche er al., 1972; Bradley and Zaitlin, 1971). In the
case of turnip yellow mosaic virus, at least 85% of incorporated label
has been shown to be in plus strands. There is suggestive evidence that
both plus and minus strands are synthesized in the tobacco mosaic
virus system isolated from early infection and that only plus strand is
synthesized by the particulate enzyme isolated from later infection. A
component resembling RI is observed on occasion in the tobacco
mosaic virus system, but in neither case is there evidence for release of
single-stranded RNA from the double-stranded products. Failure to
detect synthesis of single-stranded RNA may be due to nuclease
activity in the crude preparations, but it is more likely either that the
system is incomplete or that the incubation conditions so far employed
are not optimal.

The particulate systems prepared from tissues infected with brome
mosaic virus and broadbean mottle virus synthesize both double-
stranded and single-stranded RNA with almost all incorporation of la-
beled precursor being into plus strand (Jacquemin, 1972; Semal and
Kummert, 197154.). In the early stages of the reaction (2-3 minutes),
label is incorporated only into double-stranded RNA; the amount of
this ribonuclease-resistant component thereafter stays constant while
label is then incorporated into single-stranded RNA (Kummert and
Semal, 1972; Jacquemin, 1972). The single-stranded product is com-
posed of many components and has a size-range distribution which
mimics that of the brome mosaic virus genome components (see Sect.
2). Pulse-chase experiments reveal that label which first appears as the
plus-strand part of double-stranded RNA is displaced upon continued
RNA synthesis, probably to appear in single-stranded RNA (Semal
and Kummert, 1971a). The double-stranded RNA synthesized in the
broadbean mottle system is composed of two components; one is in-
soluble in LiCl and acts as an intermediate in the generation of ribonu-
clease-sensitive plus strand, the other is soluble in LiCl and appears to
be stable, once formed. The first component behaves in many respects
like RI, the second like RF.

In summary, virus-specific RNA polymerase activity has been de-
tected in a particulate fraction of leaf homogenates infected with a
number of viruses. The enzyme activity does not require added tem-
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plate RNA and incorporates precursors into virus-specific RNA. The
systems from tobacco mosaic virus and turnip yellow mosaic virus ap-
pear capable of completing the synthesis of RF-like double-stranded
RNA. The enzymes from brome mosaic and broadbean mottle viruses
also perform this function and, in addition, displace plus strand from
double-stranded RNA to form what appears to be complete genomic
RNA strands. Application of rapidly developing technology to the
study of these particulate systems promises to yield valuable additional
information concerning plant virus RNA biosynthesis.

Efforts have been made to solubilize and to purify further the
virus-specific polymerase activity found in particulate fractions of
infected cells in order to determine the properties of the enzyme(s) in-
volved. These efforts have met with partial success in the case of
activities found in tissues infected with brome mosaic virus (Hadidi and
Fraenkel-Conrat, 1973), cucumber mosaic virus (May et al., 1969), to-
bacco mosaic virus (Zaitlin ez al., 1973), tobacco ringspot virus (Peden
et al., 1972), and turnip yellow mosaic virus (Lafleche et al., 1972).

The solubilized enzymes of all except that from turnip yellow
mosaic virus have been found to have little activity in the absence of
added RNA to serve as template. The soluble enzymes from tissues
infected with cucumber mosaic virus, tobacco ringspot virus, and to-
bacco mosaic virus were found to have little template specificity;
RNAs from diverse sources being almost equally effective in stimu-
lating incorporation of labeled precursor into an acid-insoluble
product. In contrast, the enzyme from brome mosaic virus-infected
tissue exhibited partial specificity, being stimulated best by brome
mosaic virus RNA and the closely related cowpea chlorotic mottle
virus RNA, and, in decreasing efficiency, by Q8 RNA, tobacco nec-
rosis satellite RNA, and broadbean mottle virus RNA. It was not
stimulated by tobacco mosaic virus RNA, transfer RNA, or yeast
RNA. The reason for low specificity of most solubilized plant virus
RNA polymerases in comparison with that of the phage RNA
polymerases is not known, but perhaps it may be attributed to insuffi-
cient purification of the enzyme or because factors imparting speci-
ficity to the enzyme have been lost during the purification.

The product synthesized by the solubilized enzymes of tobacco
mosaic virus and cucumber mosaic virus is double-stranded; only the
strand complementary to that used as template is synthesized. Of the
BMYV RNA components, the smallest appears to be the most effective
template, and its double-stranded form is the predominant product
(Hadidi ez al., 1973; Hadidi, 1974).

The soluble enzymes are large, with estimates of molecular
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weights ranging from 120,000 to 160,000 daltons. Whether the plant
virus polymerases prove to have a subunit structure similar to Qg
polymerase (Kamen, 1970; Weissmann et al., 1973) remains to be de-
termined, although the detection of a presumed subunit of the BMV
enzyme suggests this possibility in some cases (Hariharasubramanian er
al., 1973).

During the course of study of plant virus-induced polymerase, it
has been observed that extracts of healthy chinese cabbage (a host for
turnip yellow mosaic virus) and tobacco (a host for tobacco mosaic
virus) contain a DNA-independent RNA replicase (Astier-Manifacier
and Cornuet, 1971; Duda et al., 1973). Enzyme activity from both
sources is found to be greater in infected than in healthy tissue but,
otherwise, the enzymes have different properties, either intrinsically or
because of different degrees of purification. The chinese cabbage
enzyme is template dependent but has little specificity as to source of
RNA and is even stimulated by denatured DNA and, to a lesser
extent, native DNA. The product is 85% resistant to ribonuclease, and
the synthesized RNA appears to be the complement of the template
used to stimulate the reaction. The tobacco enzyme, prepared in a dif-
ferent manner and from a tissue fraction which, upon infection, does
not contain the tobacco mosaic virus-induced polymerase, is template
independent and produces a small, double-stranded product of about 5
S, as measured by polyacrylamide gel electrophoresis. Enzyme activity
is stimulated by added RNA in a peculiar and not understood fashion,
the added RNA having been shown to be neither template nor primer
for the synthetic reaction. The functional signficance of the DNA-inde-
pendent RNA replicase found in extracts of healthy plant tissue is un-
known at the present time.

From the above description, it is clear that the study of plant
virus-induced polymerase is in the early stages. Additional information
should become available concerning RNA replication as progress is
made in purifying and characterizing the involved replicase enzymes.

3.4. Site of RNA Replication

Several experimental approaches have been brought to bear on lo-
cating the intracellular site of plant virus RNA replication. Among
these are high resolution autoradiography after [*H]-uridine incor-
poration by actinomycin D-treated plant tissues and identification of
components related to viral RNA synthesis in plant cell macerates.
The evidence to date indicates that the site of RNA replication is not
the same for all viruses.
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Labeled precursor taken up by actinomycin D-treated, turnip
yellow mosaic virus-infected, chinese cabbage tissue is incorporated
both into nucleoli- and chloroplast-associated vesicles. An extensive
series of both in vivo and in vitro experiments have lead to the con-
clusion that the plastidial outer-membrane system is the site of active
viral RNA synthesis (Lafleche ez al., 1972; Bovée and Lafleche, 1972).
This is supported by the work of other investigators (Gerola er al.,
1972; Ushiyama and Matthews, 1970), with the significance of
nucleolar labeling remaining to be elucidated. Additional confirmation
of the involvement of chloroplasts in turnip yellow mosaic virus
biosynthesis comes from the finding that double-stranded virus-specific
RNA is associated with chloroplasts following careful fractionation of
infected cell extracts (Ralph er al., 1971a).

The location of tobacco mosaic virus RNA synthesis is subject to
conflicting evidence. Early cytological work suggested that the nuclei
of infected cells were probably heavily involved in RNA synthesis
(Bald, 1964; von Wettstein and Zech, 1962), but the nature of the
RNA synthesized could not be determined. Radioautographic evidence
and biochemical experiments in which parental viral RNA was traced
to the nucleus tended to support the conclusion that the nucleus was
the site of viral RNA synthesis (Schlegel er a/., 1967; Reddi, 1972).
However, careful fractionation of extracts of infected tissue has
revealed that neither double-stranded forms of RNA nor virus-related
RNA polymerase is found in the nucleus. Both of these virus-related
components are found to sediment with mitochondria (Ralph and
Wojcik, 1969; Jackson et al., 1971; Bradley and Zaitlin, 1971). Further
fractionation of the ‘“mitochondrial”” pellet has revealed that double-
stranded viral RNA is probably associated with cytoplasmic
membranes (Ralph er al., 19715). Since the presumed intermediates in
viral RNA synthesis and at least part of the presumptive enzymatic ap-
paratus for RNA replication is found in a cytoplasmic particulate, it
seems more reasonable to assume that the nucleus is not the site of
RNA replication.

Cowpea mosaic virus double-stranded RNA has been found to
sediment with the chloroplast fraction of an infected-cell homogenate,
but whether it is associated with chloroplasts or with membranous or
other material which sediments with chloroplasts has not been de-
termined (Assink er al., 1973).

Extracts of cucumber cotyledons infected with cucumber mosaic
virus (May er al., 1970), barley leaves infected with brome mosaic virus
(Semal and Kummert, 1970), and broadbean leaves infected with
broadbean mottle virus (Jacquemin, 1972) have virus-induced
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polymerase activity which is particulate and which sediments with
chloroplasts and/or mitochondria.

The available evidence to date indicates that replication of turnip
yellow mosaic virus RNA, cowpea mosaic virus RNA, and perhaps
brome mosaic virus RNA (Hariharasubramanian et al., 1973) is
probably associated with chloroplasts and that the RNA of tobacco
mosaic virus replicates in association with a cytoplasmic membrane or
organelle. In none of the cases so far examined, however, has a com-
plete RNA-replicating activity been demonstrated and, thus, conclu-
sions concerning the intracellular site of replication of the several plant
viral RNASs should be considered tentative.

4. TRANSLATION OF VIRAL NUCLEIC ACID
4.1. Virus-Related Proteins Found in Infected Tissue

The genome of the small RNA bacteriophages such as R17 and 2
is 1.2 x 10°® daltons and in size it contains three cistrons, which code
for capsid protein, an RNA synthetase subunit, and a maturation pro-
tein (Gussin et al., 1966). Most plant virus genomes are larger than this
and, thus, should contain at least as many cistrons. One would expect,
therefore, that new proteins, in addition to capsid protein, would ap-
pear in virus-infected plant tissue. During the past few years a search
has been underway for such proteins by comparing extracts of healthy
and infected tissue for protein differences.

One method that has been used to detect new proteins in infected
tissue has been to coelectrophorese sodium dodecyl sulfate and urea-
treated differently labeled extracts of healthy and infected tissue. This
technique, although moderately successful in the hands of some investi-
gators, suffers from the inability to shut off normal host protein syn-
thesis in infected cells. Although actinomycin D can be used to inhibit
DNA -directed RNA synthesis in plant cells (Sdnger and Knight, 1963),
this inhibitor has little effect on protein synthesis in short-term experi-
ments, presumably because of the presence of long-lived messenger
RNA. Chloramphenicol has been used successfully to partially reduce
host protein synthesis with particular virus infections (Zaitlin et al.,
1968). This inhibitor acts to suppress protein synthesis mediated by
chloroplast ribosomes and, thus, can only be used where these
ribosomes play no part in the infection process.

In spite of difficulties presented by a high background of host pro-



Reproduction of Small Plant RNA Viruses 87

tein synthesis, several proteins, the synthesis of which is stimulated
following virus infection, have been detected.

The synthesis of several proteins is found to be stimulated, while
that of others is found to be depressed in tobacco mosaic virus-infected
tissue. Among those showing stimulated synthesis are several large
proteins in the molecular-weight range of 155-245 x 10° daltons
(Zaitlin and Hariharasubramanian, 1970, 1972; Sakai and Takebe,
1972). Stimulation of synthesis of these large proteins could be
demonstrated only under certain experimental conditions with the
common strain of tobacco mosaic virus (Singer, 1971); more complex
patterns of stimulated and inhibited synthesis were observed with other
strains (Singer and Condit, 1974). The experimental procedure does
not permit a conclusion to be drawn concerning whether protein whose
synthesis is stimulated in infected tissue is coded for by the virus or the
host genome. However, it seems likely at the present time that one of
the high-molecular-weight proteins may be a virus-coded RNA syn-
thetase with an independently estimated molecular weight of 160,000
daltons (Zaitlin et al., 1973).

Six new virus-induced or virus-stimulated proteins were detected
in extracts of tobacco necrosis virus-infected tissue. These had
molecular weights of 64, 42, 32, 23, 15, and 12 x 10° daltons, with the
32,000-dalton component being capsid protein. No other new or stimu-
lated proteins appeared in cells doubly infected with tobacco necrosis
and satellite viruses except for the 20,000-dalton satellite capsid pro-
tein, thus providing additional evidence that the satellite genome
contains only the cistron which codes for its capsid protein (Jones and
Reichmann, 1973).

Brome mosaic virus-infected barley tissue extracts have been
found to contain an apparently new protein of molecular weight 34,500
daltons. It is postulated that this protein may be an RNA replicase, or
a portion of one, because the enzyme activity and the protein appear at
the same time upon infection and they fractionate together (Hariha-
rasubramanian er al., 1973). An interesting and suggestive observation
is the similarity in molecular weight between the new protein and the
protein translated from brome mosaic virus RNA #3 in a wheat
embryo-derived cell-free system (Shih and Kaesberg, 1973).

The difficulty in interpreting data from the double-label polyacryl-
amide gel procedure is exemplified by the work on tomato spotted wilt
virus. This complex virus contains three major structural glycoproteins
of molecular weights 84, 50, and 29 x 10® daltons and one large pro-
tein (220,000 daltons) present in small amount. However, only the
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50,000-dalton protein is detected in extracts of infected cells (Mohamed
et al., 1973). An explanation for the failure to detect stimulation of syn-
thesis of any of the other virus proteins in infected tissue awaits further
experimentation.

4.2. Mapping of Cistrons in the Viral Genome

There are two aspects to the problem of the number and ar-
rangement of genes in a plant virus genome; the arrangement of genes
on single RNA molecules and the location of genes on the different
RNA species of a split-genome virus.

4.2.1. The Number and Arrangement of Genes on Single RNA
Molecules

Little is known of either the number or arrangement of genes on
most plant virus RNAs, but some progress has been made in a number
of instances. The exceptionally small plant viral RNAs are most likely
monocistronic. These include the tobacco necrosis satellite virus RNA
(Klein et al., 1972; Rice and Fraenkel-Conrat, 1973), brome mosaic
virus #4 (Shih and Kaesberg, 1973), and alfalfa mosaic virus top a
(Van Ravenswaaij Classen et al., 1967). About half of the length of
these RNAs is accounted for by the respective gene for capsid protein;
the rest is probably involved with other functions related to proper
translation and encapsidation. In addition, as discussed in Sect. 3.1,
satellite RNA probably contains a replicase recognition region. Brome
mosaic virus #3 RNA has been shown to have two cistrons, one for
capsid protein, the same as that on #4 RNA, and one for a protein of
unknown function, but possibly a virus-specific subunit of the RNA
polymerase (Hariharasubramanian et al., 1973). The arrangement of
these two genes on #3 RNA is not yet known. The number of genes on
other viral RNAs remains to be determined.

An approximate location has been established for at least two of
the gene functions contained on tobacco mosaic virus RNA. One of
these genes determines whether tobacco mosaic virus induces systemic
infection or hypersensitive, i.e., local necrotic, response in the dif-
ferential host Nicotiana sylvestris. Kado and Knight (1966) took ad-
vantage of the facts that treatment with sodium dodecyl sulfate strips
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protein from RNA in a polar manner starting from the 3° end of the
RNA (May and Knight, 1965) and that free RNA is more sensitive to
the mutagenic action of nitrous acid than is encapsidated RNA
(Mundry and Gierer, 1958). By stripping the virus to various extents
before treating it with nitrous acid, they determined that the gene con-
trolling the differential response is located on the 5° half of the viral
RNA. Kado and Knight (1968) again took advantage of controlled
polar stripping in an attempt to locate the capsid protein gene. In this
case they digested the exposed nucleic acid with nuclease and inocu-
lated the resultant viral fragments, together with helper virus of a
serologically distinct strain. They reported that protein of the stripped
strain was synthesized in the host when up to 50%, but no more than
72-90% of the protein was removed; thus the gene for coat protein was
also located in the 5° half of the viral RNA. Although this important
observation has not yet been repeated, the conclusion drawn from it
agreed with the results of Mandeles (1968), who determined that the
coat protein cistron was not located near the 3” terminus of viral RNA.

Another specialized region has been located on the tobacco
mosaic virus RNA: that for recognition of a 20 S capsid-protein ag-
gregate. This region, located at the 5° terminus and estimated to be
about 50 nucleotides long (Nazarova et al., 1973), combines with the
34-subunit, double-disc, coat protein aggregate in the first step of the
assembly of the nucleoprotein virus rod from its components (Butler
and Klug, 1971; Okada and Ohno, 1972; Thouvenal et al., 1971).

4.2.2. Location of Genes on the Components of Split Genomes

A number of studies have been performed with multicomponent
viruses in which infection has been initiated with a mixture of
components derived from different strains of the virus. The purpose of
such experiments has been in large measure to determine gene assign-
ments for the different RNA molecules of the split-genome viruses.

Tobacco rattle virus, as previously described, is composed of two
nucleoprotein components, a long rod and a short rod (Harrison and
Woods, 1966). These each have an RNA strand distinctive from that of
the other in both length and nucleotide sequence (Minson and Darby,
1973), but both are encapsidated with identical protein subunits (Lister
and Bracker, 1968). Infection can be initiated with both components or
with the long rod alone. In the latter case no nucleoprotein is
produced, only infectious nucleic acid, thus indicating that the gene for
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coat protein is located in the short-rod RNA and that the gene(s) for
replicase is (are) located in long rod RNA (Lister, 1966, 1968; Frost et
al., 1967). This conclusion has been fortified by data obtained from ex-
periments in which infection was initiated by a mixture of long rods
and short rods derived from different virus strains (Sdnger, 1968, 1969;
Lister, 1969; Ghabrial and Lister, 1973). It has been found in such ex-
periments that long and short progeny RNA molecules are both encap-
sidated with protein specified by the short RNA. Factors controlling
the type of symptom induced in the host are located on both long and
short rods.

Brome mosaic virus and cowpea chlorotic mottle virus are very
similar multicomponent viruses with icosahedral symmetry that are
closely related to each other on the basis of their serological cross-
reactivity (Scott and Slack, 1971) and because their components can be
substituted for each other (Bancroft, 1972). As detailed earlier, both of
these viruses are composed of 4 RNA molecules, termed #1-4 in order
of diminishing molecular weights, encapsidated in three nucleoprotein
particles (Lane and Kaesberg, 1971, Bancroft and Flack, 1972). RNA
species #4 is a monocistronic messenger for capsid protein and #3 also
contains the cistron for capsid protein in addition to a cistron for a
second protein (Shih and Kaesberg, 1973). Bancroft and Lane (1973)
were able to assign functions to the different RNA species by an ex-
perimental approach which first involved isolating nitrous acid-induced
mutant strains of the viruses. Following electrophoretic separation of
the RNA components, infection was induced with mixtures containing
combinations of the components from different mutants. Observation
of the resultant infections permitted the following conclusions: The
protein cistron is definitely located on #3, as is the gene controlling the
nature of systemic symptoms, whereas control of local- and primary-
lesion alterations is located on either #2 or #3. Control of temperature
sensitivity of local-lesion formation is attributed to #1. As pointed out
by Bancroft and Lane (1973), it is quite likely that many of the ob-
served phenotypic characteristics are sometimes dependent on other
changes in the virus. For instance, changes in capsid protein may result
in a variety of effects on the nature of the infection, including ratio of
the nucleoprotein components produced. It is of interest to note that
both the cistron for coat protein and for the nature of systemic in-
fection are located on the same piece of RNA.

Alfalfa mosaic virus, also characterized by four RNA
components, has also been subjected to analysis by mixing components
derived from different strains (Dingjan-Versteegh et al., 1972). Thus it
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was found that both top a and top b contain the cistron for capsid pro-
tein (Bol et al., 1971). In addition, top b determines serotype, the kind
of symptom on tobacco, the relative proportion of components, and
the sensitivity to cycloheximide. The middle component RNA de-
termines the kind of symptoms on bean, and no marker has as yet been
located on the bottom component RNA.

Cowpea mosaic and related viruses are two-component viruses,
the capsids of which are composed of two proteins rather than a single
protein, as is the case for most other small plant viruses (Wu and
Bruening, 1971; Geelen er al., 1972). It appears that the larger RNA
component contains the cistron for one of the capsid proteins, whereas
the smaller component contains the cistron for the other (Kassanis ez
al., 1973). In addition, the amount of nucleic acid-free capsid produced
is controlled by the smaller RNA component (Bruening, 1969; DeJager
and Van Kammen, 1970), and the type of local lesion and the ratio of
components is controlled by the larger RNA (Wood, 1972).

A number of other split-genome viruses has been analyzed to a
greater or lesser extent by mixing components derived from different
strains. Tobacco streak virus has most of its genetic determinants oc-
curing in at least two of three particle types with the result that there
appears to be much redundance in the genetic information carried by
an infective set of particles (Fulton, 1972). Pea enation mosaic virus
(Hull and Lane, 1973) differs from most other split-genome viruses in
that the gene for its single capsid protein is located on the larger of two
RNA species, rather than on the smaller. In contrast, raspberry
ringspot virus has the gene for capsid protein located on the smaller
RNA species (Harrison et al., 1972).

4.3. Control Mechanisms for Translation

Plants contain two major groups of ribosomes: cytoplasmic 80 S
and chloroplastic 70 S ribosomes. In only a few cases is it known
which ribosomes mediate viral RNA translation. Tobacco mosaic
virus, tobacco necrosis virus, and tobacco rattle virus RNAs appear to
be translated by cytoplasmic 80 S ribosomes, as deduced by sensitivity
of the translation process to cycloheximide but not to chloramphenicol
(Zaitlin et al., 1968; McCarthey er al., 1972; Harrison and Crockatt,
1971).

The subject of RNA virus gene expression has been reviewed
recently (Sugiyama et al., 1972). There are at least two distinct
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translation mechanisms for small viral RNAs. Bacteriophage RNA
contains three cistrons and behaves as a polycistronic messenger both
in vivo and in vitro. A number of control mechanisms regulate the
relative rate of translation of the three cistrons. One of these resides in
the secondary and tertiary structure of the viral RNA and is such that
ribosome attachment and translation initiation is favored for the coat
protein cistron over that of the other two. In another control
mechanism, translation of the replicase cistron is shut off as a conse-
quence of specific attachment of capsid protein to viral RNA. In
contrast to the independent translation of the individual cistrons of
prokaryotic, polycistronic messengers, the entire animal picornavirus
RNA is translated into a single large protein which is subsequently
cleaved into functional peptides.

The evidence to date indicates that a variety of mechanisms may
be employed to achieve proper translation of plant virus RNA. As in-
dicated in the previous section, a number of plant virus RNAs are
monocistronic in nature and act as efficient messengers for capsid pro-
tein. Such specialized single-protein messengers have been identified
for the tobacco necrosis satellite and the smallest components of
several split-genome viruses. The specialized monocistronic messengers
found in split-genome viruses are probably not replicated and appear
to arise from splitting of a larger, dicistronic RNA (Shih et a/., 1972).
Although encapsidated, they are not required for infection. Given the
limited number of known examples of specialized monocistronic
messengers, one may inquire whether genome fracturing may be a
general method for control of plant virus RNA translation. Are other
monocistronic messengers produced during plant virus replication
which do not become encapsidated and which, as a consequence, may
have been overlooked? At the present time there is conflicting evidence
on this point. Small pieces of viral RNA of about the same size as the
known monocistronic messengers have been detected both in total
RNA extracts of tobacco mosaic virus-infected tissue and in associa-
tion with ribosomes (see Sect. 3.2). It remains to be determined
however, whether these might be messengers for specific proteins.

When brome mosaic virus #3, the 7 x 10°-dalton RNA species
that most probably contains two cistrons, one for capsid protein and
the other for a protein, 3a, of unknown function, is used as messenger
for a wheat-embryo-derived cell-free system, the product is largely 3a,
with only small amounts of capsid protein being synthesized (Shih and
Kaesberg, 1973). This evidence suggests that control of translation of
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this polycistronic messenger is regulated, possibly by its tertiary struc-
ture. It has been postulated that animal ribosomes cannot serve in the
translation of true polycistronic messenger (Jacobson and Baltimore,
1968); the above result suggests that animal and plant 80 S ribosomes
may differ in this regard. There is uncertainty, however, as to whether
brome mosaic virus #3 RNA is translated as such in vivo because it is
suspected that #4 RNA arises by a splitting of component 3. Thus, it
remains to be determined whether in the infected cell protein 3a is
translated from #3 RNA or possibly from the other split product of #3.

It has been known for some time that the larger plant virus RNAs
serve to stimulate in vitro protein-synthesizing systems without at the
same time inducing the synthesis of recognizable specific protein
products (Aach er al., 1964). For instance, although tobacco mosaic
virus RNA stimulates high incorporation of amino acids into acid-in-
soluble products in cell-free systems derived from Eschericia coli and
wheat germ, at best only minimal synthesis of capsid protein or capsid
protein peptides can be detected (Aach et al., 1964; Efron and Marcus,
1973; Roberts et al., 1973); this evidence indicates that unsplit viral
RNA may not serve as an efficient polycistronic messenger. We have
presented the available evidence for the hypothesis that in vivo
translation of these larger RNAs may be controlled by fragmentation
of the genome. However, there is also presumptive evidence that this
does not happen, but that the viral RNAs serve directly as messenger.
In the first instance, intact tobacco mosaic virus RNA has been found
associated with ribosomes, thus suggesting a messenger function for
large viral RNA (Van Kammen, 1963; Schuch, 1973); secondly, syn-
thesis of very large proteins (245, 195, and 155 x 10° daltons) is stimu-
lated in tobacco mosaic virus-infected tissue (Zaitlin and Hariharasu-
bramanian, 1972). This latter result suggests that, as with animal
picornaviruses (Jacobson and Baltimore, 1968), the entire genome may
be translated into a single polyprotein which is subsequently cleaved
into functional peptides. However, appropriate pulse-chase experi-
ments, utilizing separated infected cells, indicate that the very large
proteins which are detected in infected-tissue extracts are not cleaved
into smaller units (Zaitlin and Hariharasubramanian, 1972).

It is clear from the foregoing discussion that control mechanisms
for translation of plant viral RNAs are not clearly understood at the
present time. It is known that at least part of the RNA of some of the
split-genome viruses is translated from monocistronic messenger, but
how the larger plant RNAs are translated remains a mystery.
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S. ASSEMBLY OF VIRIONS

The general principles of virus structure have been elucidated by
the pioneering analysis of Caspar and Klug (1962) and it has been dis-
covered that many of the rod-shaped and icosahedral, small RNA
viruses can be both disassembled into their constituent components and
reassembled into infectious units by appropriate manipulation of envi-
ronmental conditions (Fraenkel-Conrat and Williams, 1955, Semancik
and Reynolds, 1969; Bancroft, 1970). A variety of interactions are
responsible for structural integrity of nucleoprotein virus structure.
Kaper (1972) has recently reviewed this subject and has pointed out the
importance of (1) interactions between the capsid protein subunits
(protein-protein) interactions, (2) interactions between the protein
subunits and RNA (protein-RNA interactions), and (3) intrachain
interactions both in the RNA and protein components. A continuum of
relative importance of these different types of interactions exists
among the viruses; turnip yellow mosaic virus being an example of a
stable structure where protein-protein interactions are relatively more
important, and cucumber mosaic virus being an example toward the
other end of the continuum, with a weak structure dependent primarily
on protein-RNA interaction.

Although a start has been made in understanding virus structure
and how to pull it apart and put it back together, little is known of the
assembly process in vivo. The evidence is quite compelling for a
number of viruses that biosynthesis of the RNA and protein
components are quite independent processes and that one or another of
the components can be present separately in the cell at different times
of infection. Takahashi and Ishii (1953) were the first to observe that
free tobacco mosaic virus protein (termed X protein) could be detected
in extracts of infected tissue, and it was later observed that free viral
RNA is present during early stages of infection (Engler and Schramm,
1959). Sarkar (1965) demonstrated quite clearly that the amount of
ribonuclease-sensitive infectivity extractable from tobacco mosaic
virus-infected leaf tissue reaches a maximum 1%-2 days after initiation
of infection, and is gone by 3 days, presumably because the synthesis of
capsid protein reaches a level to favor virus assembly. To reinforce the
hypothesis that protein and nucleic acid synthesis are indepent
processes, mutant strains of tobacco mosaic virus and tobacco necrosis
virus have been isolated which induce the synthesis of nonfunctional
defective capsid protein so that infection is maintained by the nucleic
acid component of the virus without production of nucleoprotein virus
particles (Siegel et al., 1962; Babos and Kassanis, 1962). In addition, it
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has been observed that infection with the long component of the split-
genome tobacco rattle virus leads to a similar type of nucleoprotein-
free infection (Lister, 1966). Other evidence for the independent syn-
thesis of viral components lies in the observation that empty nucleic
acid-free capsids, termed top components, are synthesized during in-
fection of a number of plant viruses. Turnip yellow mosaic virus is an
example of such a virus (Markham and Smith, 1949); it produces
empty as well as full capsids during ordinary infection, and infected
cells continue to produce empty capsids even when viral RNA syn-
thesis is inhibited with the pyrimidine analogue 2-thiouracil (Francki
and Matthews, 1962).

The conditions that have been established for successful in vitro
assembly of many plant viruses are in many cases not likely to occur
inside a living cell and, thus, the in vivo assembly of components into
infectious nucleoprotein is a problem that requires independent
analysis and about which little is known at the present time. Several
considerations of the plant virus system that may be applicable to the
problem of assembly are the following:

1. Plant virus genomes appear to contain more information than
required for specification of capsid protein and an RNA replicase. It
may be, then, in analogy with bacteriophage coded maturation protein
(Steitz, 1968), that additional proteins(s) may be specified which
function in virus assembly. Presumptive evidence for such a hypothesis
is provided by the temperature-sensitive tobacco mosaic virus mutant
ts-IT Ni 2519 (Bosch and Jockush, 1972), which continues to synthesize
both viral RNA and unaltered coat protein at the nonpermissive
temperature but fails to produce virus particles. Failure of assembly in
this case may be due to production of a defective unidentified protein
necessary for assembly, although other types of alterations leading to
the same experimental observation are possible.

2. The in vivo assembly of virions appears to be generally rather
specific. The viral protein combines with viral nucleic acid and not with
host nucleic acid, although the pseudovirions of tobacco mosaic virus
constitute a known exception to this rule (Siegel, 1971). It is possible
that in some instances the specificity of assembly may result from the
intracellular compartmentalization of the assembly reaction such that
no host RNA is available for encapsidation; on the other hand, it is
known that the proteins of some viruses react quite specifically with
their nucleic acids. Two recently studied examples are the affinity of
double discs of tobacco mosaic virus for the 5 end of tobacco mosaic
virus RNA (Butler and Klug, 1971) and the specific reaction of alfalfa
mosaic virus protein with its nucleic acid (Van Vloten-Doting and Jas-
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pers, 1972). On the other hand, a variety of nucleic acids can par-
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