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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
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viii Foreword

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.

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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CHAPTER 1
Parvovirus Reproduction

James A. Rose
Laboratory of Biology of Viruses
National Institute of Allergy and Infectious Diseases
National Institutes of Health
Bethesda, Maryland 20014

1. INTRODUCTION
1.1. Definitions

Parvoviruses are the smallest DNA-containing vertebrate viruses.
The generic designation, parvovirus (parvus = small), was first
proposed in 1965 (Lwoff and Tournier, 1966) and finally accepted in
1970 (Andrewes, 1970). These agents are assembled in the cell nucleus
and are icosahedral particles 18-26 nm in diameter, about the size of
animal cell ribosomes. They possess considerable heat and acid
stability and are not inactivated by lipid solvents. Their densities in
CsCl solution are relatively high (about 1.40 g/cm?®) owing to the high
DNA content of the particle (20-25%). The capsid proteins of the
group members thus far studied can be resolved into three polypeptide
components, and all parvoviruses appear to contain a single-stranded
DNA genome. Although certain insect and bacterial viruses resemble
parvoviruses in many respects (see Sect. 1.2), these have been classified
separately (Lwoff and Tournier, 1966) and are not given detailed
consideration in this review.

1.2. Classification

Since the first characterization of a parvovirus, rat virus or RV,
by Kilham and Oliver (1959), the number of viruses found to have

1



2 Chapter 1

similar general properties has steadily increased. Mayor and Melnick
(1966) initially called attention to the fact that these small DNA-
containing viruses comprised a distinct group, which they tentatively
called “picodnaviruses.” Some viruses in this group have been shown
to be related by serological or biochemical techniques or both, but
genetic relationships among most members remain to be more clearly
defined. Existing relatedness data, however, can be coupled with host
specificities to provide a useful classification (Table 1) which reveals
two prominent features of the parvoviruses: (1) they consist of a
number of distinct species which naturally infect a wide variety of
animal hosts including man, monkeys, cats, pigs, cattle, dogs, rodents,

TABLE 1

Classification of Parvoviruses

Nondefective Parvoviruses
Rodent viruses
Rat virus (RV), H-3 virus, X14 virus, L-S virus, hemorrhagic encephalopathy virus
of rats (HER), Kirk virus
H-1 virus, HT virus (tentative)
HB virus (tentative)
minute virus of mice (MVM)
Feline and related viruses
Feline panleukopenia virus (FPV),* mink enteritis virus (MEV)
Porcine viruses
Porcine parvovirus (PPV), KBSH virus (identical to PPV?)
Bovine virus
Bovine hemadsorbing enteric virus (Haden virus)
Canine virus
Minute virus of canines (MVC)
Unclassified viruses
TVX virus
LulII virus
RT virus
Defective Parvoviruses®
Human and simian AAV®
AAV-1
AAV-2 (H,M strains)
AAV-3 (H,K, T strains)
AAV-4
Bovine AAV
AAV X,
Avian AAV (AAAV)
Canine AAV (CAAV)?

e LV (= leopard virus) is the prototype strain (Johnson, 1965a).
b Adenovirus-associated viruses (AAV) or adeno-satellite viruses (ASV).
¢ AAV-1H, AAV-2H, AAV-3H, and AAV-4M are the prototype strains (Hoggan, 1971).
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TABLE 2

Chronology of Discovery of Parvoviruses

Source from which first Primary
Viruse recovered natural host Reference
MEV Mink liver and spleen Mink Wills (1952)
RV Rat tumor Rat Kilham and Oliver (1959)
H-1 HEp 1 cells® Rat? Toolan et al. (1960)
Haden Calf feces Cattle Abianti and Warfield (1961)
H-3 HEp 3 cells® Rat Dalldorf (1960)
L-S Rat tumor Rat Lum and Schreiner (1963)
X14 Rat mammary tissue Rat Payne et al. (1963)
HT Human placenta® Originally rat? Toolan (1964)
HB Human placenta? ? Toolan (1964)
AAV-1 SV15 stock Rhesus monkey?  Atchison et al. (1965)
FPV Leopard spleen Cat Johnson (1965a)
MVM Mouse adenovirus stock  Mouse Crawford (1966)
AAV-2 Ad 12 stock Man Hoggan et al. (1966)
AAV-3 Ad 7 stock Man Hoggan et al. (1966)
PPV Hog cholera virus stock  Pig Mayr and Mahnel (1966)
AAV-4 SV15 stock African green Parks et al. (1967a)
monkey

AAAV Quail bronchitis virus Bird Dutta and Pomeroy (1967)

stock
HER Rat CNS tissue Rat El Dadah et al. (1967)
MVC Dog feces Dog Binn et al. (1968)
CAAV ICHYV stock Dog Domoto and Yanagawa (1969)
Kirk Detroit-6 cells? human Originally rat? Boggs (1970)

serum?
AAV X; Bovine adenovirus type  Cattle Luchsinger et al. (1970)

I stock
KBSH KB cells® Pig Hallauer et al. (1971)
TVX Amnion cells ? Hallauer et al. (1971)
Lu III Lu 106 cells¢ ? Hallauer et al. (1971)
RT Rat fibroblasts¢ ? Hallauer et al. (1971)

a Abbreviations defined in Table 1.

b Detected after 3—4 blind passages in newborn hamsters.
¢ Continuous human cell lines.
4 Continuous rat cell line.

and birds, and (2) they can be divided into two major groups, (a) non-
defective and (b) defective parvoviruses (Melnick, 1971), based on
whether or not they are capable of autonomous reproduction. In
general, the viruses listed in Table 1 represent those which are best
characterized at present. To provide additional perspective, their
chronological sequence of discovery, original source, and primary
natural host are noted in Table 2.
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1.2.1. Nondefective Parvoviruses

Rodent viruses comprise the largest group of these viruses. The
origins of all except Kirk virus (Boggs et al.. 1970; Mirkovic et al.,
1971) have been discussed in detail in recent reviews (Toolan, 1968,
1972). Kirk virus was found in a line of Detroit-6 cells which had been
inoculated with plasma from an individual who had ingested MS-1 in-
fectious hepatitis serum. A close antigenic relationship between Kirk
and H-3 virus (Mirkovic er al., 1971) places it in the rodent group.
Based on serological tests rodent viruses can be divided into four
subgroups: (1) RV, H-3, X14, L-S, HER, and Kirk virus (Moore,
1962; Payne et al., 1964; El Dadah er al., 1967; Nathanson et al., 1970;
Lum, 1970; Mirkovic er al., 1971), (2) H-1 and HT virus (Toolan,
1964), (3) HB virus (Toolan, 1964), and (4) MVM (Crawford, 1966).
In addition, viruses within subgroups (1) and (2) can be distinguished
from each other by red blood cell hemagglutination (HA) patterns
(Moore, 1962; Toolan, 1968; Mirkovic et al., 1971). Serological cross-
reactions between members from different subgroups have been found
among MVM, RV, and H-1 (Hoggan, 1971; Cross and Parker, 1972),
but they could be demonstrated only by fluorescent-antibody (FA)
staining tests. This evidence suggests a relatively distant antigenic re-
latedness among the three viruses and justifies their present separate
grouping. Whether H-1, HT, and HB are basically rodent or human
viruses is still open to question. All three were apparently recovered
from human tissues (Table 2). However, these viruses have been tenta-
tively included within the rodent group because human antibody is rare
(Toolan, 1968), while H-1 antibody is found frequently in rats (Kilham,
1966; Cross and Parker, 1972), and because all three viruses are patho-
genic in newborn hamsters (Toolan, 1968), a feature not yet observed
with viruses outside the rodent group.

Johnson and Cruickshank (1966) were the first to conclude that
FPV and MEV might be parvoviruses. These viruses are closely related
by serum neutralization (Gorham er al., 1966; Johnson er al.. 1967).
Whether or not they are essentially identical remains to be settled.
Hemagglutination-inhibition (HI) tests have not revealed any antigenic
relationship between FPV and rodent, porcine, bovine, or unclassified
parvoriruses (Hallauer er al., 1971).

Both Haden and PPV were also identified as parvoviruses sub-
sequent to their initial recoveries (Horzinek er al.. 1967; Storz and
Warren, 1970). The relationship between PPV and KBSH has been
investigated in some detail (Hallauer er al., 1971, 1972). KBSH is one
of many similar isolates recovered by Hallauer er al. (1971) from a
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number of continuous human cell lines. Owing to a lack of clear dis-
tinction between KBSH and PPV by HI tests, it was suggested that
KBSH and PPV may be identical and that KBSH might represent a
PPV contamination introduced when cells are dispersed with hog
trypsin (Hallauer er al., 1971). Hallauer er al. (1971) also recovered
three other serologically distinct parvoviruses from continuous cell
lines, two from human cells and one from rat fibroblasts. These were
designated TVX, Lulll, and RT viruses, respectively. While TVX was
recovered from several different cell lines, Lulll and RT could be ob-
tained from only single cell lines. Based on HI testing, little, if any,
antigenic relatedness was demonstrable among these viruses or between
them and rodent viruses, FPV, PPV, or Haden. TVX, Lulll, and RT
have therefore been left unclassified. As in the case of KBSH, Hallauer
et al. (1971) have suggested that TVX, Lulll, and RT probably arose
as contaminants. One might suppose that adaptation to new host cells
could have resulted in antigenic alterations which presently mask the
origins of these viruses. Nucleic acid-hybridization tests should prove
useful in assessing possible genetic relationships between these and
other parvoviruses.

1.2.2. Detfective Parvoviruses

Viruses in this group are capable of reproducing only when the
cells they infect are also infected with an adenovirus (Atchison er al.,
1965; Hoggan et al., 1966; Smith et al., 1966; Parks et al., 1967a). Be-
cause it was initially observed that they only multiplied together with a
helper adenovirus, they were called adenovirus-associated viruses, or
AAYV (Atchison er al., 1965). The name adeno-satellite virus, or ASV,
has also been proposed (Mayor and Melnick, 1966) owing to analogies
between these viruses and the defective satellite tobacco necrosis virus
(STNV) (Kassanis, 1962; Reichmann, 1964).* The AAV designation
has been widely used, however, and will be employed in this review.

The human and simian AAV group have been best studied, and
four serotypes are well defined (Hoggan er al., 1966; Parks er al.,
1967a,; Rose et al., 1968). Only types 2 and 3 (AAV-2 and AAV-3) can

* STNV is a small RNA-containing plant virus whose multiplication also depends on a
larger helper virus, tobacco necrosis virus (TNV). Like AAV, STNV strains are
serologically unrelated to their helpers, appear to code for their own coat protein,
and can interfere with the multiplication of the helper virus itself (see Sects. 1.2.2,
3.2.6, and 3.3.1; Kassanis, 1962; Reichmann, 1964). STNV and the AAV may thus
be considered as parasites of their respective helper viruses, representing the smallest
entities so far known to enter into such a relationship.
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be shown to be serologically related by complement fixation (CF), FA,
and serum neutralization (Hoggan, 1971), whereas all four serotypes
are genetically related by nucleic acid-hybridization tests (Rose ez al.,
1968; Koczot and Rose, unpublished). In addition, there are three
AAV-3 strains definable by serum neutralization (Hoggan, 1971) and
nucleic acid hybridization (Rose and Hoggan, unpublished). The same
techniques, however, do not clearly reveal differences between the H
and M strains of AAV-2 (Rose et al., 1968; Hoggan, 1971). Hoggan
(1971) has investigated antigenic relatedness between each of the four
AAV serotypes and several nondefective parvoviruses (RV, H-I,
MVM, and Haden). Although this study did not reveal any serological
relationships between these viruses and the AAYV, nucleic acid-
hybridization tests will be required to rule out the presence of possible
genomic homologies. In this regard it should be noted that whereas
antigenic relatedness can only be demonstrated between AAV types 2
and 3, the genomes of all four AAV serotypes seem to share about the
same fraction of sequences in common (see Sect. 2.2.6; Rose et al.,
1968; Koczot and Rose, in preparation.) In no instance thus far has
either antigenic relatedness or nucleic acid-sequence homology been
shown to exist between an AAV and an adenovirus (Atchison et al.,
1965; Hoggan et al.. 1966, Smith et al., 1966, Parks er al.. 1967a; Rose
et al., 1968).

A striking feature of the human and simian AAV is that two
discrete populations of progeny particles are synthesized: One type of
particle contains single “plus’ DNA strands; the other contains single
“minus’” DNA strands (Sects. 2.2.1 and 2.2.2; Mayor et al., 1969b;
Rose er al., 1969). It is expected that this is a property common to all
AAYV, but confirmatory studies with AAV outside the human and
simian group remain to be done.

Only within the past few years have other species-related AAV
been identified. Luchsinger er al. (1970) have reported serological and
physical properties of what appears to be a bovine AAV. This virus,
called AAV X,, was found to be antigenically unrelated to the four
human and simian serotypes on the basis of CF and HI tests.
Interestingly, AAV X, can hemagglutinate certain red blood cells, a
property common to all nondefective parvoviruses, but so far observed
with only one other AAV, i.e., AAV-4 (Ito and Mayor, 1968). In ad-
dition, canine (Domoto and Yanagawa, 1969) and avian (Dutta and
Pomeroy, 1967; El Mishad er al.. 1973) AAV have been described. The
latter virus also appears to be antigenically unrelated to the human and
simian serotypes (El Mishad er al., 1973). There is some uncertainty
over the canine AAV since it has been found to cross antigenically with



Parvovirus Reproduction 7

AAV-3 (Onuma, 1971). In other studies, however, serological cross-
reactions could not be detected between CAAV and any of the AAV-3
strains (Hoggan, personal communication).

It should be noted that certain other viruses bear a close resem-
blance to the parvoviruses. Included are the Escherichia coli bacterio-
phage ¢ X174 (Sinsheimer, 1959a.b) and densonucleosis virus (DNV) of
Galleria mellonella (Meynadier er al., 1964; Kurstak, 1971).* These
viruses are listed in Volume | and discussed in detail elsewhere in this
series.

2. BIOLOGICAL PROPERTIES

Knowledge of the prominent biological properties of the various
parvoviruses is essential to understanding their mode of reproduction.
Additional information may be obtained from several other reviews
(Kilham, 1966; Toolan, 1968; Rapp, 1969; Hoggan, 1970). Two
general features of nondefective parvoviruses have been emphasized
repeatedly by many investigators: (1) They multiply best in rapidly di-
viding cells, and (2) they often produce only subtle and transient cyto-
pathic effects (CPE), making virus detection frequently difficult and
uncertain. Aside from searches for most-sensitive cells, measures suc-
cessfully used to uncover parvoviruses have included blind passages
both in vitro and in vivo (Kilham and Oliver, 1959; Toolan er al., 1960;
Toolan, 1964; Kilham and Maloney, 1964; Robey et al., 1968) and
repeated extraction of cell sheets with a glycine buffer (Hallauer et al.,
1971). Viral assays have been carried out by a tissue culture infective
dose (TCID;,) procedure (Johnson, 1967; Mayr et al., 1968; Binn et al.,
1970; Hallauer et al., 1972), HA titration (Cole and Nathanson, 1969),
or by plaquing (Ledinko, 1967; Tennant et al., 1969; Tattersall,
1972b; Bates and Storz, 1973).

CPE produced by the defective parvoviruses would be obscured by

* Both X174 and DNV are similar to the parvoviruses in size and morphology
(Tromans and Horne, 1961; Kurstak, 1971). In addition, ¢$X174 and probably DNV
also contain single-stranded DNA genomes (Sinsheimer, 1959b; Barwise and
Walker, 1970; Kurstak, 1971). There is a reasonable expectation that reproduc-
tion of the single-stranded DNA progeny of all these small viruses proceeds by at
least some common mechanisms [e.g., a double-stranded replicative form of DNA
(Sinsheimer ez al., 1962)]. Evidence has been put forth that DNV particles, like those
of the human and simian AAV, may consist of virions which contain either plus or
minus strands of DNA (Barwise and Walker, 1970; Kurstak, 1971). Antigenic re-
latedness has not been demonstrable between DNV and the four human and simian
AAYV serotypes or several nondefective parvoviruses including RV, H-1, MVM, and
Haden (Hoggan, 1971).
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that of their helper adenoviruses. Optimal AAV reproduction is not de-
termined solely by AAV-helper multiplicity relationships since the effi-
ciency of adenoviruses as helpers may depend both on the serotype and
on the particular cell line used (Smith and Thiel, 1967; Boucher et al..
1969; Atchison, 1970). The AAV have been assayed by CF antigen ti-
tration (Hoggan et al., 1966), particle counting in the electron micro-
scope (Atchison er al., 1965; Parks er al., 1967a), HA titration (AAV-4
and AAV X, only; Ito and Mayor, 1968; Luchsinger er al., 1971), and
FA titer (Ito er al., 1967; Blacklow et al., 1967a; Smith and Thiel,
1967).

2.1.  Stability

Parvoviruses are among the most stable of all vertebrate viruses.
They withstand heating at 56°C for 1 or more hours, and some have
been shown to survive temperatures of 75-80°C for 30 minutes or
longer (Kilham and Oliver, 1959; Greene, 1965; Johnson and Cruick-
shank, 1966; Binn, er al., 1970; Siegl et al., 1971). This resistance to
heating is one factor which mitigates much of the difficulty in
recovering parvoviruses which are free of infectivity from extraneous
or helper viruses since it is often possible to selectively heat-inactivate
such contaminants. All parvoviruses resist inactivation by ether or
chloroform (Kilham and Oliver, 1959; Atchison, 1965; Johnson and
Cruickshank, 1966; Binn ez al., 1968; Storz and Warren 1970; Siegl er
al., 1971). To the extent studied, they have resisted inactivation by
trypsin, pepsin, papain (Johnson and Cruickshank, 1966; Rose ef al.,
1966; Mayr er al., 1968; Siegl et al., 1971), and deoxyribonuclease
(Vasquez and Brailovsky, 1965; Rose er al., 1966; Siegl et al., 1971),
and they have withstood incubation at pH 3 (Greene, 1965; Mayr et
al., 1968; Storz and Warren, 1970). In addition, they can remain viable
for years on laboratory bench tops or when stored in the cold (Hoggan,
personal communication).

2.2. Host Range and Pathogenicity
2.2.1. Nondefective Parvoviruses
Data regarding both in vitro and in vivo host range capabilities of

the parvoviruses are incomplete. In general, the host range of most
nondefective parvoviruses is rather restricted. All rodent viruses have
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been grown in either rat cells or hamster cells or both (Toolan, 1968;
Mirkovic et al., 1971; Hallauer er al., 1972). Only MVM grows well in
mouse cells (Crawford, 1966; Hallauer ez al., 1972). Kirk virus appears
to propagate best in Detroit-6 cells, but attempts at producing it in
other human cells or simian cells have been unsuccessful (Mirkovic et
al., 1971). H-1 and H-3 are additionally capable of replicating in
several human and simian cell lines (Toolan and Ledinko, 1965;
Hallauer er al., 1972). Of interest is the finding that although H-1
would not grow in secondary human embryonic lung cells, Ledinko
and Toolan (1968) found that it multiplied in these cells when
adenovirus type 12 (Ad 12) was present as a helper. In this regard it
should be noted that Mirkovic er al. (1971) observed a hundredfold
increase in HA titers of Kirk virus when Detroit-6 cells were coinfected
with Ad 7. These investigators also reported a fourfold stimulation of
X14 HA titer when rat embryo cells were coinfected with the same
adenovirus. In in vivo infections by rodent viruses, naturally occurring
RV, H-1, and L-S antibody have been found in rats (Kilham, 1966;
Robey et al., 1968; Lum, 1970), MVM antibody in rats and mice
(Kilham and Margolis, 1970; Parker et al., 1970b), and, rarely, H-1
antibody in man (Toolan, 1964, 1968). Rodent viruses are not known
to cause disease under natural circumstances, but, experimentally, RV
and the H viruses can produce either fatal infection in newborn
hamsters or osteolytic lesions which result in a ‘“mongoloidlike” ap-
pearance (Toolan er al., 1960; Kilham, 1961a,b). Also, RV and closely
related strains have been reported to cause CNS lesions in newborn
hamsters (Kilham and Margolis, 1964; Nathanson er al., 1970), kittens
(Kilham and Margolis, 1965), and rats (Nathanson er al., 1970).
Inoculation of H-1 into both man (Toolan er al., 1965) and monkey
(Toolan, 1966) has apparently resulted in viremia without detectable
illness.

The several strains of FPV have been grown in feline kidney cells
(Johnson, 1965a,b; Johnson er al., 1967). Natural susceptibility to
these viruses includes animals belonging to three different families: (1)
cats (domestic cats, lions, panthers, leopards, tigers), (2) mink, and (3)
coatimundi and raccoons (Johnson and Halliwell, 1968). Ferrets, which
are closely related to mink, have been experimentally infected with
FPV (Johnson et al., 1967). FPV strains are the only parvoviruses
strongly linked to naturally occurring disease, causing cerebellar
hypoplasia in kittens, or anorexia, diarrhea, and occasionally death in
all natural hosts (Johnson, 1965a; Johnson et al., 1967; Johnson and
Halliwell, 1968).

In studies with cells from a variety of species, PPV was found to
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grow in pig cells and several continuous lines of human cells (Mayr et
al., 1968; Cartwright er al., 1969; Hallauer er al., 1972). The possibility
that PPV may be a frequent contaminant of continuous human cell
lines has been noted (Hallauer er al., 1971). Serological studies reveal
that PPV frequently infects swine (Cartwright et al., 1969), and it has
been suggested that PPV infection might be related to infertility and
abortion in pigs (Cartwright and Huck, 1967; Cartwright et al., 1969;
Johnson, 1969).

Haden virus replicates best in cells derived from its host species
(Bates and Storz, 1973). There is a high incidence of natural infection
among cattle (Abinanti and Warfield, 1961; Spahn er al., 1966; Storz
et al., 1972). Storz er al. (1972) have also reported significant HI titers
against Haden virus in sera from cynomolgus monkeys, guinea pigs,
dogs, goats, and horses. Experimentally, virus inoculation in calves has
been associated with diarrhea, respiratory symptoms, and a rise in
specific antibody (Spahn er al., 1966).

Binn er al. (1970) tested the growth of MVC in a variety of
primary and serial cell cultures, but only detected CPE in a continuous
line of dog epithelial cells. They also observed a high incidence of neu-
tralizing antibody in German shepherds and beagles.

Replication of TVX and Lulll seems restricted to continuous
human cell lines (Hallauer er al., 1972). RT virus could be grown only
in the continuous line of rat fibroblast cells from which it was initially
recovered.

2.2.2. Defective Parvoviruses

Among the defective parvoviruses, AAV-1, -2, and -3 seem able to
replicate in nearly any cell line which can also be productively infected
with an adenovirus (Hoggan er al., 1966; Casto et al., 1967a; Smith
and Gehle, 1967; Blacklow er al., 1968b; Ishibashi and Ito, 1971;
Boucher et al., 1969). However, inefficient or possibly incomplete rep-
lication of helper adenoviruses may still support good AAV produc-
tion as indicated by potentiation of AAV-1 in cells where helpers mul-
tiply poorly if at all (Smith and Gehle, 1967; Mayor and Ratner, 1972)
and by the reported stimulation of AAV replication by DNA-minus
temperature-sensitive adenovirus mutants (Ito and Suzuki, 1970; Ishi-
bashi and Ito, 1971; Mayor and Ratner, 1973). On the other hand,
neither Ad 12-transformed cells (Hoggan er al., 1966) nor Ad 2-
transformed rat embryo cells (Rose er al., unpublished results), which
express an early event in the adenovirus cycle (i.e., T-antigen syn-
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thesis), have been found to support AAV reproduction. Moreover,
AAV-1 did not replicate in African green monkey kidney (AGMK)
cells which were coinfected with the E46- strain of Ad 7 (Blacklow er
al., 1967a). E46- grows poorly in AGMK cells (Rowe and Baum,
1964; Feldman et al., 1965), although both its DNA and RNA are ex-
tensively synthesized (Reich er al., 1966). These latter findings suggest
that cells must permit expression of a relatively late event(s) in the
adenovirus cycle if AAV replication is to occur. A simian serotype,
AAV-4, is apparently more host-restricted than the other AAV
serotypes since serial passage of this virus seems to require African
green monkey cells (Hoggan, 1970).

Antibodies to all four AAV serotypes have been found in both
man and monkeys (Blacklow et al., 1968a). However, serological data
plus the occasional recovery of AAV-4 from AGMK cells indicate that
AAV-2 and -3 are human viruses which occasionally infect monkeys,
whereas AAV-4 is an African green monkey virus which rarely infects
man (Blacklow et al., 1968a; Parks et al., 1970). It has been suggested
that AAV-1 is of rhesus origin (Rapoza and Atchison, 1967; Parks er al.,
1970). Only AAV-2 and -3 have been isolated from man (Blacklow et
al., 1967b), and, as is the case in cell culture, it seems that AAV
replication in vivo requires a helper adenovirus (Blacklow et al., 19685,
1971b).

Bovine AAV has been propagated in bovine kidney cells with bo-
vine adenoviruses as helpers (Luchsinger er al., 1970), and avian AAV
in chicken embryos with avian adenoviruses (El Mishad er al.. 1973).
Serological findings by Luchsinger er al. (1970) and Luchsinger and
Wellermans (1971) suggest that AAV X, antibody may occur with
moderate frequency in both human and cattle sera. The status of
canine AAV (Domoto and Yanagawa, 1969) as a distinct entity has
not been established because antigenic comparisons with other AAV
are still uncertain (see Sect. 1.2.2).

2.3. Persistent Infection and Latency

As already noted, the presence of parvoviruses is often inapparent.
Because of the stability of these agents, cross-contaminating infections
can readily occur in the laboratory, both in animals and in cell cultures
(Johnson, 1965b). This fact may compound the difficulty of deter-
mining the origin of viruses which suddenly appear. Several studies,
however, indicate that parvoviruses can persist in cells, becoming ap-
parent only after their replication is enhanced (or possibly induced)
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during passage (Kilham and Oliver, 1959; Toolan er al.. 1960; Robey
et al., 1968) or by certain manipulations such as shipping or freeze-
storage of cells (Hallauer ez al., 1971). Nathanson et al. (1970) sug-
gested the possibility that cyclophosphamide may activate the
replication of latent HER virus in rats, and Payne er al. (1963, 1964)
noted a possible enhancement of X14 virus replication following X ir-
radiation of rats. Whether parvovirus latency simply reflects an
inability to detect very low levels of persistent infection or actually
results from the carriage by cells of a subviral component(s) is not yet
clear. Smith er al. (1968) found that after infection of human amnion
cells with AAYV alone, virus could be recovered from a fraction of
subcultured or cloned cells, but that disruption of these cells resulted in
more than a 99% decrease in recoverable AAV, consistent with the
existence of a latent subviral form. Uncommonly, AAV-2 has been
recovered from human embryonic kidney cells, whereas AAV-4 has
been found more frequently in various lots of AGMK cells (Hoggan,
1970). This persistence of AAYV in kidney cells is interesting in view of
the rapid loss of ability to recover AAV following helper-free infection
in the laboratory in these and other cells (Atchison er al., 1965; Casto
et al., 1967a; Mayor er al., 1967; Hoggan, 1973). Two possibilities that
could explain AAV persistence are (1) the coincident presence of an
undetected helper virus or (2) a nonhelper-dependent carriage of the
AAYV genome by the cell. Evidence for the latter possibility comes
from a recent study (Hoggan, 1973) in which AAV-carrier lines of De-
troit-6 cells were established. Infectious AAV could be recovered from
one line following infection with helper adenovirus, whereas another
line only yielded AAV antigen after helper challenge, thus suggesting
that this line may only contain a portion of the AAV genome. A non-
helper-dependent carriage of the AAV genome by cells in an integrated
state would help to explain how the AAV are maintained in nature, but
AAYV stability and the widespread occurrence of adenovirus infection
in man and animals seem sufficient to account for AAV survival. An
animal reservoir in which AAV is not defective must also be considered
as a possible sustaining factor (Blacklow er al., 1968a). In any event,
both nondefective and defective parvoviruses should be recognized as
potential, tenacious contaminants of cell lines, virus stocks, and certain
vaccines.

2.4. Defectiveness

Because of their absolute requirement for a helper adenovirus, the
AAYV have been referred to as ‘““nonconditional defective viruses’ (Mel-
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nick and Parks, 1966). There is, of course, a qualification concerning
the nonconditional defectiveness of the AAV since it can be argued
that an undiscovered, permissive host cell might exist. Furthermore, in
addition to adenoviruses, there might yet be another virus which is ca-
pable of assisting AAV multiplication. Although extensive tests with a
wide range of both RNA and DNA viruses have not revealed other
viruses which are able to support the reproduction of infectious AAV
(Atchison et al., 1965; Hoggan et al., 1966; Atchison, 1970), it was dis-
covered that AAV replication could be partially helped by
herpesviruses (see Sect. 5; Atchison, 1970; Blacklow et al., 1970,
1971a; Boucher et al., 1971; Rose and Koczot, 1972; Dolin and
Rabson, 1973).

Within the group of nondefective parvoviruses, Ledinko and
Toolan (1968) and Ledinko er al. (1969) found that H-1 exhibited what
might be called ““conditional defectiveness” (Melnick and Parks, 1966).
H-1 infection of human lung cells yielded viral antigen in the absence
of infectious virus synthesis, but infectious virus was produced when
cells were coinfected with Ad 12. The basis for H-1 restriction in these
cells is not known, and the helper function(s) provided by adenovirus
may or may not correspond to a requirement(s) for AAV multi-
plication. Adenovirus enhancement of Kirk and X14 virus replication
have been mentioned (Sect. 2.2.1). The mechanism of this adenovirus
helper activity is also not known.

2.5. Interference

Both homologous and heterologous interference have been ob-
served with certain defective parvoviruses. In infections with specific
human or simian AAV serotypes, virus production is decreased at high
AAV multiplicities. For example, dual infections of KB cells with
helper Ad 2 and AAV-I1, -2, or -3 provided highest AAV yields (av-
eraging 1-3 x 10* TCID,,/cell) with AAV multiplicities in the range of
10-20 TCID,,/cell (Rose and Koczot, 1972; Rose et al., unpublished
results). Increases in AAV multiplicity to 100 or more TCIDjs,/cell
usually resulted in a tenth or less of this optimal yield. Reduction in
AAV synthesis associated with undiluted (high multiplicity) passage
has also been found with AAV-4 and helper SVI5 in BSC-1 cells
(Torikai, er al., 1970). “Light” AAV-4 particles were not augmented
during three serial undiluted passages which resulted in approximately
a hundredfold decrease in complete virus particles as measured by HA
titer. Thus, in contrast to defective interfering particles produced
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during vesicular stomatitis virus infections (Huang and Wagner, 1966),
the decrease in synthesis of complete AAV is not associated with an
absolute increase in incomplete particles. It is possible, though, that a
relative increase of particles capable of interference did occur. The
specific mechanism of homologous AAYV interference is not clear.

Heterologous interference has been found between AAV
serotypes, between AAV and their helper adenoviruses, and between
AAYV and SV40, a virus without discernible AAV helper activity. In
mixed infections with two AAYV serotypes, one serotype may dominate
(Torikai and Mayor, 1969) and even suppress detectable growth of the
other serotype (Hoggan, 1971). AAV interference with replication of
helper adenoviruses has been frequently observed (Hoggan et al.. 1966;
Smith et al.. 1966; Casto er al.. 1967a.b; Parks er al.. 1967a. 1968).
This interference is apparently not mediated by an interferonlike in-
hibitor, requires infectious AAV, and is directly related to AAV
dosage (Casto et al.. 1967a.b; Parks et al.. 1968). Cell type may also
influence AAYV interfering activity. For example, the replication of Ad
7 or SVI5 was more restricted in KB cells than in human kidney cells
when coinfections were carried out with purified AAV-4 (Parks et al.,
1968). AAYV interference with helper multiplication does not appear to
be exerted at the level of adsorption, penetration, or uncoating, and it
is abolished when AAYV infection is delayed for 8 hours following
adenovirus infection (Parks er al.. 1968). Furthermore, AAV yield is
unaffected by the presence or absence of AAV interference with
adenovirus multiplication, at least indicating that interference and
helper activity can be dissociated (Parks et al.. 1968). Parks er al.
(1968) have pointed out that the acquisition of adenovirus resistance to
AAY interference is temporally associated with the onset of adenovirus
DNA synthesis.

At the cellular level Casto er al. (1967a) found that AAV in-
terference decreased adenovirus infectious centers, and they suggested
that most of the decrease in adenovirus yield might be due to a failure
of AAV-infected cells to produce adenovirus. Parks er al. (1968),
however, reported that AAV did not diminish the number of
adenovirus infectious centers, and hence the number of cells yielding
virus, but caused a 90% reduction in single-cell yields of infectious
adenovirus. Since the adenovirus particle/PFU ratio was the same
with or without AAV inhibition, Parks et al. (1967a) concluded that
the decrease in infectious yield resulted from reduced adenovirus
production and not a change in the quality of the virus.

Examination of thin sections of doubly infected cells in the elec-
tron microscope clearly reveals that nuclei contain predominantly either
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AAYV or adenovirus particles (Archetti et al., 1965; Atchison et al.,
1966; Mayor et al., 1967; Torpicer et al., 1971; W. Hall, B. Hobbs, and
J. Rose, unpublished results). This evidence suggests that, in a given
cell, growth of one virus is accompanied by suppression of growth of
the other virus. Figures 1B and 2 demonstrate the crystalline character
of replicating AAV-2 in the cell nucleus; negatively stained, purified
AAY particles are also shown for comparison (Fig. 1A). AAV parti-
cles could be detected in KB cell nuclei within 20 hours after coin-
fection with helper Ad 2, which is consistent with reported titration
data (Rose and Koczot, 1972). At 43 hours post-infection (Fig. 1B) nu-
merous rodlike crystalline aggregates of AAV particles can be seen
together with a few scattered adenovirus particles, indicating that both
AAV and adenovirus can be synthesized in the same cell. Figure 2
shows a portion of a cell nucleus with ordered arrays of AAV but no
adenovirus. Of interest is the association of AAV particles with a
nucleolus, a feature often observed in these preparations. After dual in-
fections with AAV-1 and herpes simplex virus type 1 (HSV-1), a
partial helper of AAV replication, Henry er al. (1972) observed similar
arrays of emipty AAV particles in the nuclei of human embryonic lung
cells and called attention to nucleolar replacement by large numbers of
these empty particles. The authors did not say whether or not the
presence of AAYV particles was associated with exclusion of herpesvirus
or vice versa.

In tests with several RNA and DNA viruses Casto er al. (1967h)
found that AAV interfered only with adenovirus and SV40 plaque
formation. Because the range of viruses inhibited by AAV is narrow, it
should be considered that adenoviruses and SV40 might share some
close biochemical relationship. It is, perhaps, relevant that these
viruses can interact biologically (Rabson er al., 1964) and genetically
(Baum er al.. 1966; Kelly and Rose, 1971).

No parvovirus has yet been shown to possess oncogenic capability
(Kilham and Oliver, 1959; Kilham and Maloney, 1964; Toolan, 1967;
Hallauer er al., 1972). On the other hand, certain parvoviruses have
been reported to interfere with natural or virus-induced tumorigenesis.
Toolan (1967) found that the incidence of tumors in control hamsters
was twenty times greater than that in hamsters which had acquired
mongoloidlike deformities as a result of injection with H-1 virus. These
mongoloid hamsters retain high titers of H-1 antibody throughout their
lives (Toolan, 1964). Toolan and Ledinko (1968) also found that when
H-1 was injected together with Ad 12, the incidence of Ad 12 tumors in
newborn hamsters was reduced more than 50%. In other studies with
hamsters, Kirschstein er al. (1968) showed that coinfection with AAV-1
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Fig. 1. (A) CsCl-purified AAV-2 particles negatively stained. x105,000. (B) Thin
section through cell pellet fixed with glutaraldehyde and osmium tetroxide 43 hours
after virus infection. KB cells in suspension culture were infected with multiplicities of
10 TCID,o/cell of AAV-2 and 100 TCID;,/cell of Ad 2. A single nucleus containing
crystalline bundles of AAV particles (arrow) and occasional adenovirus virions is
shown. x66,500. Courtesy of W. Hall, B. Hobbs, and J. Rose (unpublished results).
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Fig. 2. Thin section through the same cell pellet described in Fig. 1B. Crystalline ar-
rays of AAV particles are present in the nucleus of a cell, but adenovirus particles are
not seen. Nu, nucleolus; NM, nuclear membrane; Cy, cytoplasm. x47,500. Courtesy
of W. Hall, B. Hobbs, and J. Rose (unpublished results).
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decreased by two-thirds the incidence of Ad 12-induced tumors, and
Mayor et al. (1973) demonstrated even greater interference by AAV-1
with Ad 31 oncogenesis. No interference between AAV and SV40
oncogenicity was found, suggesting that AAV protection may be
adenovirus-specific (Mayor et al., 1973).

In hamster embryo cells in vitro, transformation by three
adenoviruses (SA7, SVI1 or Ad 12) was inhibited by AAV-1 (Casto
and Goodheart, 1972). An 80% reduction in SVI1I- or Ad 12-
transformed cell foci was achieved with 10 adenovirus plaque-inhibiting
units (Casto et al., 1967b) per cell of AAV. Like plaque inhibition,
transformation inhibition appears to be one-hit with respect to AAV,
and the two processes seem equally efficient (Casto et al. 1967b; Casto
and Goodheart, 1972). It is not known whether AAV interference with
adenovirus replication, in vitro adenovirus transformation, or in vivo
adenovirus tumorigenesis involves the same or different mechanisms.
In view of AAV interference with SV40 replication (Casto et al.,
1967b), it is interesting that AAV does not inhibit SV40 oncogenesis
(Mayor er al., 1973).

3. PROPERTIES AND COMPONENTS OF VIRIONS
3.1. Physicochemical Properties of Virions
3.1.1. Purification

Parvoviruses adhere to nuclear material, and current methods
used to release virus include sonication followed by treatment with
combinations of nucleases, proteolytic enzymes, and detergent
(Vasquez and Brailovsky, 1965; Rose et al., 1968; Robinson and He-
trick, 1969; McGeoch ez al., 1970; Rose and Koczot, 1971). Banding of
viruses in CsCl density gradients achieves a final state of high purity
(Crawford, 1966; Hoggan et al., 1966; Rose et al., 1966; Parks et al.,
1967b). Other procedures such as differential filtration through Milli-
pore membranes (Atchison er al., 1965; Hoggan et al., 1966), banding
in potassium tartrate gradients (Breese er al., 1964; Vasquez and
Brailovsky, 1965), and zonal rotor centrifugation (Luchsinger er al.,
1971) have also been successful. Because complete AAV particles are
about 0.05 g/cm?® more dense in CsCl than their helper adenoviruses,
separation of the two viruses is possible, and twice rebanding of the
AAYV component yields AAV essentially free of adenovirus. The
particles shown in Fig. 1A are from a preparation of this type. There
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are few empty capsids, and adenovirus particles could not be found.
However, contaminating adenovirus at concentrations up to 10%-107
particles/ml could escape detection by the electron microscope (Parks
et al., 1967a). Other criteria of AAV purity include hybridization
specificity of extracted DNA (Rose er al., 1968) and inability to detect
AAYV or helper replication on subsequent passages (Atchison et al.,
1965).

Parvovirus particle/PFU (or TCID,,) ratios have been deter-
mined only in a few instances. The ratio for MVM virus is 300-
400:1 (Tattersall, 1972b); that for AAV-4 is 10-100:1 (Ito er al.,
1967; Parks et al., 1967a).

3.1.2. Virion Morphology

Almost all of the viruses listed in Table 1 have been visualized and
measured in the electron microscope. A detailed account of the bulk of
this work is given in a recent review (Hoggan, 1971). In brief, all
parvoviruses are icosahedral in symmetry and most are 20-22 nm in
diameter (Fig. 1A). Although some apparent size variation may be due
to technical factors, small differences in diameter appear to exist
between certain viruses, e.g., H-3, RV, and HB have diameters of ap-
proximately 19-20 nm, but H-1, HT, Haden, MVM, and AAV 1, -2,
and -3 have diameters in the range of 21-22 nm (Karasaki, 1966; Hog-
gan, 1971). Owing to the small size of parvoviruses, detailed analysis of
virion substructure has been difficult. Some investigators have sur-
mised that the capsids of several viruses in the rodent group are com-
posed of 32 capsomers (Vasquez and Brailovsky, 1965; Karasaki, 1966;
Mayor and Jordan, 1966). However, Mayor et al. (1965) have con-
cluded that the AAV-4 particle consists of 12 capsomers, whereas
Smith er al. (1966) believe that AAV-3 capsids consist of a netlike re-
ticulum, similar to that described for reovirus (Vasquez and Tournier,
1964).

3.1.3. Density and Sedimentation Constant

Reported buoyannt densities in CsCl of the different parvoviruses
are in the range of 1.38-1.47 g/cm® (McGeoch et al., 1970; Siegl et al.,
1971; Hoggan, 1971). Values for the same virus may show modest dif-
ferences between different laboratories, e.g., values of 1.39, 1.422, and
1.47 g/cm?® have been published for H-1. Most parvoviruses, however,
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have densities near 1.40 g/cm?®. In addition, lighter virus bands are
frequently observed at densities between 1.38-1.34 g/cm® and
1.32-1.30 g/cm?® (Payne et al., 1964; Crawford, 1966; Robinson and
Hetrick, 1969; Torikai et al., 1970; Siegl, 1972; Usategui-Gomez et al.,
1969). DNA can be extracted from particles in intermediate density
bands and has been found to be considerably smaller than genome size
(i.e., 20-30% of strand length); its origin, whether viral or host, is un-
certain (Torikai er al., 1970; Siegl, 1972). Compared to the primary
band, infectivity is greatly reduced in the lighter bands which contain
large proportions of empty particles (Payne er al., 1964; Greene and
Karasaki, 1965; Crawford, 1966; Robinson and Hetrick, 1969;
Usategui-Gomez et al., 1969; Johnson et al., 1971; Tattersall, 19725).
Another band, more dense than the primary band, is often seen at
1.44-1.47 g/cm?®. The particles in this band seem smaller than those in
the primary band, and, in the case of AAV, they are known to be in-
fectious (Johnson er al., 1971; Hoggan, 1971). With AAV, DNA
molecules extracted from either primary- or dense-band particles ap-
pear similar in size, and dense particles can be generated when
primary-band particles are treated with sodium dodecyl sulfate (Rose
and Koczot, unpublished results). The dense particles probably
represent virions whose capsids are incomplete or altered, and not
particles with a larger genomic species. Because AAV light-band parti-

TABLE 3

Sedimentation Constants and Estimated Particle
Weights of Parvovirus Virions

Sedimentation  Particle

constant weight

Virus (S20.,w), S X106 Reference

MVM 110 — MecGeoch et al. (1970)

RV 110, 122 6.6 McGeoch et al. (1970), Salz-
man and Jori (1970)

H-1 110 — MecGeoch et al. (1970)

KBSH 105 5.3 Siegl et al. (1971)

AAV-1 104, 125 5.4 Crawford et al. (1969), Rose

et al. (1971)
AAV-2 125, 120 5.4 Rose et al. (1971), Rose and
Koczot (1972)
.4 Mayor et al. (1969b)
2 Sinsheimer (1959a)

AAV-4 137
$X1740 114

@ Given for comparison.
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cles and complete adenovirus particles have similar densities, it is not
possible to free adenovirus from contaminating AAV by density equi-
librium centrifugation in CsCl (Rose et al., 1966; Smith er al., 1966).

Sedimentation coefficients and estimates of particle weights of
parvovirus virions are given in Table 3. Differences among reported
values may not be significant.

3.1.4. Chemical Composition

Parvoviruses have been found resistant to ether or chloroform
inactivation, consistent with an absence of essential lipid in the virion
(Kilham and Oliver, 1959; Abinanti and Warfield, 1961; Atchison er
al., 1965; Johnson and Cruickshank, 1966; Horzinek et al., 1967; Binn
et al., 1968). Inhibition of virus growth by agents which block DNA
synthesis has provided evidence that parvoviruses contain a DNA
genome (Payne er al., 1963; Ledinko, 1967; Mayr et al., 1968; Storz
and Warren, 1970; Binn er al., 1970), and this has been extensively
confirmed by direct recovery of DNA from purified virus preparations
(Table 4). Chemical analyses of the DNA content of parvoviruses have
been reported for H-1 (25%; Cheong et al., 1965), RV (25.6%; Salzman
and Jori, 1970), and AAV-1 and AAV-4 (18.9% and 26.5%; Parks et
al., 1967b). These values are in the same range as that determined for
¢X174 (25%; Sinsheimer, 1959a).

3.2. DNA

The DNA of only a few parvoviruses has been extensively
characterized, mostly due to difficulty in obtaining sufficient quantities
of purified virus. A large portion of this work has been done with the
human and simian AAV because of interest in the biochemistry of
their defectiveness and the relative ease with which these agents can be
grown and purified from their helper adenoviruses. Efficient extraction
of parvovirus DNA requires somewhat vigorous treatment with
proteolytic enzymes or hot detergent or both (Crawford, 1966; Rose et
al.,1966). Combined treatment produces DNA recoveries of 60-80%
(Rose et al., 1966). Alkaline extraction of DNA is simpler, yielding a
higher proportion of unbroken molecules than after enzyme treatment
(Koczot et al., 1973). DNA can be released in 0.1 N NaOH and then
purified by pelleting through a CsCl solution of density 1.5 g/cm?
(McGeoch et al., 1970) or released by sedimenting purified virus into a
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TABLE 5
Base Composition of Parvovirus DNA and In Vivo Synthesized AAV RNA

Nucleotides, moles/100 moles

G+C

Virus A T(U) G C content, %, Reference
RV 26.8 29.6 20.6 22.9 43.5 McGeoch et al. (1970)
MVM 26.5 32.7 19.5 21.4 40.9 McGeoch et al. (1970)
H-1 25.5 29.3 22.6 22.6 45.2 McGeoch et al. (1970)
AAV-2

(H)= 20.5 26.5 26.7 26.3 53.0 Rose and Koczot (1971)

(L) 25.2 21.7 26.6 26.5 53.1 Rose and Koczot (1971)

(RNA) 26.2 20.7 26.4 26.7 53.1 Rose and Koczot (1971)
$X1744 24.6 32.8 24.2 18.4 42.6 Sinsheimer (1959b)

@ Minus strand of AAV DNA.

b Plus strand of AAV DNA.

¢ AAV RNA selected by hybridization with double-stranded (unfractionated) AAV DNA.
4 Data given for comparison.

sucrose gradient containing 0.3 N NaOH (Koczot er al., 1973). The lat-
ter method also provides information concerning the_homogeneity of
DNA preparations.

Physical and chemical properties of DNA from several
parvoviruses are given in Tables 4 and 5, along with those of Ad 2 and
¢»X174 DNA which are provided for comparison.

3.2.1. Strandedness

Excluding AAV DNA, physical and chemical properties of DNA
extracted from parvoviruses clearly indicate that these molecules are
single-stranded (Tables 4 and 5). Moreover, for MVM, RV, and H-1,
reaction with formaldehyde is consistent with the presence of single-
stranded DNA in the virion (Crawford, 1966; Salzman and Jori, 1970;
Usategui-Gomez, 1969). Based on acridine orange staining, X14 parti-
cles also appear to contain single-stranded DNA (Mayor and Melnick,
1966). Initially, conflicting results with acridine orange led to some
confusion whether AAV particles contained single- or double-stranded
DNA (Mayor et al., 1965; Atchison et al., 1966; Mayor and Melnick,
1966). Staining reactions indicative of single-stranded DNA could be
obtained but only when freshly prepared, purified preparations of AAV
were used (Mayor and Melnick, 1966). In addition, the virus reaction
with formaldehyde also suggested that DNA was single-stranded in the
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virion (Mayor et al., 1969a). These findings, however, were hard to
explain in view of physical and chemical data which showed that ex-
tracted AAV DNA was double-stranded (Rose er al., 1966, 1968;
Parks er al., 1967h). The problem was eventually resolved when
Crawford et al. (1969) found a close similarity in physical properties of
MVM, ¢$X174, and AAV-1 virions and suggested that the molecular
weight of AAV DNA in the particle should not be greater than that of
MVM or ¢X174 (1.7 x 10°), a value equivalent to half the molecular
weight of extracted AAV DNA. They speculated that this discrepancy
could be explained if single, complementary strands of DNA were
separately encapsidated in different AAV particles. Double-stranded
DNA molecules, each composed of strands donated by two particles,
could then be generated afrer DNA was released from virions. Rose er
al. (1969) tested this hypothesis by analyzing the density of DNA ex-
tracted from a mixture of AAV-3 particles which contained either
bromodeoxyuridine-substituted (heavy) or -unsubstituted (light) DNA.
If double-stranded DNA was formed as a result of the annealing of
single strands deriving from different virions, a DNA density hybrid
should be produced (i.e., DNA duplexes having a buoyant density
intermediate between the densities of duplexes composed of either light
or heavy strands). This was found to be the case, and density distribu-
tions of sheared and unit-length duplex molecules confirmed that
density hybrids were constructed by a lateral pairing of heavy and light
strands, not an end-to-end joining of heavy and light duplexes by short
lateral linkages. Evidence for AAV-4 encapsidation of single, comple-
mentary DNA strands was also independently reported by Mayor et al.
(19695b). In these experiments it was shown that single-stranded DNA
could be extracted from virus at low ionic strength and that this DNA
could subsequently hybridize to form duplex molecules. It is not
surprising that annealing of AAV DNA strands is highly efficient
under usual conditions of extraction (SSC, 50°C), since the C,tY% value
for intact AAV strands (as determined in 0.14 m sodium phosphate
buffer at 60°C)is 7.4 x 10~*(Carter et al., 1972). Preparations of AAV
DNA similarly extracted from the other human and simian serotypes
are double-stranded, and a single-stranded component is not evident
(Rose er al., 1966, 1968; Parks et al., 1967b). Furthermore, when frag-
mented and denatured, this DNA completely reassociates (Carter er
al., 1972). These observations indicate that there is little or no excess of
one strand over the other in progeny virus, and thus suggest an
equivalent synthesis of both strand species in infected cells. With the
possible exception of DNV (Kurstak, 1971), the presence of single,
complementary strands in different AAYV particles represents a circum-
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stance not yet found with any other virus. The biochemical basis for
the production and “‘segregation” of complementary strands as well as
the possible relationship of these features to dependence on adenovirus
is not clearly understood.

3.2.2. Composition

It has been possible to preparatively separate the complementary
AAV DNA strands, thus permitting determination of the base com-
position of each and analysis of strand-specific transcription in vivo
(Berns and Rose, 1970; Rose and Koczot, 1971). Separation can be ac-
complished because the strands contain different amounts of thymidine
which, in turn, results in a differential incorporation of the density
label, 5-bromodeoxyuridine. Under labeling conditions a 70-80% sub-
stitution of thymidine occurs, and when DNA is denatured and banded
in neutral CsCl, two single-stranded species (heavy strand == 1.830
g/cm?; light strand = 1.798 g/cm?®) and a renatured duplex component
(=1.790 g/cm?®) are seen. Double-stranded DNA can be formed only
when heavy and light strands are mixed (Berns and Rose, 1970).
Further purification of each strand species is achieved by sucrose sedi-
mentation (Rose and Koczot, 1971). Base composition of purified
AAV-2 heavy and light strands is shown in Table 5, along with the
composition of DNA from other parvoviruses. There is considerable
similarity among values for MVM, RV, and H-1 DNA, but the com-
position of AAV DNA is clearly different, especially with regard to
thymidine content in the light strand. The thymidine content of heavy
strands is 22% greater than that of light strands, and complementarity
between the strand species is reflected by equivalence of the paired
bases. The base composition of AAV-2 RNA synthesized in cells
coinfected with Ad 2 is similar to that of light strands (Table 1). In
agreement with these data, AAV-2 RNA synthesized throughout the
infectious cycle has been found to hybridize only with heavy strands
(Rose and Koczot, 1971; Carter et al., 1972). The same is true for
AAYV RNA synthesized with herpes simplex virus, a partial helper of
AAY replication (Carter and Rose, 1972; Carter et al., 1972). The con-
clusion that the heavy-strand species alone serves as the transcriptional
template in vivo is therefore strongly supported, although transcription
from the light strand might go undetected if synthesis was very limited,
or yielded RNA molecules only transiently stable. Since transcrip-
tional function can be assigned only to heavy strands, they have been
designated ‘“minus strands,” whereas light strands are “plus strands”
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(Rose and Koczot, 1971). In the case of other parvoviruses, the
transcriptional specificity of viral DNA has not been reported.

3.2.3 Size and Shape

Based on sedimentation and electron microscopy, estimated
molecular weights of DNA from different parvoviruses are fairly com-
parable (Table 4). Values are in the range of 1.35-1.7 x 10° daltons,
but differences may be more apparent than real, perhaps mainly re-
lating to methodology or technical factors. For example, estimates of
AAV DNA size based on sedimentation coefficients are 10-20%
greater than those based on measurements in the electron microscope
(Table 4; Rose er al., 1966; Parks er al., 1967b). Direct visualization
has not revealed circular structures in MVM and RV DNA prepara-
tions (Crawford er al., 1969; Salzman et al., 1971). However, rare cir-
cular forms were seen when DNA was extruded from AAV-1 particles
as a result of osmotic shock (Vernon et al., 1971). Recent studies have
demonstrated that extracted AAV DNA strands are capable of
forming single- or double-stranded circular molecules closed by hy-
drogen-bonded duplex segments (see Sect. 3.2. 5; Koczot et al., 1973).
There is thus far no evidence that any parvovirus contains a covalently
closed single- or double-stranded genome. A comparison of physical
and chemical properties of parvovirus and ¢ X174 virions strongly sug-
gests that only a single strand of DNA is present within parvovirus
particles (Crawford er al., 1969). The finding that parvoviruses ap-
parently contain linear DNA represents a major distinction between
them and ¢X174, possibly reflecting a basic difference(s) in their
mechanisms of DNA replication.

3.2.4. Infectivity

AAV-1 DNA is the only parvovirus DNA that has been shown to
be infectious (Hoggan et al., 1968; Boucher et al., 1971). Infectivity is
demonstrable with extracted (double-stranded) DNA and is dependent
upon the presence of a helper adenovirus. Since infection with DNA
circumvents the processes of adsorption, penetration, and uncoating,
the continued requirement for helper virus indicates that a defective
step(s) in AAV replication must exist at some stage after the in-
tracellular release of its DNA (uncoating). It is not known whether in-
fection can be evoked with single-stranded DNA, i.e., purified prepara-



28 Chapter 1

tions of plus or minus strands. Attempts at determining the infectious
capability of encapsidated plus or minus strands have been made.
Particles containing either plus or minus strands can be separated in
CsCl because of a density difference resulting from the differential in-
corporation of bromodeoxyuridine by the two strand species (Berns
and Rose, 1970; Berns and Adler, 1972). Although the fractionated
particles appear to be equally infectious, definitive purities of only 90%
could be demonstrated for either type of particle. This, coupled with
the insensitivity of infectivity assays (0.5 log), does not allow a firm
conclusion (Rose and Dolin, unpublished results; Berns and Hoggan,
personal communication).

3.2.5 Terminal Structure

The single-stranded DNA extracted from MVM and RV appears
to be linear (Crawford er al., 1969, Salzman er al., 1971). Single-
stranded, linear DNA is also released from AAV virions (Rose er al.,
1966, 1969; Parks et al., 1967b; Koczot et al., 1973), but these
molecules consist of plus and minus strands which can anneal to form
double-stranded structures (Mayor et al., 1969b; Rose et al., 1969;
Berns and Rose, 1970). The absence of covalently closed, circular
molecules in preparations of extracted parvovirus DNA argues that
their genomes are linear in the virion. It is remotely possible, however,
that a closed, circular genome might be efficiently opened during the
extraction process. If so, for AAV at least, evidence strongly suggests
that such cleavage would have to occur predominantly within a specific
region. This conclusion arises from the finding by Koczot ez al. (1973)
that purified plus or minus strands of AAV-2 DNA contain self-com-
plementary terminal sequences which can anneal to produce single-
stranded circular molecules closed by relatively short duplex segments.
Up to 75% of strands were capable of circularizing, an indication that
most strands begin and end at or near the same specific points.
Recently, Gerry et al. (1973) have shown conclusively that AAV DNA
is not randomly permuted. There is no evidence of terminal comple-
mentarity with DNA from nondefective parvoviruses, but only MVM
and RV DNA strands have been examined (Crawford er al., 1969;
Salzman et al., 1971). It is not yet known whether self-complementary
terminal sequences are present in DNA strands from all the AAV
species, but they are present in the DNA of all the human and simian
serotypes (AAV-1, -2, and -3) so far studied (Koczot et al., 1973
Koczot and Rose, unpublished results).
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Terminal-sequence complementarity is not unique to AAV DNA.
The single strands of adenovirus DNA also have self-complementary
ends, but they are the only other viral DNA molecules known to
possess this structural feature (Garon et al., 1972; Wolfson and
Dressler, 1972). Double-stranded adenovirus DNA molecules,
therefore, contain an inverted terminal repetition (Garon et al., 1972),
a type of repetition that would also be present in linear duplex AAV
DNA molecules (Koczot er al., 1973). In view of the fact that AAV re-
production is unconditionally dependent on a helper adenovirus, it is
especially notable that the genomes of both viruses contain a similar
and, perhaps exclusive, form of terminal repetition. For either virus the
specific function(s) of these sequences is presently undefined, but they
could play a role in DNA synthesis (Koczot er al., 1973; Sect. 5.2.2).
Furthermore, since herpesviruses can partially assist AAV replication,
it also must be considered that their genomes might contain a similar
type of repetition.

Physical and chemical properties of the self-complementary AAV
terminal sequences have been explored in some detail (Carter ez al.,
1972; Koczot et al., 1973). The discovery of these sequences in AAV
DNA resulted from the observation that about 50% of purified minus
strands chromatographed as double-stranded DNA on hydroxyapatite,
and that this DNA was partially resistant to nuclease S;, an enzyme
which specifically degrades single-stranded DNA (Carter et al., 1972).
The nuclease data suggested that self-annealed sequences represented
not more than 20-25% of total DNA strand, equivalent to 400-500
base pairs. Subsequent electron microscopic examination revealed that
70-75% of molecules in plus- or minus-strand preparations were cir-
cular (Fig. 3A), indicating that self-annealed sequences were terminally
located (Koczot et al., 1973). Most molecules were of unit length, but,
as expected, occasional linear and circular oligomers could be found.
The closure of circles by duplex, hydrogen-bonded deoxyribonucleotide
segments was substantiated by their sensitivity to exonuclease III and
their quantitative regeneration after alkali denaturation (Koczot er al.,
1973). In addition, the self-annealed segments had a thermal stability
(T,) comparable to that of double-stranded DNA molecules, indi-
cating the presence of highly ordered base pairing. A problem existed,
however, concerning the length and configuration of these duplex
regions. The most likely order of terminal bases, shown diagram-
matically in Fig. 3A, would produce a projection or ‘“‘panhandle’ on
circular molecules. Based on the length predicted from nuclease data,
such panhandles should be visible in the electron microscope. Possible
panhandles were observed (Koczot er al., 1973) but were smaller than
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expected, equivalent to only 4-8% of total DNA strand (100-200 base
pairs; Fig. 3A). Their existence, which would confirm the mode of ter-
minal base arrangement, was uncertain because (1) projections were
seen on relatively few circles (10-20%), (2) occasional circles had more
than one projection, and (3) similar projections were also observed on
single-stranded SV40 circular molecules. However, when heteroduplex
molecules, prepared with any combination of AAV-1, -2, or -3 DNA,
are spread in high concentrations of formamide, self-annealed strand
ends can be specifically located and panhandle structures readily
identified (Fig. 3B; Koczot and Rose, in preparation). These are about
the same length as those seen on single-stranded circles (Fig. 3A).
Thus, the model in Fig. 3A appears to depict the correct terminal base
order. The same conclusion has been also reached by Berns and Kelly
(personal communication), who have found that projections on minus
strand oligomers are separated by distances equal to the length of
monomeric strands. The reason for greater nuclease S, resistance than
can be accounted for by panhandle length is not clear. Perhaps small,
self-annealed hairpin regions are also present in the DNA strand.
Examination of double-stranded AAV DNA in the electron mi-
croscope has revealed that 5-15% of the duplex molecules can form
circles closed by hydrogen-bonded regions (Koczot et al., 1973). The
double-stranded circles could result from annealing of intact strands
with either (1) strands missing some or all of their terminal sequences
or (2) with a subpopulation of permuted strands (Koczot ef al., 1973).
Evidence has recently been obtained that duplex AAV circles are
closed by overlaps equal to 1.5-6% of the genome’s length (Gerry et
al., 1973). Approximately half the circles could be opened by exonu-
clease III and the remaining half by T5 exonuclease, indicating that the
nucleotide sequence of AAV DNA contains a limited number of
permutations, the start points of all being confined to a region
equivalent to less than 6% of the genome. Furthermore, these investiga-
tors also observed that up to 34% of duplex linear monomers could be
converted to circles or oligomers after a 1% digestion of DNA with
exonuclease III, suggesting that AAV DNA molecules may also
contain a type of terminal repetition similar to that present in linear
bacteriophage DNA (natural terminal repetition; Thomas and
MacHattie, 1967). It is possible, however, that duplex circles and
oligomers resulted from annealing of terminal self-complementary se-
quences. Considering that a natural terminal repetition might exist in
addition to the terminal self-complementary sequences (inverted ter-
minal repetition), models can be constructed which contain both types
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Fig. 3. (A) AAV-2 minus strands. Arrows indicate duplex projections or panhandles.
The expected order of terminal bases is shown diagrammatically. (B) Heteroduplexes
formed between AAV-1 and AAV-3 DNA strands and spread in 85% formamide. The
ends of one strand have self-annealed to produce a circular heteroduplex molecule
(inset), and the resulting duplex panhandle can be seen (arrow). The structure of he-
teroduplex molecules is also represented diagrammatically. Duplex regions are indi-
cated by crossbars. The line superimposed on the electron micrograph in A is
equivalent to 0.5 um. From Koczot and Rose (in preparation).



32 Chapter 1

of terminal repetition while still being compatible with all the observed
findings (Gerry et al., 1973).

3.2.6. Genetic Relatedness

Assessments of nucleic acid homology have been made only
among genomes from the four human and simian AAV serotypes.
With a technique employing synthetic RNA, interserotypic homologies
ranged from 27-37% (Rose et al., 1968). Recent DNA-DNA com-
petition-hybridization studies have indicated, however, that values ob-
tained with synthetic RNA are too low. Based on competition
hybridization, 60-70% of the sequences in AAV-1, -2, and -3 DNA
have been found to be homologous (Koczot and Rose, in preparation).
Low estimates with synthetic RNA could have been due to incomplete
copying of DNA template molecules (Rose et al.. 1968).

When heteroduplexes are prepared with any combination of AAV-1,
-2, or -3 DNA, regions containing heterology melt out progressively
as denaturing conditions are increased (Koczot and Rose, in
preparation). This shows that partial homology is present within these
regions and suggests that sequence differences among the serotypes
have arisen by retention of random base changes (Davis and Hyman,
1971). In addition, interserotypic homologies physically map at similar
locations, indicating that the same sequences are conserved in all three
serotypes. The heteroduplex molecules shown in Fig. 3B demonstrate

TABLE 6
Molecular Weights of Parvovirus Polypeptides

Gel component,® mol. wt. X 1073

Virus A B C Reference

RV 72 (9) 62 (60) 55 (10) Salzman and White (1970)

H-1 92 (8) 72 (52) 56 (9) Kongsvik and Toolan (1972)
Haden 85.5 76.8 66.8 Johnson and Hoggan (1973)
MVM 92 (9) 72 (54) 69 (8) Tattersall, A. Shatkin, and D.

Ward, personal communication
AAYV (types 87 (3.5) 73 (2.7) 62 (52) Rose et al. (1971)
1, 2, and 3)
AAV 3 91.6 (7) 79.3 (8) 65.9 (72) Johnson et al. (1971)

e Figures in parentheses represent calculated number of molecules per virion. The A, B,
and C components have also been named VP3, VP2, and VP1, respectively (Johnson et al.,
1971; Johnson and Hoggan, 1973).
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the locations and extent of regions containing heterology which are
revealed in a high concentration of formamide (denaturing conditions
approximating T,, — 6°C); no melting was observed in homoduplex
molecules spread under similar conditions. Because single-stranded
circles remain essentially intact under the same spreading conditions,
open heteroduplex ends may mean that the terminal self-comple-
mentary sequences are not completely conserved among different
serotypes.

Nucleic acid-hybridization tests have failed to reveal homologies
between AAV and adenovirus or herpesvirus helpers (Rose et al., 1968;
Rose and Koczot, 1972; Carter and Rose, 1972; Carter er al., 1973).
Because only adenoviruses and herpesviruses have AAV helper
activity, it is also notable that Ad 2 and HSV-1 share no apparent
homology (Rose and Koczot, unpublished results).

3.3. Protein
3.3.1. Number and Size of Components

Structural proteins of RV, H-1, Haden, MVM, and AAV-1, -2,
and -3 have been analyzed in SDS-polyacrylamide gels (Salzman and
White, 1970; Rose er al., 1971; Johnson et al., 1971; Kongsvik and
Toolan, 1972; Johnson and Hoggan, 1973; Tattersall, A. Shatkin, and
D. Ward, personal communication). The protein of each virus is re-
solved into three polypeptide components (A, B, and C), and the
molecular weights of respective components are fairly comparable
among all the viruses (Table 6). The C protein of AAV overlaps the
electrophoretic position of the adenovirus fiber-penton component, but
a lack of either antigenic or genetic relatedness between viruses sug-
gests that this finding is coincidental (Rose et al., 1968, 1971; Johnson
et al., 1972). The intermediate-sized polypeptide, B, is the major
component of RV, H-1, and MVM, whereas the smallest polypeptide,
C, predominates in Haden and AAV protein. These major components
would appear to be the repeating units of capsid structure because the
estimated number of their molecules per virion (52-72, see Table 6) ap-
proximates the minimum number, 60, required to construct an icosahe-
dral capsid (Caspar and Klug, 1962). Further analysis of MVM pro-
tein, however, has revealed that the amounts of B and C polypeptides
may vary inversely, with C increasing as the time allowed for nuclease
digestion of crude lysates (virus purification step) is lengthened (P. Tat-
tersall, A. Shatkin, and D. Ward, personal communication). Also, a
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quantitative conversion of B polypeptide to C polypeptide was seen
when purified virus particles were treated with trypsin. Since the fore-
going suggests that C polypeptides could be artifacts due to proteolysis
during virus isolation, the question must be raised as to whether the C
polypeptide is actually the primary unit of Haden or AAV capsid
structure.

The possibility that one or more of the structural polypeptides
might be derived from a larger precursor would explain why the coding
capacity of parvovirus genomes falls as much as 35% short of that
needed to account for the total molecular weight of observed protein
components (Rose er al., 1971). It has recently been found that peptide
maps of the separated, **S-methionine-labeled MVM polypeptides
show considerable sequence overlap among all the polypeptides (P.
Tattersall and A. Shatkin, personal communication). In addition, se-
quence similarities between the B and C polypeptides of AAV have
been suggested by the finding that antiserum prepared against SDS-
dissociated B polypeptide cross-reacts with C polypeptide; it was not
certain, however, that the purified B-protein immunogen was entirely
free of C protein (Johnson er al., 1972). Other data also imply that the
structural polypeptides of AAV should share extensive common se-
quences. Only one messenger RNA species appears to be synthesized
in vivo, and this RNA has a molecular weight of about 9 x 10° Carter
and Rose, 1972; Carter et al., 1972; Carter and Rose, 1974). A mes-
sage of this size could not specify all three observed polypeptides if
the sequence of each was unique. Its size, in fact, is sufficient to ac-
count for little else expect the largest polypeptide. This might mean
that the AAV genome only codes for a single structural protein. Based
on the molecular weights of A polypeptides, the nondefective
parvoviruses should expend at least half their genetic content on the
coding of structural protein. These deductions assume that estimates of
polypeptide molecular weight are correct and that the A polypeptide is
virus-specified and not constructed from a smaller basic unit. A pre-
existing cell protein is probably not incorporated into virions since
MVM purified from cells labeled with **C-amino acids before infection
and *H-amino acids during infection shows no enrichment for the pre-
label in any of its polypeptides (P. Tattersall and A. Shatkin, personal
communication).

3.3.2. Composition

Amino acid compositions of the total protein of AAV-2 and H-1
have been reported (Rose er al., 1971; Kongsvik and Toolan, 1972).
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The proteins of both viruses are rich in acidic amino acids, with acidic:
basic amino acid ratios of 2.4 and 1.8, respectively. Based on the com-
parative labeling of AAV polypeptides with mixed **C-amino acids and
4C-arginine alone, there is no AAV structural component relatively rich
in arginine (Rose et al., 1971) as is the case with internal components of
adenovirus virions (Maizel et al., 1968; Prage et al., 1968).

3.3.3. Enzymatic Activity

Salzman (1971) has described a DNA polymerase activity
associated with purified preparations of RV. Reactions require all four
deoxynucleoside triphosphates, MgCl,, and exogenous DNA. Native
salmon sperm DNA was ten times more active than when denatured,
and the reaction product was double-stranded on the basis of hydroxy-
apatite chromatography. An attempt to confirm this finding, and
possibly demonstrate a similar activity with H-1 virus, failed (Rhode,
1973). Whether the observed activity was due to a cell contaminant or
represents the presence of an enzyme involved in virus replication is
still to be settled. It should be noted that Rhode (1973) propagated his
RV in hamster embryo cells, whereas Salzman (1971) grew her virus in
rat nephroma cells.

4. MULTIPLICATION OF NONDEFECTIVE
PARVOVIRUSES

Nondefective parvoviruses replicate best in cultures of actively di-
viding cells (Johnson, 1967; Mayr et al., 1968; Tennant et al., 1969;
Parker er al., 1970b; Hallauer et al.. 1972; Tattersall, 1972b). This
relationship between virus yield and cell physiological state is ap-
parently due to viral dependence on one or more functions supplied by
the cell during or immediately following the périod of cellular DNA
synthesis (Tennant ez al., 1969; Hampton, 1970; Tennant and Hand,
1970; Tattersall, 1972b; Siegl and Gautschi, 1973a; Rhode, 1973).
Virus infection, in turn, inhibits cell mitosis (Johnson, 1967; Hampton,
1970; Tennant, 1971; Siegl and Gautschi, 1973a; Tattersall et al., 1973)
by a mechanism which may involve a noninfectious viral component
(Siegl and Gautschi, 1973a). The parvovirus requirement for dividing
cells seems to explain why selective injury to marrow, lymphatic, and
intestinal mucosal cells is seen in FPV-infected cats (Johnson, 1969). In
addition, developmental abnormalities induced by certain parvoviruses
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probably result from their affinity for proliferating generative cells in
embryonic and newborn animals (Toolan ez al., 1960; Kilham, 1961b;
Kilham and Margolis, 1964, 1965; Kilham ez al., 1967). A need for di-
viding cells also explains why tumor cells have been the source of nu-
merous parvovirus isolates (Table 2).

4.1. Infectious Cycle

In principal studies, RV was grown in rat embryo (RE), hamster
embryo (HE), or rat nephroma (RN) cells (Tennant er al., 1969; Fields
and Nicholson, 1972; Salzman et al., 1972); H-1 in newborn human
kidney (NB), Salk monkey heart, RE, or HE cells (Al-Lami et al.,
1969; Hampton, 1970; Rhode, 1973); MVM in RE, mouse embryo
(ME), mouse L cells (Parker et al., 1970a,b; Tattersall, 1972a,b; Tat-
tersall et al., 1973); and Lulll in HeLa cells (Siegl and Gautschi,
1973a.,b). Growth cycles of FPV, PPV, HER, KBSH, and Haden were
analyzed in kitten kidney, pig kidney, RE, KB, and fetal bovine cells,
respectively (Johnson, 1967; Mayr et al., 1968; Cole and Nathanson,
1969; Siegl er al., 1972; Bates and Storz, 1973). All these viruses share
two major properties: (1) Their latent periods are about the same and
(2) their synthesis seems to depend on actively dividing cells. Owing to
this latter feature, most studies have been performed with actively di-
viding cells, i.e., cultures of nonconfluent or tumor cells, or cells in-
duced to synchronously divide by a serum pulse (Tennant et al.. 1969;
Tattersall, 1972b; Rhode, 1973), or by reversing an inhibition of DNA
synthesis (Hampton, 1970; Siegl and Gautschi, 1973a). In studies cited
the infection multiplicities used (2-200 PFU or TCID;,/cell) were
generally sufficient to provide reasonably efficient infections.

4.1.1. Adsorption, Latent Period, and Maturation

Relatively large fractions of added infectious virus were adsorbed
in the few instances where measured. Approximately 75% of an 8-
PFU/cell inoculum of Haden was adsorbed in 2 hours (Bates and
Storz, 1973), and 90% of a 5-PFU/cell inoculum of RV was taken up
in 1 hour (Salzman et al., 1972). In H-1 infections of human lung cells,
60-70% of the virus was adsorbed with or without helper Ad 12 (Le-
dinko and Toolan, 1968). Latent periods of 10-16 hours have been ob-
served with FPV, H-1, HER, RV, Lulll, and Haden (Johnson, 1967,
Al-Lami er al., 1969; Cole and Nathanson, 1969; Tennant and Hand,
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1970; Fields and Nicholson, 1972; Salzman et al., 1972; Siegl and
Gautschi, 1973b; Bates and Storz, 1973). The ensuing synthesis of virus
progeny is exponential over the next 8-12 hours, and virus maturation
is usually complete by 24-30 hours after infection (Johnson, 1967; Ten-
nant and Hand, 1970; Salzman er al., 1972; Siegl and Gautschi, 19735;
Rhode, 1973). Virus is assembled in the cell nucleus (Mayor and
Jordon, 1966; Mayr er al., 1968; Al-Lami er al., 1969; Siegl et al.,
1972) and remains mostly cell-associated until late after infection
(Johnson, 1967; Salzman er al., 1972; Siegl and Gautshi, 1973b; Bates
and Storz, 1973). Final yields of infectious virus are usually 1-4 logs
greater than cell infectivity during eclipse (Johnson, 1967; Al-Lami er
al., 1969; Tennant and Hand, 1970; Salzman er a/., 1972; Bates and
Storz, 1973; Rhode, 1973). For MVM, at least, the infectious unit is a
single particle (Tattersall, 19725).

4.1.2. Efficiency of Infection

The number of cells competent for virus synthesis during an initial
cycle can be estimated from the fraction of cells synthesizing viral pro-
tein as determined by FA staining. For RV in actively dividing RE
cells percentages of 30% and 50% were achieved with multiplicities of
15 and 50 PFU/cell, respectively (Tennant er al.. 1969; Fields and
Nicholson, 1972). After HER infection with 100 TCID;,/cell, 60% of
RE cells contained viral antigen (Cole and Nathanson, 1969). At a
multiplicity of 10 TCID,,/cell 95% of Lulll-infected Hela cells
synthesized viral antigen whether or not cells had been synchronized
(Siegl and Gautschi, 1973a). When equating virus synthesis with the
presence of viral protein, it should be noted that in abortive infections
of human lung cells with H-1 about one-third of the cells contain viral
antigen, whereas little, if any, virus multiplication occurs (Ledinko er
al., 1969). With RV, however, the number of virus-synthesizing cells
based on FA staining was approximately proportional to the amount
of progeny virus synthesized (Tennant and Hand, 1970).

4.2. Viral DNA Synthesis

After RV infection of RN cells, the synthesis of DNA incor-
porated into virions was first detected at 8-10 hours, and this synthesis
continued until 23 hours, about the time virus maturation was com-
pleted (Salzman er al., 1972). The onset of viral DNA synthesis thus
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preceeds the appearance of newly made virus by at least 4-6 hours, and
progeny production seems to require concomitant viral DNA syn-
thesis. Similarly, Lulll virion DNA was replicated 8-17 hours post-in-
fection, preceding infectious virus synthesis by 2-4 hours and ending
with the cessation of maturation (Siegl and Gautschi, 197356). The fate
of single-stranded parental RV DNA in RN cells has been followed by
analyzing Hirt extracts of cells which were infected with particles
containing radioactive DNA (Salzman and White, 1973). Between 30
and 60 minutes after infection about 30-40% of the total parental
DNA in the supernatant extract was converted to a double-stranded,
linear form on the basis of sucrose sedimentation, hydroxyapatite
chromatography, and buoyant density in CsCl. The relative propor-
tions of parental DNA in single- and double-stranded components were
unchanged up to 20 hours after infection. These experiments suggest
that the parental DNA is converted to a linear, duplex replicative form
soon after infection. The reason for the 7 to 9-hour interval between
the formation of these molecules and the observed onset of viral DNA
synthesis is not clear. There is a possibility that such molecules might
be transcribed before progeny DNA is synthesized since virus-specific
antigen has been detected in the cytoplasm of HER-, KBSH-, and
Lulll-infected cells as early as 4-6 hours after infection (Cole and
Nathanson, 1969; Siegl er al., 1972; Siegl and Gautschi, 1973a). In
studies with RV-infected cells, however, cytoplasmic antigen was not
found so early (Fields and Nicholson, 1972) and, in fact, RV cyto-
plasmic antigen may not be seen at all (Tennant et al., 1969).

A double-stranded form of MVM DNA has also been found in
modified Hirt extracts of infected mouse L cells (Tattersall, 1972a;
Dobson and Helleiner, 1973; Tattersall et al., 1973). Tattersall et al.
observed that 25% of the total DNA synthesized in infected cells by 20
hours appears as supernatant DNA, as compared to only 0.8% with
uninfected cells. Infected-cell supernatant DNA can be resolved into
two approximately equal components on hydroxyapatite columns:
single-stranded progeny molecules and double-stranded replicative
intermediates. Progeny strands are first detected at 8 hours, and the
time course of their synthesis is similar to that seen with RV (Salzman
et al., 1972) and Lulll (Siegl and Gautschi, 1973b). Double-stranded
molecules are linear according to alkaline sucrose sedimentation and
banding in ethidium bromide-CsCl, and they do not represent
DNA-RNA hybrids on the basis of density in neutral CsCl. Further
analysis of the double-stranded molecules indicates that 20-40% of this
DNA renatures intramolecularly, suggesting either interstrand cross-
linking or a hairpin structure. Chromatography of the double-stranded
DNA on benzoylated diethylaminoethyl cellulose yields two
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components, one with and one without single-stranded regions. The
former class of DNA is predominantly labeled by a short *H-thymidine
pulse late in infection, indicating that it contains replicating mole-
cules. Although the mechanism of DNA replication cannot be spe-
cified from these experiments, it is possible that self-complementary se-
quences might play a role in priming the synthesis of viral DNA.

4.3. Viral Protein Synthesis

Synthesis of virus protein has been followed both by specific FA
staining and assay of cell-associated hemagglutinating viral antigen.
The latter probably represents either assembled or unassembled capsid
units since the purified B protein of RV strongly hemagglutinates
(Salzman and White, 1970). As expected, the appearance and increase
of cell-associated hemagglutinin parallels the rise of infectious titer
(Mayr et al., 1968; Siegl and Gautschi, 1973b; Bates and Storz, 1973;
Rhode, 1973). Additionally, elevations of extracellular hemagglutinin
coincide with release of virus from cells (Bates and Storz, 1973; Rhode,
1973).

FA staining has been carried out by both direct and indirect
methods, utilizing hyperimmune mouse, rat, or rabbit antisera pre-
pared with crude or partially purified virus as antigen (Cole and Na-
thanson, 1969; Tennant et al., 1969; Parker et al., 1970a; Hallauer et
al., 1971; Fields and Nicholson, 1972). Staining reactions with HER-,
KBSH-, and Lulll-infected cells have revealed an early cytoplasmic
fluorescence occurring between 4 and 6 hours, and a late nuclear
fluorescence appearing at 8-10 hours after infection (Cole and Na-
thanson, 1969; Siegl er al., 1972; Siegl and Gautschi, 1973a). After
HER infection, cytoplasmic antigen appeared in up to 60% of cells,
and 50% of cells eventually developed nuclear fluorescence. In Lulll
infections the fractions of cells with cytoplasmic and nuclear antigen
eventually reached 95% and 80%, respectively. Cytoplasmic antigen has
been found in RV-infected cells, but it was first detected at 8 hours
(Fields and Nicholson, 1972). Parker er al. (1970a) have also observed
cytoplasmic antigen following MVM infection, but it appeared at 14
hours after infection, 2 hours after nuclear antigen could be seen. In
HER- and RV- infected cells, and to a lesser extent in Lulll-infected
cells, the number of cells with cytoplasmic antigen decreased as cells
with nuclear antigen increased. Assuming that cytoplasmic fluorescence
is due to virus structural protein, its decrease might represent the mi-
gration of capsid precursors to the nucleus where they are assembled
into mature virions (Cole and Nathanson, 1969; Fields and Nicholson,
1972). Of interest in this regard is the finding that although HER or
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RV do not multiply in mouse L cells, both induce cytoplasmic antigen
in at least 70% of cells, whereas little or no nuclear antigen can be
found (Cole and Nathanson, 1969; Fields and Nicholson, 1972). This
could mean that the L-cell restriction involves an inability to transport
viral protein to the nucleus. Since the appearance of nuclear antigen
correlates with production of infectious virus, it probably corresponds
to capsid protein or hemagglutinin. Because the synthesis of capsid
protein is most probably linked to the synthesis of both cellular and
viral DNA (see Sect. 4.4), it is not surprising that fluorescent nuclear
antigen or hemagglutin do not appear when infected cells are treated
with inhibitors of DNA synthesis (Parker er al., 1970a; Siegl and
Gautschi, 1973b; Rhode, 1973). Somewhat surprising, however, was
the finding that DNA synthesis inhibitors did not block the appearance
of early cytoplasmic antigen in Lulll-infected cells (Siegl and
Gautschi, 1973b). In addition, production of early antigen was
diminished by 75% by inhibiting RNA synthesis with 10 ug/ml of
actinomycin D. These experiments led the authors to conclude that
single-stranded (parental) viral DNA would have to be transcribed or
act as a message itself to account for synthesis of this antigen. Another
possibility is that early cytoplasmic antigen might represent a cell pro-
tein which is modified (or even induced) after virus infection. Further
characterization of the early antigen will be necessary to determine
whether or not it represents virus structural protein. The differential ef-
fects of w-amanitin and rifampicin on cytoplasmic- and nuclear-antigen
formation were also examined (Siegl and Gautschi, 1973b). Neither in-
hibited cytoplasmic antigen, but both interfered with nuclear antigen.
These results are difficult to interpret because of the prolonged
presence of relatively high concentrations of inhibitor prior to nuclear
antigen assay (15 hours) as opposed to the interval (5 hours) before cy-
toplasmic antigen was measured.

In contrast to nuclear antigen, accumulation of the early cyto-
plasmic antigen is not decreased when cells with reduced mitotic
activity are infected with Lulll (Siegl and Gautschi, 1973a). This
would indicate, at least, that production of the cytoplasmic antigen
does not depend on the physiological state of the cell. It has been
recently suggested that the early cytoplasmic fluorescence may in fact
represent antigen from input virus particles (G. Siegl, personal com-
munication).

4.4. Cellular Requirement

Studies with infected synchronized cells have strongly indicated
that multiplication of nondefective parvoviruses requires one or more
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cellular functions generated during the S or G2 periods of cell growth
(Tennant er al., 1969; Hampton, 1970; Tennant and Hand, 1970; Tat-
tersall, 1972b; Siegl and Gautschi, 1973a; Rhode, 1973). Because
minimum latent-period and maximum single-cycle yields are achieved
when cells are infected during the early S period, it has been concluded
that the needed cell function(s) is not expressed before late S
(Hampton, 1970; Siegl and Gautschi, 1973a; Rhode, 1973). Rhode
(1973) has offered evidence that the formation of H-1 hemagglutinin
depends on a DNA synthetic event which is initiated 1-2 hours before
hemagglutinin can be detected, and that this hemagglutinin-dependent
DNA synthesis does not commence until cells have been in S phase for
at least 5 hours. Initiation of the hemagglutinin-dependent DNA syn-
thesis probably coincides with initiation of viral progeny DNA syn-
thesis, and, because this DNA synthesis appears to begin (late) in S
phase, it seems likely that one or more components of the cell DNA-
synthesizing apparatus are utilized for the replication of viral DNA.
One could further speculate that the needed cell factor(s) may be in-
volved in regulating the synthesis of a specific portion of the cell DNA
which is made only at or near the end of S phase.

4.5. Cellular Impairment

FPV, RV, Lulll, and MVM are potent inhibitors of cell mitosis
(Johnson, 1967; Hampton, 1970; Tennant, 1971; Siegl and Gautschi,
1973a; Tattersall et al., 1973). After RV infection mitosis is even in-
hibited in cells which do not immediately synthesize virus (Tennant,
1971). The effect on mitosis in a given cell seems to depend on when in-
fection occurs during the cell cycle. Using synchronized cells, Siegl and
Gautschi (1973a) found that Lulll infection in early S appeared to
completely prevent mitosis, whereas late S infection delayed its onset,
and infection in G2 caused a substantial decrease in the number of cells
entering mitosis, although the mitotic wave was not delayed. When the
same experiment was repeated with UV-inactivated virus, results were
similar except that addition of virus in early S only delayed the onset
of mitosis. These findings suggest that capsid protein alone may be ca-
pable of retarding mitosis, but a complete blockade may require viral
DNA replication.

In view of viral interference with mitosis and the probable virus
requirement for a function(s) mediating cell DNA synthesis, the effect
of infection on cell DNA synthesis seems especially important.
Available data, however, are limited and conflicting. Following RV in-
fection total DNA synthesis was increased in RN cells between 10-24
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hours post-infection (Salzman er al., 1972), but was decreased in RE
and rat kidney cells during the same period (Tennant, 1971). Infection
of rapidly dividing ME cells with MVM did not greatly alter their rate
of DNA synthesis (Tattersall, 1972b). Concerning viral effects on total
RNA and protein synthesis, RV infection produced little change (Ten-
nant, 1971; Salzman et al., 1972), but a selective decrease in 28 S RNA
and a stimulation of 4 S RNA has been observed following H-1 in-
fection of NB cells (Fong et al., 1970).

5. MULTIPLICATION OF DEFECTIVE PARVOVIRUSES

AAYV multiplication occurs only in cells concurrently infected with
an adenovirus (Sect. 2.2.2). Herpesviruses, however, are capable of in-
ducing an abortive AAYV replication sequence and are therefore known
as partial or incomplete AAV helpers (Atchison, 1970). Coinfections
with AAV and HSV-1 lead to the synthesis of AAV DNA, RNA, FA-
staining nuclear antigen, and possibly empty capsids, but production of
infectious AAV cannot be detected (Atchison, 1970; Blacklow er al.,
1970, 1971a; Boucher et al., 1971; Rose and Koczot, 1972; Carter and
Rose, 1972; Henry et al., 1972; Carter er al., 1972; Dolin and Rabson,
1973). All other herpesviruses so far tested have been found capable of
eliciting the formation of AAV nuclear antigen without an associated
synthesis of AAV progeny. Included are bovine rhinotracheitis virus,
EB virus, cytomegalovirus, varicella-zoster virus, and herpesvirus
saimiri (Atchison, 1970; Blacklow er al., 1970; Dolin and Rabson,
1973). Even though the percentage of cells containing FA antigen is
often higher in coinfections with herpesviruses than with adenoviruses,
AAV CF antigen can be detected only when adenoviruses are helpers
(Atchison, 1970; Blacklow er al., 1970; Dolin and Rabson, 1973). The
morphology of the FA-staining antigen produced with herpesviruses is
similar to that produced with adenoviruses, and antigen presumably
represents capsid protein (Atchison, 1970; Blacklow er al., 1971a).

Although the number and specific biochemical activities of the
helper functions required for AAV multiplication are not definitively
known, it now appears that adenoviruses at least provide separate
helper functions for AAV DNA and RNA synthesis (Carter et al.,
1973). Herpesviruses may provide similar functions but might not sup-
port AAV multiplication because another needed function(s) is lacking,
because a faulty AAV product is made, or because AAV synthesis is
blocked as a consequence of herpesvirus replication (e.g., a herpesvirus
protein might inhibit AAV assembly) in spite of the fact that all
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necessary helper functions can be provided (Blacklow et al., 1971a;
Boucher er al., 1971; Rose and Koczot, 1972; Carter and Rose, 1972;
Carter er al., 1973).

5.1. Infectious Cycle
5.1.1. Adsorption, Latent Period, and Maturation

After KB cell infections with 10 TCID;,/cell of purified AAV-2,
30% of virus was adsorbed, and adsorption was complete within 1-2
hours (Rose and Koczot, 1972). The presence of adenovirus had no ef-
fect on adsorption or subsequent penetration of the AAV genome to
the cell nucleus. These findings, plus the fact that AAV DNA in-
fectiousness requires a helper adenovirus (Hoggan et al., 1968), suggest
that adenoviruses assist AAV replication only after uncoating of AAV
DNA. Following a simultaneous infection of KB cells with AAV-2 and
Ad 2, the AAV latent period lasts about 17 hours and is succeeded by
an exponential synthesis of virus which usually ends 12-15 hours later
(Fig. 4). Similar results were obtained when AGMK cells were si-
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multaneously infected with AAV-4 and SVI5 (Parks et al.. 1967a).
Figure 4 also shows that virus is not released from cells until late in the
maturation cycle. The AAV latent period can be shortened if cells are
preinfected with adenovirus. Based on an increase in AAV particles
and the appearance of AAV FA antigen, a minimum latent period of
4-6 hours is achieved with adenovirus preinfections of at least 10-12
hours (Parks et al., 1967a; Ito er al., 1967; Blacklow er al.. 1967a). All
necessary adenovirus requirements are therefore present by about 10
hours after adenovirus infection, a relatively late time in the adenovirus
cycle. With HSV-1 as helper, the minimum latent period between
AAV-1 infection and the appearance of AAV FA antigen is 6 hours
(Blacklow et al., 1971a). In contrast to preinfections with adenovirus,
preinfections with herpes simplex virus delay the appearance of AAV
antigen, suggesting that helper virus replication may deplete the cell of
some product needed for AAV antigen synthesis (Blacklow er al.,
1971a).

With helper adenoviruses AAYV yields can reach 10" TCID,,/ml,
and greater than 10*° particles/ml in crude cell-culture harvests (Fig. 4;
Parks et al., 1967a; Rose and Koczot, 1972). AAV particles are often
present in a 10- to 1000-fold excess over helper adenovirus particles
(Hoggan et al., 1966; Smith er al., 1966; Parks et al., 1967a). Particle
counts indicate that on the average each AGMK cell may yield more
than 2.5 x 10° AAV-4 virions (Parks et al., 1967a). In addition, based
on the average amount of AAV DNA synthesized per cell, it has been
calculated that 2-4 x 10° AAV-2 genomes are replicated per KB cell, a
number 10-100 times greater than that accounting for cellular in-
fectivity (Rose and Koczot, 1972). The number of particles or genomes
produced in a given cell probably exceeds these estimates because not
all cells appears to be competent for virus synthesis (Ito er al., 1967,
Blacklow et al., 1967a; Atchison, 1970).

5.1.2. Efficiency of Infection

On the basis of FA staining, up to 60% of cells can produce AAV
protein after coinfection with HSV-1 or adenovirus (Ito er al., 1967,
Atchison, 1970). However, both cell sensitivity for developing antigen
and the maximum percentage of cells capable of yielding antigen
depend upon the cell type used (Ito er al., 1967; Blacklow et al., 1967a;
Atchison, 1970). With human embryonic kidney cells, for example,
only about 15% of cells are able to synthesize AAV antigen after coin-
fection with adenovirus (Blacklow ez al., 1967a). The reason why some
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cells are at least initially unable to support AAV replication is not
known. AAV replication is clearly linked to specific events in the
adenovirus cycle (Carter er al., 1973), and the adenovirus cycle does
not appear to depend on the physiological state of the cell (Hodge and
Scharff, 1969). Dose-response studies with AAV-1 and either Ad 7 or
HSV-1 have shown that a single infectious AAV particle and a single
infectious helper virus particle are sufficient to initiate AAV antigen
synthesis (Blacklow er al., 1967a; 197 1a).

5.2. Helper Requirement

Experiments which defined the minimum AAYV latent period by
detection of FA antigen suggested that helper virus was at least needed
for the synthesis of AAV capsid protein, and that some critical event
required for AAV growth occurred after the onset of helper virus DNA
synthesis (Ito er al., 1967; Blacklow er al., 1967a, 1971). It was then
found that neither AAV-2 DNA nor RNA synthesis could be detected
by nucleic acid hybridization when cells were infected with AAV alone,
but that AAV DNA and RNA production were readily detected after
coinfections with either Ad 2 or HSV-1 (Rose and Koczot, 1972).
Thus, both AAV DNA replication and transcription must depend upon
one or more functions supplied by helper viruses. The net amount of
AAYV DNA synthesized with Ad 2 as helper is equivalent to 3% of total
extracted DNA, whereas about half as much AAV DNA was
synthesized in the presence of HSV-1 (Rose and Koczot, 1972). The
observation that infectious AAV DNA could be extracted from cells
coinfected with AAV-1 and HSV-1 suggests that all AAV DNA se-
quences are replicated when a herpesvirus is the helper (Boucher er al.,
1971).

5.2.1. Comparative Kinetics of Viral DNA and RNA Synthesis

Some insight has been gained concerning the number and possible
roles of adenovirus helper functions by analyzing the time course of
adenovirus and AAV DNA and RNA synthesis in KB cells after si-
multaneous or prior infection with adenovirus (Rose and Koczot, 1972;
Carter et al., 1973). After simultaneous infection, AAV and adenovirus
DNA synthesis are first detected after 6.5-7.5 hours, but AAV RNA
synthesis does not begin until about 2.5 hours later (Fig. 5). The onset
of AAV RNA synthesis is associated with a marked increase in
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adenovirus RNA synthesis which actually commences by at least 2-3
hours after infection. This lag between AAV DNA and RNA synthesis
is eliminated when cells are infected with adenovirus for 10 hours
before infection with AAV (Fig. 6). Furthermore, both AAV DNA and
RNA synthesis are detected within 3-4 hours after AAV infection,
much earlier than after simultaneous infection. The onset of AAV
RNA synthesis is closely associated with the onset of AAV DNA syn-
thesis, and the synthesis of both proceed together (Fig. 6). Since the
adenovirus requirement for AAV DNA and RNA synthesis is no
longer limiting 10 hours after adenovirus infection, this 3- to 4-hour in-
terval represents the minimum delay between AAV infection and the
onset of AAV DNA replication and transcription. A similar minimum

701 Fig. 5. Viral DNA and RNA
47 synthesis in KB cells si-
multaneously infected with
50l AAV-2 and Ad 2 at multi-
plicities noted in Fig. 4. Por-
tions of the infected culture
were labeled with 3H-thy-
midine or *H-uridine for I-
hour periods, and the total cell
DNA or RNA was isolated as
described previously (Rose and
Koczot, 1971, 1972). DNA la-
beling was carried out in the
presence of 2 x 107° M 5-
fluorodeoxyuridine. *H-labeled
viral DNA and RNA were
measured by hybridization
with AAV-2 or Ad 2 DNA on
nitrocellulose filters. Input of
SH-DNA was 2 x 10° cpm;
*H-RNA input, 2 x 10° cpm.
(O——0O) °H-labeled DNA
bound to filters containing 2
ug Ad 2 DNA, (B M) *H-
labeled DNA bound to filters
containing 2 ug AAV-2 DNA,
3—9—'4—/ é s - L ;2 L i (O——0) °H-labeled RNA
bound to filters containing 2
HOURS AFTER AAV INFECTION 42 Ad 2 DNA, (@—@) *H.
labeled RNA bound to filters containing 2 ug AAV-2 DNA. Reproduced with per-
mission from Nature (Carter et al., 1973).
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delay between AAYV infection and the detection of AAV antigen syn-
thesis (Ito et al., 1967; Blacklow et al., 1967a) suggests that AAV pro-
tein can be made soon after AAV transcription begins. In si-
multaneously infected cells, FUDR is found to block both AAV RNA
synthesis and the late rise in adenovirus RNA synthesis. Furthermore,
Ad 2 T antigen is not inhibited, but the synthesis of adenovirus
structural proteins is prevented (Rowe et al., 1965; Carter et al., 1973).
Thus, AAV RNA synthesis as well as transcription of messages coding
for adenovirus structural proteins seem to depend upon viral DNA
synthesis. Plausible interpretations of the kinetic data are: (1) since the
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lag between AAV DNA and RNA synthesis is abolished by adenovirus
preinfection, AAV DNA and RNA synthesis require separate helper
functions which appear sequentially after adenovirus infection, (2) the
function(s) needed for initiating AAV DNA synthesis might also be re-
quired for initiating adenovirus DNA synthesis because the DNA of
both viruses seem to be synthesized concomitantly after simultaneous
infection, and (3) the temporal relationship between the initiation of
AAV RNA synthesis and the late increase in adenovirus RNA syn-
thesis suggests that AAV transcription may depend upon either the
same factor(s) responsible for this late adenovirus RNA synthesis or
upon some product of the late adenovirus transcription itself.

5.2.2. Mechanism of DNA Replication

Little can be specifically said about how AAV DNA is replicated
since AAV replicative intermediates have not yet been characterized.
There are, however, two findings which suggest that the mechanisms of
AAYV and adenovirus DNA synthesis may share common features: (1)
the occurrence of inverted terminal repetitions in the DNA of both
viruses (Garon et al., 1972; Wolfson and Dressler, 1972; Koczot er al..
1973) and (2) evidence that the initiation of AAV DNA synthesis may
be linked to that of adenovirus DNA synthesis (Carter, er al.. 1973).
The inverted terminal repetition might play a role in DNA replication
since adenovirus DNA seems to replicate from an end of the template
molecule (Sussenbach er al., 1972; Sussenbach and Van Der Vliet,
1973) and since hybridization data indicate that the self-comple-
mentary sequences in AAV DNA are not transcribed in vivo (Carter et
al., 1972). Furthermore, double-stranded adenovirus DNA molecules
as well as the putative duplex replicative form of AAV would be ex-
pected to possess ends which are identical, a circumstance that could
provide a structural basis for initiating DNA replication from either
end of the parent molecule (Koczot er al., 1973). With AAV, at least,
this kind of bidirectional mechanism for synthesizing plus or minus
strands by strand displacement from a linear duplex molecule is an at-
tractive possibility (Koczot er al., 1973). In this regard it should be
noted that although adenovirus DNA replication appears to involve
displacement of a strand from a linear duplex template, strand dis-
placement may be initiated only from one specific end of the template
molecule (Sussenbach er al., 1972; Sussenbach and Van Der Vliet,
1973; Van Der Eb, 1973).
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5.3. Viral RNA
5.3.1. DNA-Strand Specificity and Sequence Representation

AAV-2 RNA synthesized in vivo with either Ad 2 or HSV-1 as
helper (1) hybridizes only with the minus strand of AAV DNA (Rose
and Koczot, 1971; Carter and Rose, 1972; Carter et al., 1972), (2)
contains similar nucleotide sequences on the basis of hybridization in-
hibition tests (Carter and Rose, 1972), and (3) has a mean molecular
weight of about 9 x 10° as determined by sedimentation in DM SO-su-
crose or electrophoresis in polyacrylamide gels in 98% formamide
(Carter and Rose, 1972; Carter and Rose, 1974). Furthermore, only
70-80% of the AAV genome is transcribed in the presence of
Ad 2 or HSV-1, as measured by hydroxyapatite analysis of hybrids
formed between fragmented AAV minus strands and RNA from
infected cells (Carter et al., 1972). These data suggest that the
restricted helper function of HSV-1 is not due to aberrant transcription
of the AAV genome. Whether the “incomplete” transcription of AAV
DNA relates to defectiveness or merely reflects a transcriptional pat-
tern common to all parvoviruses remains to be determined. Present
evidence strongly suggests that the self-complementary terminal se-
quences of AAV DNA are not transcribed, and that they comprise no
more than half of the total nontranscribed sequences (Carter et al.,
1972; Koczot and Rose, in preparation; Sect. 3.2.5).

5.3.2. RNA Species

AAV-2 RNA in both the nucleus and polysomes of KB cells
coinfected with Ad 2 contains the same nucleotide sequences and ap-
pears to consist of a single, main, 19-20 S species having an esti-
mated molecular weight of about 9 x 10° (Carter and Rose, 1974).
These RNA molecules approximate 70% of the size of the AAV DNA
minus strand (1.35 x 10% Table 4) and might thus account for the
entire region of the genome which is stably transcribed. A population
of smaller, very heterogeneous, AAV RNA molecules is additionally
found in the nucleus and nonpolysomal cytoplasmic fraction. Such
molecules may result from degradation of the 20 S RNA. It is also
possible that small RNA molecules could arise from the transcription
of incomplete DNA template molecules. All these data suggest that (1)
a single species of AAV RNA is transcribed in vivo, (2) it is not
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cleaved after synthesis, in contrast to adenovirus RNA which is cleaved
following transcription and prior to transport to the polysomes
(Parsons and Green, 1971; Parsons et al., 1971; Carter and Rose,
1972), and (3) the AAV message may only specify coat protein(s) since
its size is about that required to code for the largest structural
polypeptide (see Sect. 3.3.1). The AAV polysomal message also ap-
pears to contain poly A, but the poly A sequence has not been
characterized (J. Newbold, personal communication; B. Carter and J.
Rose, unpublished results).

6. CONCLUSIONS

Parvoviruses are ubiquitous in nature, and numerous species have
been found to infect a variety of animal hosts. For the most part, non-
defective parvoviruses exhibit considerable host specificity. The host
specificity of defective parvoviruses, at least in vitro, is largely de-
termined by whether cells can support reproduction of the coinfecting
adenovirus. It is expected that new members of the parvovirus group
will continue to be discovered.

The biological significance of most of the parvoviruses is still ob-
scure. Only the feline and related viruses are known to cause disease
naturally, but the pathogenicity of rodent viruses under experimental
conditions indicates that other disease potentials may exist. It is worth
noting that two viruses presently under study, acute infectious
gastroenteritis virus and hepatitis A virus, have major properties in
common with parvoviruses (i.e., heat and ether stability, size, mor-
phology, and buoyant density in CsCl; Kapikian er al., 1973; Provost
et al., 1973). They are, therefore, possible candidates for pathogenic
parvoviruses in man. Because of their latency and hardiness,
parvoviruses must always be considered as potential contaminants of
cells, other virus stocks, and certain vaccines.

Elucidation of the biochemistry of parvovirus replication should
provide some insight into mechanisms involved in the initiation and
regulation of cellular and (in the case of the AAV) helper-virus DNA
synthesis. Hopefully, such information might also explain the basis for
the antimitotic activity of nondefective parvoviruses, an activity with
obviously important biological implications. The biochemical interac-
tions which result in viral interference and, possibly, viral latency seem
especially significant and deserve continued study. It may well be that
parvoviruses will join the list of viruses found to integrate their DNA
within the cellular genome.
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It seems probable at present that the AAV synthesize only a single
message species in vivo, and there is reason to think that this message
might only specify coat protein. Whether or not a similar situation will
be the case for the nondefective parvoviruses is yet to be determined.

Finally, although the data are far from complete, one is led to
suspect that the replicative forms of parvovirus DNA are duplex, linear
molecules. The detection, thus far, of an inverted terminal repetition in
only AAV DNA and the DNA of helper adenoviruses suggests that
this structure may relate to AAV dependence. If so, it is conceivable
that the DNA of herpesviruses might also contain a similar type of ter-
minal repetition. The possibility that these terminal sequences play a
role in both AAV and adenovirus DNA synthesis is intriguing, but still
a matter of speculation.
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1. GENERAL PROPERTIES OF PAPOVAVIRUSES

The principal members of the papova group are polyoma virus
(Stewart et al., 1957), simian virus 40 (SV40), which is a vacuolating
virus of monkeys (Sweet and Hilleman, 1960), and the papilloma viruses
(Melnick, 1962). The name for this group of viruses is derived from the
first two letters of the names of each of the viruses that were first in-
cluded in the group, papilloma, polyoma, vacuolating virus (Melnick,
1962). The viruses are 40-57 nm in diameter and, as determined by
negative staining, the outer shell has symmetry of the T = 7 icosahe-
dral surface lattice and is composed of 72 morphological subunits
(Finch and Klug, 1965; Anderer et al.. 1967). The viruses contain no li-
pids and therefore are resistant to ether. Polyoma and SV40 do not
share common antigens, nor is there evidence for the existence of any
homology between their DNAs. The papovaviruses are capable of
initiating a lytic cycle of replication or a latent infection. For the
papilloma viruses it is difficult to obtain a suitable cell line in which the
lytic cycle can be studied and for this reason studies that we will dis-
cuss concerning viral replication will deal exclusively with SV40 and
polyoma.
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In general, studies of the lytic cycle of virus replication of pol-
yoma have been carried out with whole mouse embryo cultures or
embryonic mouse kidney cultures or with 3T3 cells (a continuous
mouse cell line), while hamster cultures have been used for studies of
viral transformation. For SV40, primary African green monkey kidney
(AGMK) cell cultures or various continuous monkey kidney cell lines,
e.g., BSC-1, CV-1, or Vero, have been used to study the lytic cycle,
and mouse, hamster, and human cell cultures have been used in studies
dealing with transformation.

The papovaviruses contain DNA within the core of the virus
particle which is present as a covalently closed duplex molecule. Each
of the papilloma DNAs that have been examined have molecular
weights close to 5 x 10° daltons, which is higher than the molecular
weights of SV40 (3.6 x 10°) (Tai er al.. 1972) and polyoma (3.0 x 10°%)
(Weil and Vinograd, 1963). The DNAs of the papovaviruses are in-
fectious (McCutchan and Pagano, 1968) and are able to transform
cells in vitro (Crawford et al., 1964; Bourgaux et al., 1965; Aaronson
and Todaro, 1969; Aaronson and Martin, 1970). The small size of the
viral genomes, and their ability to transform cells, have made them of
great interest as models for studying the mechanism of transformation
of a normal to a malignant cell. In this chapter we will discuss those
studies which deal with transformation only when they are related to, or
help to clarify aspects of, the lytic cycle of replication. It seems likely
that precise definition of the lytic cycle will be required in order to define
the mechanism of cell transformation.

1.1. Initiation of the Replication Cycle—Adsorption, Penetration, and
Uncoating of the Virus

We have already mentioned those virus-cell systems that are
presently used for studies of viral replication. One reason that a cell is
resistant to infection is that there is a block which prevents virus ad-
sorption and/or penetration. The adsorption of polyoma virus occurs
in two stages. The first stage of adsorption can be reversed by changing
either the ionic conditions or the pH. The virus is then irreversibly ad-
sorbed, and the subsequent virus replication cycle is no longer affected
by the addition of antiserum. A similar two-stage mechanism of ad-
sorption has been observed for many other animal viruses and bac-
teriophages. Adsorption of polyoma virus does not occur if the cells
have been treated with neuraminidase which destroys the cell receptors
that contain sialic acid (Crawford, 1962; Fried, 1970).
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An interesting biological observation which relates to virus ad-
sorption and/or penetration is the frequency of transformation by
SV40 of human cell lines derived from individuals with certain meta-
bolic diseases. Cell lines established from skin biopsies of patients with
Fanconi’s anemia or Down’s syndrome can be transformed by SV40
with a much higher frequency than control human skin cultures
(Todaro and Martin, 1967; Todaro er al., 1966). However, these dif-
ferences in transformation frequency are not observed when cells are
transformed using SV40 DNA instead of virions (Aaronson and
Martin, 1970). Thus, the frequency with which SV40 virions can trans-
form cells is determined by cellular differences that affect the rate
of adsorption, penetration, or uncoating of the virus. Virion capsid
proteins and receptor sites on the cell surface are two of the de-
terminants which define the process of virus adsorption. While a
number of chemical studies have provided a partial molecular
characterization of the capsid proteins, thus far there are no com-
parable studies on cell receptor sites.

The changes in cell surfaces that are associated with viral
transformation have provided the stimulus for additional studies in this
general area. In many cases, cells that are permissive for SV40
replication can also be transformed by SV40. These transformed cells
become resistant to superinfection with SV40 virions, but remain sus-
ceptible to infection with SV40 DNA (Swetly er al.. 1969; Rapp and
Trulock, 1970; Shiroki and Shimojo, 1971; Reznikoff er al.. 1972).
There are, however, transfomed cell lines which become either partially
or completely resistant to superinfection by SV40 DNA as well as by
SV40 virions. One such example is a line of monkey kidney cells which
are transformed by a defective virion fraction (a T fraction; Uchida er
al., 1968) of SV40. When these cells are reinfected with SV40 DNA, a
yield of 1072-10~* PFU (plaque forming units)/cell is obtained, as com-
pared with a yield of 10 PFU/cell when SV40 DNA is used to infect
independently isolated transformed cells (Shiroki and Shimojo, 1971).
These results suggest that only one transformed cell in 10°-10* may be
permissive, even when a cycle of replication is initiated with viral
DNA. Still other transformed lines have been obtained which do not
produce any infectious virus after superinfection with either SV40
virions or SV40 DNA (Shiroki and Shimojo, 1971; Butel er al.. 1971).
The mechanism by which certain transformed clones become resistant
to superinfection with either virions or DNA is still unclear. In bac-
terial systems, there are restriction enzymes which degrade heterolo-
gous DNA and which can block a cycle of virus replication (Arber and



66 Chapter 2

Linn, 1969; Boyer, 1971). It is possible that viral nucleic acid modifi-
cation and mammalian restriction enzymes play some role in the de-
termination of susceptibility or resistance of animal cells to infection.

Many of the properties that are used to select for transformed
cells depend on changes in the cell surface properties that occur
following exposure to oncogenic viruses. Most transformed cells show
a loss of contact inhibition; they are able to grow in soft agar and to
form colonies in depleted growth medium. These surface properties, as
well as the enhanced agglutination of transformed cells with wheat
germ agglutinin or concanavalin A, would suggest extensive changes in
the cell surface. Therefore, it may not be surprising that transformed
cells are resistant to superinfection. However, in another well-
characterized transformed cell system only limited surface changes
have been demonstrated at the molecular level. Chick embryo fibro-
blasts (CEF) have been infected with a Rous sarcoma virus which is
temperature sensitive (zs) in its ability to transform cells. Among the
many proteins that can be resolved when isolated plasma membranes
of uninfected CEF cells are examined is a polypeptide of about 45,000
molecular weight. This polypeptide is present in normal amounts in cells
infected with the rs virus and cultivated at the restrictive temperature.
It is present in reduced amounts or absent in cells infected with the s
mutant virus and cultivated at the permissive temperature. There are
also reduced amounts of the polypeptide in plasma membranes isolated
from CEF cells transformed with the wild-type Schmidt Ruppin RSV-
A (Wickus and Robbins, 1973). Clearly, there are wide biologic dif-
ferences between the avian tumor viruses and the papovaviruses, and
there is no basis for predicting that they will behave in a parallel way.
However, it will be interesting to see if there is a class of SV40
transformants in which such minimal membrane changes occur and if
such transformants are resistant to superinfection with SV40 virions. It
is hoped that biochemical studies in these systems will provide more
precise data on the role of the cell membrane in virus adsorption and
penetration.

Studies to define the events that occur during adsorption,
penetration, and uncoating have been carried out using purified ra-
dioactive virion preparations. When the process of virus uptake was
studied using purified SV40 virus (Hummeler er al., 1970), the most
frequently observed mode of entry of virus into the cell was by pinocy-
tosis of single particles. Virus particles were transported through the
cytoplasm to the nucleus where they were observed as early as 1 hour
after infection. Since virus particles seen at 1 and 2 hours post-in-
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fection (p.i.) were no longer present at 4 hours p.i., it is assumed that
they were uncoated by this time. When studied with radiolabeled virus,
50% of input virus is adsorbed within 2 hours after infection (Ozer and
Takemoto, 1969; Barbanti-Brodano et al., 1970). Input viral DNA can
be found in the nucleus many hours before any detectable events in the
replication cycle are observed.

In these studies, which employ biochemical or cytological
procedures to define the fate of the input virus, it is not possible to
relate the experimental observations to that small fraction of the parti-
cles which are the infectious ones or which are involved in
transformation. In general, there are at least 100 physical particles for
every particle that causes an infection. In studies with viral DNA,
10,000-100,000 DNA molecules are needed for each infection; to pro-
duce one transformant (with a susceptible strain), approximately 107
physical particles are required. In view of this, biological conclusions
which are derived from studies with purified virions must be considered
almost speculative in nature.

A temperature-sensitive mutant of SV40, ¢s 101, which at the
restrictive temperature cannot induce synthesis of either T or U
antigen, can adsorb to and penetrate the cell. This may be useful in
defining the very early events in a lytic cycle of virus replication (Robb
and Martin, 1972).

1.2. Time Course of Synthesis of Viral Macromolecules

The replication cycle can be considered to occur in two phases.
Viral macromolecules are either synthesized early, prior to the time of
initiation of viral DNA replication, or they are synthesized late, sub-
sequent to viral DNA synthesis. In the early phase, there is synthesis of
early mRNA and T and U antigens. In the late phase of replication,
both early and late mRNA and capsid proteins are synthesized. When
DNA synthesis is blocked by a metabolic inhibitor such as cytosine
arabinoside or 5-fluorodeoxyuridine, the early events occur but viral
DNA and capsid proteins are not synthesized. Both SV40 and polyoma
show a lag phase of 6-8 hr. after virus infection before the initial events
in virus replication are detected. Factors that determine the length of
this lag phase have not been defined. In a lytic cycle of replication, the
synthesis of early mRNA can be detected as early as 6 hours post-in-
fection (p.i.), and T-antigen synthesis, which is observed to start at 8-9
hours p.i., is next observed. Viral DNA synthesis can be detected at
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15-18 hours p.i., and at this time one also observes the induction of
enzyme synthesis and late viral mRNA; two or three hours later
synthesis of viral capsid proteins is observed. There is considerable
asynchrony within an infected population. When the rates of viral
RNA, DNA, or protein synthesis are measured using uptake of ra-
dioactive precursors, the extent of incorporation reflects the fraction of
the population which is carrying out synthesis as well as the true rate
of synthesis. As a consequence of the asynchronous induction of the in-
fectious cycle, synthesis of viral macromolecules and infectious virus
formation (which is seen by 20 hours p.i.) continues for a prolonged pe-
riod (during the next 40 hours).

While the kinetics of macromolecular synthesis depend on the
virus stock and the cell line used in a particular study, the sequence of
events noted above should be the same when studied during the lytic
cycle. With regard to the time of induction of synthesis, this depends
on the sensitivity of the detection procedure used; thus there can be
considerable uncertainty when the induction of macromolecular syn-
thesis occurs. For example, the detection of viral mRNA at an earlier
time than the detection of T antigen is consistent with T antigen being
a virus-coded function. Since procedures with different sensitivities are
used for the detection of T antigen and early mRNA, however, there
remains considerable uncertainty about the exact times of induction of
these two processes.

2. DNA REPLICATION

There are two general areas that have been investigated during the
replication of papovaviruses. One series of studies has attempted to
describe the mechanism of chain growth, i.e., to provide a description
of events that occur at the replication fork. The second area of interest
concerns the mechanism of semiconservative replication of a covalently
closed molecule. Both areas are important in almost all studies of
DNA replication. Besides the papovavirus DNAs, a number of DNAs
exist as covalently closed structures within cells, and these include the
chromosomes of bacteria, several bacterial and animal viruses,
mitochondrial DNA, and bacterial plasmids.

2.1. DNA Configurations

A ring form for DNA was first observed for ¢ X174 (Fiers and
Sinsheimer, 1962). While the circular DNA within this virion is single-



Reproduction of Papovaviruses 69

stranded, during a cycle of virus replication the DNA is converted to a
covalently closed duplex molecule (Burton and Sinsheimer, 1963).
Soon after this initial observation, it was demonstrated that the DNA
of polyoma virus was in the form of a covalently closed circular duplex
molecule (Dulbecco and Vogt, 1962; Weil and Vinograd, 1963). Sub-
sequently, SV40, rabbit papilloma, and human papilloma were all
shown to contain covalently closed circular DNA (Crawford and
Black, 1964; Crawford, 1964, 1965). These interesting and important
studies with circular DNA have been reviewed (Vinograd and
Lebowitz, 1966).

Two forms of viral DNA are obtained when DNA is extracted
from virions. There is DNA I, a covalently closed duplex, and DNA
II, a form which can be generated from DNA I by breaking a single
phosphodiester bond in either DNA strand. The forms in which papova
DNA molecules exist are seen in Fig. 1. DNA III has been used to
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Fig. 1. Diagrammatic representation of the several forms of polyoma and SV40
DNA. The dashed circles around the denatured forms indicate the relative hydrody-
namic diameters. The sedimentation coefficients were measured in neutral and alkaline
NaCl solutions. The twist in I should be right-handed (Vinograd and Lebowitz, 1966).
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refer either to double-stranded cellular DNA of about 2-3 x 10¢
daltons which is found in varying amounts in purified polyoma
preparations and has been found only rarely in preparations of SV40,
or it may refer to linear duplex molecules that are formed when DNA
I or II are cleaved by restriction enzymes. DNA [ is the predominant
type of DNA that is found in virions. There are wide variations in the
amounts of DNA II and DNA III that are present in virions. The
significance of the DNA II which is obtained from virions is not clear.
It can be considered to arise by nicking of DNA I during the ex-
traction procedure. The amount of DNA II that is obtained from
virions has been observed to change when conditions for the extraction
of DNA have been varied (Vinograd et al., 1965). However, there are
no apparent steric reasons why DNA II could not be encapsidated. In
support of this idea is the finding that DNA III, a cellular linear du-
plex, does occur in an encapsidated form. Recently DNA II has been
shown to be an intermediate during SV40 DNA replication (Fareed er
al., 1973b). With methods now available for determining if the nick in
DNA II occurs at a specific site in the molecule, it will be possible to
determine whether the DNA II that is present in virion-extracted DNA
is synthesized and encapsidated as such, or whether it is simply
generated from DNA I during preparation of viral DNA.

DNA I forms of polyoma, SV40, and rabbit and human
papilloma (Crawford and Black, 1964; Crawford, 1964, 1965) possess
common structural features. Each DNA is a covalently closed duplex
in which the DNA contains no free ends. Each of these molecules also
contains superhelical turns in which the DNA double helix winds on it-
self. This latter property results from constraints within the DNA
molecule which prevent a change in the pitch of the double helix since
the molecule contains neither nicks nor free ends. If, at the time DNA
I is formed, the pitch of the helix differs from the pitch which the
molecule will assume in vitro, then this molecule will generate super-
helical turns under in vitro conditions. A nicked circular duplex
molecule or linear duplex DNA may have a different helical pitch in
vivo and in vitro, but since there are no constraints in the molecule
(one strand being free to wind around the other) the molecule will not
generate superhelical turns under in vivo or in vitro conditions. Both,
polyoma and SV40 DNAs contain a deficiency of about 19 turns in the
double helix at the time of formation of DNA I, and they both contain
about 19 negative superhelical turns. The presence of superhelical turns
in polyoma and SV40 provides the molecule with a decreased intrinsic
viscosity (Opschoor er al., 1968) and, therefore, its rate of sedi-
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mentation (21 S) is more rapid than that of DNA II (16 S) during ve-
locity gradient analysis in neutral conditions. All naturally occurring,
covalently closed DNAs similarly contain negative superhelical turns,
although the superhelix density (the number of superhelical turns per
10 base pairs) is somewhat variable among different DNAs. A number
of reagents can change the average pitch of the duplex, and thus the
superhelix density. The binding of intercalative dyes, changes in ionic
conditions, or partial alkaline denaturation may all produce these
changes (Helinski and Clewell, 1971). It can be seen (Fig. 1) that when
DNA 1 is partially denatured by alkali it loses superhelical turns and
assumes a configuration equivalent to DNA II. A similar effect is ob-
served in the presence of critical concentrations of ethidium bromide.
When the two strands in DNA I are completely denatured by alkali, a
compact structure which sediments rapidly in alkali is obtained.

After denaturation at pH values of 12.1-12.6, a rapidly sedi-
menting DNA (53 S) is obtained; but if these DNA preparations are
neutralized, the process of denaturation is reversible and 21 S DNA |
is reformed. However, at pH values above 12.6, denaturation is no
longer a reversible process (Westphal, 1970; Salzman et al., 1973a).
Similar behavior is observed for the replicative form of ¢X174 (Rush
and Warner, 1970).

When DNA I is treated with alkali, it gives rise to a linear single
strand of DNA (16 S) and a single-stranded circle (18 S).

2.2. Structure of Replicating Molecules

A number of procedures have facilitated studies of SV40 and poly-
oma DNA replication. The method in which cells are lysed by the ad-
dition of SDS, and high-molecular-weight DNA is separated from low-
molecular-weight DNA by selective salt extraction is of particular
value (Hirt, 1967). In general, cellular DNA is precinitated, and SV40
DNA and intermediates involved in SV40 DNA replication are found
in the low-molecular-weight (LMW) supernatant fluid. The absence of
the large amounts of cellular DNA greatly facilitates subsequent sedi-
mentation and electron microscopic analyses. A second important
technical advantage in studies with papovaviuses derives from the
unique properties of covalently closed, duplex molecules which enable
them to be separated from nicked molecules in either alkaline or neu-
tral velocity gradients or by isopycnic centrifugation in the presence of
ethidium bromide.
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To determine if polyoma DNA replication occurred by a semicon-
servative mechanism, infected mouse kidney cell cultures were labeled
with *H-thymidine for 20 minutes at 24 or 36 hours p.i. to generate a
pool of 3H-labeled LL (light, light) DNA I (d = 1.709). These cells
were then incubated in the presence of *C-BUDR and FUDR for an
additional 2 hours. The presence of hybrid HL (heavy, light; d =
.1.753) and HH (d = 1.795) polyoma DNA I and DNA II containing
3H-thymidine was observed. This HL and HH polyoma DNA was en-
capsidated. These data show that polyoma DNA replication proceeds
by a semiconservative mechanism (Hirt, 1969).

Intermediates in pclyoma DNA replication were seen after short
(3.5-5 minute) pulses (Bourgaux et al., 1969). These intermediates
seemed to sediment like DNA I in neutral velocity gradients, but they
banded in cesium chloride-ethidium bromide (CsCl-EtBr) like DNA 11,
and they were designated DNA II*. When DNA II* was sedimented in
an alkaline gradient, the labeled, newly synthesized DNA sedimented
at a rate equal to or slower than intact single polyoma DNA strands
(16 S). These data are consistent with replicating polyoma DNA
possessing a Cairn’s-type structure (Cairns, 1963). They are not
consistent with a rolling-circle model for polyoma DNA replication
(Gilbert and Dressler, 1968) which has been reported to be the
mechanism by which ¢X174 replicates. One prediction of the rolling-
circle model is the presence of a covalent link beteen parental DNA
and one strand of newly synthesized DNA. This would require that a
fraction of the newly synthesized DNA sediment more rapidly than 16
S, the length of an intact single strand, and no newly synthesized DNA
has been observed with these properties.

A more accurate description of replicating molecules was provided
in studies of SV40 DNA replication in primary African green monkey
kidney cells (Levine er al., 1970). In this system, synthesis of SV40
DNA 1 is observed to start at 15 hours p.i., and a maximum rate of
synthesis is observed at 30 hours p.i. DNA synthesis continues until 70
hours p.i. Since the cells have been infected at a rather high input mul-
tiplicity (25-100 PFU/cell), the extended time of synthesis is not a con-
sequence of the failure to rapidly infect each cell. There is asynchrony
within the population as to when macromolecular synthesis com-
mences. This study showed clearly that isotope is first incorporated
(after a 2.5-minute pulse) into replicating molecules which sediment in
neutral sucrose gradients with a mean S value of 25-26 S. Newly
synthesized DNA I is not detected until the labeling time has been
extended to 10 minutes, and by pulse-chase experiments these 25 S
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replicating forms can be shown to be precursors of DNA 1. The struc-
tures of replicating molecules appear in the electron microscope as
Cairn’s-type structures, with two branch points, three branches, and no
free ends, findings similar to those previously observed for polyoma
(Hirt, 1969). It was subsequently shown (Sebring er al.. 1971) that
while these structures are replicating forms of SV40 DNA, only a
small fraction of the replicative molecules are seen to have this con-
figuration. Most of the replicating molecules (80-90%) have a structure
in which there are two branch points, three branches, and no free ends.
In addition, one branch contains superhelical turns (Fig. 2). From
length measurements of replicative molecules it is clear that the two
branches, L1 and L2, are of equal length and correspond to the repli-
cated portion of the molecule. Superhelical turns are contained in the
unreplicated part of the molecule. The reason that these structures
contain superhelical turns is that the parental template strands are co-
valently closed. While the replicative intermediates contain covalently
closed structures, during the replication cycle nicks must be introduced
into the parental strands. This is discussed more fully below.

Since the superhelical turns are contained in the unreplicated part
of the molecule, it follows that as replication proceeds the size of the
unreplicated region will decrease and the total number of superhelical
turns in the replicative intermediates will decrease. This feature of
replicative intermediates provides a simple way of sorting molecules as
a function of the extent of replication. Covalently closed molecules
bind less ethidium bromide than the corresponding nicked DNA II
structures, and consequently, the two can be easily separated by
isopycnic banding in CsCl-EtBr (Bauer and Vinograd, 1968). The DNA
I1 which binds more dye bands at a lower density. It is clear that young
replicating molecules which contain almost the same number of super-
helical turns as DNA [ will band close to the position of DNA [I. As
the DNA molecules progress through a replicative cycle, the number of
superhelical turns decreases. This results in a gradual shift in the
position at which they band to a lower density, so that almost fully
replicated molecules band with DNA II. Once they give rise to progeny
DNA I molecules, they then band at the position of DNA I. The
iospycnic banding of DNA [, DNA II, and replicating molecules is
seen in Fig. 3. DNA I and II band sharply and are well resolved, while
replicative intermediates band heterogeneously in the region from
DNA I to DNA II. For most studies involving electron microscopy of
replicating molecules, that region between DNA I and DNA II is most
readily studied since this fraction will be richest in replicative inter-
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Fig. 3. CsCI-EtBr isopycnic banding of DNA contained in a Hirt supernatant fluid.
At 30 hours after infection with SV40, an African green moneky kidney cell monolayer
was pulsed for 2 minutes with medium containing 50 uCi of *H-thymidine/ml. The
Hirt supernatant fluid was prepared and dialyzed. A sample of this fluid and purified
4C-SV40 DNA marker were centrifuged to equilibrium in a CsCI-EtBr gradient
(volume, 6 ml; CsCl density, 1.564; ethidium bromide, 200 ug/ml). Fractions were
collected directly into scintillation vials and counted (Sebring er al., 1971).

mediates. In contrast, regions close to DNA I will be obscured by the
large amount of DNA I which is an end product of replication and
therefore accumulates in great quantities, while in the region where
DNA II bands, even trace contamination with cellular DNA and DNA
IT will make the examination of mature replicating molecules more dif-
ficult. As was observed for polyoma (Bourgaux er al., 1969), all of the
newly synthesized SV40 DNA in replicative intermediates is also
released by alkaline treatment (Sebring er al., 1971; Jaenisch er al..
1971). The evidence which established that replicative intermediate
molecules are effectively separated by CsCl-EtBr was obtained by al-
kaline sedimentation of replicative intermediates which had banded at
different densities. It can be seen that the size of the newly synthesized
DNA strands released by alkaline treatment is that predicted if
molecules band at progressively lower densities as they go through the
replication cycle (Fig. 4). In this experiment molecules were obtained
that had, on the average, completed 23, 36, 57, and 85% of the
replication cycle. Since there is a unique site for the initiation of
replication (see below), the strands of DNA released by alkali cor-
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Fig. 5. Diagrammatic representa-
tion of replicating SV40 DNA. The
salient features of the molecule are:
(1) both parental DNA strands (solid
lines) are covalently closed, and (2)
the two newly synthesized DNA
strands (broken lines) are not co-
valently linked to the parental DNA
nor are they linked together (Sebring
et al., 1971).

respond to particular regions of the viral genome. The structure of
replicating molecules is shown schematically in Fig. 5.

The features possessed by replicating molecules that are shared

commonly by polyoma and SV40 are the following:

1. The parental strands of the replicative intermediates exist in a
covalently closed form (Sebring et al.. 1971; Jaenisch et al.,
1971; Bourgaux and Bourgaux-Ramoisy, 1972a).

2. The dissociation of newly synthesized strands from parental
strands establishes the absence of a covalent linkage between
them, and also the absence of a covalent linkage between the
two newly synthesized strands.

3. There are single-stranded regions at each of the two repli-
cating forks. This was suggested by the binding of replicative
intermediates to benzoylated naphthoylated DEAE-cellulose
and their subsequent elution by caffeine (Levine et al., 1970).
These binding properties depend on the presence of single-
stranded DNA regions (Kiger and Sinsheimer, 1969). More
direct evidence has been obtained by demonstrating the sus-
ceptivity of replicative intermediates to cleavage by a single-
strand-specific nuclease from Neurospora crassa which
generates, as one product of digestion, ring-shaped structures
with tails (Bourgaux and Bourgaux-Ramoisy, 1972a).

2.3. Cleavage of SV40 DNA by Bacterial Restriction Endonucleases

Studies of restriction and modification in bacterial systems (Arber
and Linn, 1969; Boyer, 1971) have provided a number of enzymes
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which have proven extremely powerful reagents for studies with SV40
and polyoma. Those enzymes which have been purified, although not
in each case to a homogeneous state, include enzymes from Henio-
philus influenzae (R - Hin) (Smith and Wilcox, 1970), from Hemo-
philus aegipticus (R - Hae) (Middleton et al., 1972), from Escherichia
coli carrying an R factor (R - Eco R; and R - Eco Ry ), and from
Hemophilus parainfluenzae (R - Hpa) (Gromkova and Goodgal, 1972).
Subsequent studies with R - Hin (Danna et al., 1973) and with R - Hpa
(Sharp er al., 1973) have revealed that in each case the original
isolation procedures had yielded at least two restriction activities which
could be further resolved. The enzymes recognize a particular sequence
of nucleotides in the DNA molecule, and in this region they cleave
both DNA strands. The first cleavage site to be sequenced, R - Hin
(Kelly and Smith, 1970), possessed a twofold axis of symmetry. Its
structure is shown in Fig. 6, as are the structures for the R - Eco R;
and R - Eco Ry cleavage sites, which have also been characterized
(Hedgpeth et al., 1972; Bigger et al., 1973, Boyer et al., 1973). They
have the same symmetry as first observed for the R - Hin cleavage site;
however, the R - Eco R; and R - Eco Ry cleavage products possess
single-stranded ends; these molecules can thus be recyclized at low
temperatues, and then covalently closed, duplex rings can be generated
by the sealing action of ligase. It was first reported that the R - Hin en-
donuclease would cleave SV40 into 11 fragments (Danna and Nathans,
1971) and that R - Hpa would cleave SV40 into 4 fragments (Sack and
Nathans, 1973). Later it was demonstrated that the single cleaveage of
SV40 by R - Eco R occurred at a specific site in the molecule (Mor-
row and Berg, 1972; Mulder and Delius, 1972; Fareed et al., 1972).
Cleavage of SV40 with several restriction enzymes has been used

THE DNA CLEAVAGE SITES OF THREE
RESTRICTION ENDONUCLEASES

5 ....GpTpPy | pPupApC....3

3....CpApPup 1 PypTpG....5' Fig. 6. The recognition sequences of three
Hemophilus influenza endonuclease restriction endonucleases: H. influenzae
(Kelly and Smith, 1970), E. coli Ry
(Hedgpeth er al.,, 1972), and E. coli Ry
(Bigger er al., 1973; Boyer et al., 1973).
Both the Eco - Ry and Eco - Ry; endonu-
cleases produce a staggered cleavage which
results in cohesive termini, while the Hin
6 ....N IpCpCpApGpGpN°....3 endonucleases does not. The substrate sites
3 ....NpGpGpTpCpCptN....5 for all three enzymes possess a twofold

E. coli Ry endonuclease rotational axis of symmetry.

5'....A/TpG | pApApTpTpCpT/A.... 3
3'....T/ApCpTpTpApAp t GpA/T ....5'
E. coli Ry endonuclease



Reproduction of Papovaviruses 79

L UH

A

Fig. 7. A cleavage map of the SV40 genome (Danna and Nathans, 1972; Danna et
al., 1973). The R - Eco Ry site (Morrow and Berg, 1972; Mulder and Delius, 1972) is
used as a reference for the Hin and Hpa cleavage sites. Note that the Hpa 3 cleavage
site appears to be recognized by a unique enzyme, Hpa II (Sharp er al., 1973). The
positions on the map for initiation (Rep-i) and termination (Rep-t) of DNA replication
are indicated (Danna and Nathans, 1972; Fareed er al., 1972).

recently (Danna et al., 1973) in a study which has defined an im-
pressively detailed cleavage map of the SV40 genome (Fig. 7). In some
of the studies described below, which relate to DNA replication and
transcription, the usefulness of these enzymes will be illustrated.
Clearly, they represent extraordinarily useful reagents, and their use
has made possible the rapid progress during the past three years in our
understanding of the papovaviruses.

There are a number of other methods which have been used to
gain information about the anatomy of the viral genome. Several
studies have reported denaturation maps for both polyoma
(Bourguignon, 1968; Follett and Crawford, 1968) and SV40 (Yoshiike
et al., 1972; Mulder and Delius, 1972). Those regions rich in adenine
and thymine are the first to become denatured, and the denaturation
map gives some idea of the clustering of nucleotides within the
molecule. The combined action of restriction enzymes and determi-
nation of both base composition and of purine and pyrimidine tracts on
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various fragments will be an alternative method to obtain similar data
in a more precise manner.

The T4 gene-32 protein binds to supercoiled SV40 DNA I but not
to SV40 DNA II (Mulder and Delius, 1972; Morrow and Berg, 1972).
The site(s) at which the gene-32 protein binds to SV40 DNA [ is in a
region corresponding to 0.44-0.48 SV40 map units from the Eco - R
cleavage site (Morrow and Berg, 1973). This is the same region which
is preferentially denatured at alkaline pH values (Mulder and Delius,
1972).

The finding that supercoiled molecules have unpaired bases is
based on the binding of formaldehyde to the replicative form of ¢X174
and to PM2 (Dean and Lebowitz, 1971). It is estimated that 3-4% of
the bases in X 174-RF can bind methylmercury and are, therefore, in
an unpaired state (Beerman and Lebowitz, 1973). Single-strand regions
in covalently closed molecules can be cleaved by the single-strand-
specific nuclease from N. crassa which converts the supercoiled
molecule to the relaxed form (Kato er al., 1973) or by S, nuclease of
Aspergillus oryzae which produces unit-length, linear, duplex,
molecules from supercoiled SV40 DNA (Beard er al.. 1973). In this
latter case, cleavage occurs predominantly at 0.45 and 0.55 SV40 map
units, the same regions at which denaturation and gene-32 protein
binding occurs. At present, the biological significance of this single-
stranded region is not known.

2.4. Site of Initiation and Direction of DNA Replication

Two separate experimental approaches have been used to
demonstrate that DNA synthesis is initiated at a specific site. The first
depends on the cleavage of replicating SV40 molecules or newly
synthesized SV40 DNA by the bacterial restriction endonuclease from
H. influenzae. This enzyme preparation cleaves SV40 and yields 11
fragments, which can be resolved by polyacrylamide gels; they range in
size from 6.5 x 10° to 7.4 x 10* daltons (Danna and Nathans, 1971). If
there is a preferred site for DNA initiation, then in molecules labeled
for a period slightly longer than the time required to complete one
round of DNA replication, the fragment which corresponds to the
DNA initiation site will be most highly labeled in the replicative inter-
mediates. However, when the pulse time is shorter than that required
for a round of replication and newly synthesized DNA I is examined,
the region where termination occurs will be preferentially labeled.
Based on the rates of labeling, it was concluded that replication of
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SV40 DNA starts in Hin fragment C and terminates in Hin fragment
G (see Fig. 7) (Danna and Nathans, 1972).

A preferred initiation site for SV40 DNA replication was also
demonstrated in experiments based on the reassociation rates of the
strands of replicating molecules. When the rate of duplex formation of
strands of newly synthesized DNA, isolated from molecules which had
undergone different extents of replication, was studied, the time re-
quired to effect 50% renaturation increased at a rate proportional to
the increase in the length of the newly synthesized strands. These
results are those predicted if there is a specific site for initiation of
DNA synthesis (Thoren et al., 1972).

In order to determine if DNA replication, which was initiated at a
unique - site, proceeds unidirectionally or bidirectionally SV40
replicative intermediates were cleaved with R - Eco R, (Fareed er al..
1972). The structures that are predicted, depending on the mode of
DNA replication, are shown in Fig. 8. After cleavage, linear structures
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Fig. 8. Unreplicated SV40 molecules or molecules which have replicated to different
extents are schematically represented, as are the molecules which are obtained after
cleavage with the R - Eco Ry endonuclease. The solid lines represent the parental
strands and the broken lines are the newly synthesized strands. I is the site at which
DNA replication is initiated. Molecules are cleaved by the R - Eco R} endonuclease at
site Ry . The arrow indicates the direction of replication. It can be seen that during uni-
directional replication the length of one branch remains constant while the second
branch decreases in length. Since the R - Eco Ry cleavage site is 17% of the genome
length from the termination site of DNA synthesis, it is the short arm L1, which would
remain constant during unidirectional replication. During bidirectional replication,
both L1 and L4 decrease in length as replication proceeds (Salzman er al., 1973a).
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containing one bubble will be generated. If replication is unidirectional,
all molecules, regardless of their extent of replication, will have one
branch L1, of constant length. With bidirectional replication, both L1
and L4 will decrease as replication proceeds. In the case of bidirec-
tional replication, if each replication fork moves at the same rate, the
lengths of both L1 and L4 will decrease at the same rate as replication
proceeds.

The structures that were observed demonstrated that DNA syn-
thesis proceeds bidirectionally, and that the two replication forks move
at the same rate. This study also located the R - Eco R cleavage site
at 0.33 (or 0.67) genome lengths from the initiation site for DNA
replication. Recently, a parallel study has been carried out with poly-
oma DNA in which the R - Eco R endonuclease also introduces a
single break. Bi-directional replication from a unique origin was also
observed. (Crawford et al., 1973). When the distribution of *H-thy-
midine within R - Hin-produced fragments of newly completed SV40
DNA I molecules was measured, a similar conclusion was reached, i.e.,
that DNA replication proceeds in a bidirectional manner (Danna and
Nathans, 1972).

2.5. Mechanism of Chain Growth

When SV40-infected cells are pulsed for short time periods (15
seconds to 1 minute) and replicating molecules are isolated in neutral
sucrose gradients, subsequent examination in alkaline sucrose gradients
demonstrates two populations of newly synthesized DNA strands. One
population consists of growing SV40 DNA chains ranging from 6 S to
almost 16 S, while the second consists of a discrete peak sedimenting
at 4 S. These 4 S fragments, which correspond to DNA chains of 50,
000 daltons, are present in molecules at all stages of replication; by
pulse-chase experiments, it is seen that these short fragments are
precursors of growing SV40 chains. Thus, a discontinuous mechanism
of synthesis of DNA, as first proposed by Okazaki et al. (1968) for
bacterial DNA, is also observed for this small circular genome (Fareed
and Salzman, 1972). A similar discontinuous mechanism of synthesis
for polyoma DNA is observed during in vitro incubation with nuclei
from infected cells. In addition, the presence of RNA which is co-
valently linked at the 5° end of the 4 S fragments has been observed
during these in vitro studies (Magnusson er al., 1973).

It is likely that attachment of the 4 S fragments to growing chains
requires the action of a DNA polymerase which may be different from
that which carries out the synthesis of the 4S fragment. The basis for
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this theory emerges from three separate studies (Salzman and Thoren,
1973; Magnusson, 1973; Laipis and Levine, 1973). For both SV40 and
polyoma, under conditions where DNA synthesis is first inhibited by
FUdR and then restarted by the addition of thymidine, or where DNA
synthesis is partially blocked by hydroxyurea, there is an accumulation
of 4 S fragments, both free and within replicating molecules. These 4 S
fragments in replicative intermediates cannot be joined in vitro to
growing chains by the action of ligase, but the combined action of T4
DNA polymerase and ligase does effect a joining to growing chains
(Laipis and Levine, 1973). The synthesis of 4 S DNA fragments,
together with the failure to continue chain elongation, suggests that
two polymerase activities are involved in this process. Since the RNA
which has been found joined to growing chains is excised prior to the
incorporation of the 4S fragment into the growing chain, one can
speculate that gaps between the 4 S fragment and the growing chain
are located at the site where RNA previously existed. The presence of
enzymes in eukaryotic cells which excise RNA from RNA-DNA hy-
brids has been described (Keller and Crouch, 1972), and it is possible
that such an enzyme removes the RNA primer from the 4 S DNA
fragments.

When 4 S fragments are isolated from replicating molecules and
then allowed to reanneal, 70-90% are converted to a double-stranded
form (Fareed et al., 1973a). Similarly, when 4 S fragments are isolated
from hydroxyurea-treated polyoma-infected cells, a lower but still
sigificant percentage of the 4 S DNA is converted to a double-stranded
form (Magnusson, 1973). These are the results that are expected only if
both strands, at each of the replication forks, are made in a dis-
continuous manner. Based on our present understanding of SV40 the
following series of events can be specified:

1. DNA synthesis is initiated at a specific site which is located
0.67 genome lengths from the R - Eco Ry cleavage site.

2. Replication then proceeds bidirectionally with an equal rate of
chain growth at each of the replication forks.

3. Chain growth occurs by a discontinous mechanism in which 4
S DNA fragments are first synthesized. A fraction of the 4 S
fragments are covalently linked to RNA. The RNA must be
removed rapidly since the association of 4 S DNA with RNA
can only be demonstrated during in vitro studies or in vivo
when DNA synthesis has been modified by metabolic inhibi-
tors.

4. Each of the chains at each of the replication forks is made in a
discontinuous manner.
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5. There is a gap between the 4 S fragment and the growing
chain. It seems likely that an enzyme other than the one which
synthesizes the 4 S DNA is involved in filling in the gap.

6. The newly synthesized fragment is joined to the growing chain
by a covalent link which is probably formed by ligase, an
enzyme present in animal cells (Sambrook and Shatkin,
1969).

While these facts seem quite likely, based on present experimental
evidence, it may also be worthwhile to mention some general areas of
DNA replication which are not at all understood. While there is a
specific site for initiation of DNA synthesis, there is no evidence as to
the precise mechanism of DNA initiation. Is nicking involved as the
first step in DNA replication? If initiation involves an RNA
polymerase which recognizes and transcribes a region that serves as an
RNA primer to which DNA is linked, why is this region recognized
preferentially compared with the other sites where RNA synthesis pre-
sumably occurs? When 4 S DNA fragments are linked to an RNA
primer, any one of four deoxynucleotides can lie adjacent to the ter-
minal 3 ribonucleotide (Magnusson et al., 1973); what are the signals,
then, within the DNA which determine initiation of RNA synthesis
and termination of 4 S DNA synthesis? It should also be noted that
there has been only a partial characterization of the enzymes involved
in DNA replication in mammalian cells and a large number of ques-
tions about the detailed mechanism of chain growth still remain
unanswered. Temperature-sensitive mutants of SV40 have been
isolated which are able to carry out chain elongation at the restrictive
temperature but fail to initiate new rounds of DNA synthesis (Tegt-
meyer, 1972). These mutants should be of value in defining the
mechanism of initiation. Furthermore, the virus mutants which fail to
initiate new rounds of DNA replication are also unable to transform
cells at the restricted temperatures and this makes their characteriza-
tion of considerable interest.

2.6. Termination of DNA Synthesis

Kinetic analysis of the time course of formation of replicative
intermediates, as well as of DNA I and II, suggests that DNA II is the
first product to arise by segregation of parental strands (Fareed er al..
1973b). The properties of this DNA II, which can only be observed
after short pulses with *H-thymidine, are distinct from a pool of DNA
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I1 seen after extended periods (1-3 hours) of labeling. The latter arises
by endonucleolytic cleavage of DNA I and the nick is randomly
located. In contrast, precursor DNA II (pDNA II) contains all of the
newly synthesized DNA in the discontinuous (16 S) strand. It can also
be shown by cleavage with Eco - Ry endonuclease that the nick in the
newly synthesized strand is located 0.5 genome length from the initia-
tion site for DNA replication (Fareed er al., 1973b). This is the ex-
pected site for termination since replication has been shown to be bidi-
rectional and each of the two replication forks were observed to move
at the same rate (Fareed er al., 1972).

2.7. Mechanism for Effecting Semiconservative Replication of
Covalently Closed Duplex DNA

For each covalently closed duplex DNA molecule, the topological
winding number is fixed; it can only be changed by introducing a break
into one of the two strands, allowing unwinding to occur, and then
sealing the break. The topological winding number is related to the
superhelix winding number by the relationship

T=n — 3

where the topological winding number, «, is the number of revolutions
made by one strand about the duplex axis when the axis is constrained
to lie in a plane; the duplex winding number, 3, is the number of revo-
lutions made by one strand about the duplex axis in the unconstrained
molecule; and the superhelix winding number, 7, is the number of revo-
lutions made by the duplex about the superhelix axis (Vinograd er al..
1968). During DNA replication, unwinding of the parental strands
must occur and there will be a decrease in «, the topological winding
number. After displacement of the newly synthesized strands from
these replicative intermediate structures, the parental molecule will
have the potential to form a Watson-Crick base-paired structure in
which the value 3 is the same as in DNA I. Since « decreases as a
result of replication, it is clear that these structures will have an
increased number of negative superhelical turns, which can be quanti-
tated experimentally.

Parental DNA strands have been obtained from replicating
molecules after dissociation of the newly synthesized strands by
treatment at pH 12.2. When examined by alkaline velocity gradient
analysis or isopycnic banding in CsCl-EtBr, they provide direct experi-
mental confirmation that the topological winding number of the
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parental template strands does progressively decrease as replication
proceeds (Salzman et al., 1973h; Bourgaux and Bourgaux-Ramoisy,
1972a).

A DNA untwisting enzyme has been found in mammalian cells.
This activity breaks one parental strand, allows the DNA strands to
unwind, and then restores the covalently closed structure (Champoux
and Dulbecco, 1972). A similar type of enzymatic activity has been ob-
tained from bacterial cells and has been extensively purified (Wang,
1971). Such an enzyme is a good candidate to carry out the unwinding
that must occur as DNA replication proceeds.

2.8. SV40 DNA Synthesis in Heterokaryons of SV40-Transformed
Cells and Cells Permissive for SV40

Induction of extremely low levels of virus has been noted after
treatment of SV40-transformed cells with chemical agents (Rothschild
and Black, 1970). In general, however, a cell line which is transformed
by SV40 cannot be induced to synthesize infectious virus after treatment
with agents which cause induction of lysogenic bacteria. A finding of
great interest and importance was that by cocultivation of an SV40-
transformed mouse line with monkey kidney cells, which are per-
missive for SV40 replication, there was ‘“‘activation” of the integrated
genome and synthesis of infectious virus (Gerber, 1966). The amount
of virus that is rescued is higher when the two cell lines, the susceptible
and the transformed, are treated with inactivated Sendai virus in order
to enhance the extent of cell fusion (Gerber, 1966; Koprowski er al.,
1967; Watkins and Dulbecco, 1967; Burns and Black, 1968; Dubbs er
al., 1967). It is difficult to use this system for biochemical studies since
only a fraction of the cells can be induced to synthesize virus, even
after fusion with inactivated Sendai virus. The time of appearance of
infectious SV40 DNA is about the same after cell fusion as it is during
a lytic cycle. Thus, viral DNA synthesis was detected 19 hours after
fusion (Kit ez al., 1968). When cell fusion was carried out between a
transformed mouse and a transformed human cell line, infectious virus
was rescued. By using plaque mutants it was shown that only that virus
which had been used to transform the mouse cell line was released and
no SV40 virus was released from the transformed human line.

SV40-transformed hamster cells have been fused with susceptible
CV-1 cells, and nuclei were isolated from the heterokaryons. The nu-
clei from the two cell species could be separated by sucrose gradient
analysis. Virus was first found in the transformed nucleus (40 hours)



Reproduction of Papovaviruses 87

and later (68-72 hours) was found associated with both nuclei (Wever
et al., 1970). Additional studies with this system may provide some
interesting insight into factors which determine a permissive state for
DNA synthesis and virus replication starting with an integrated viral
genome.

2.9. SV40 DNA-Containing Cellular DNA Sequences

A field of current interest has been the characterization of co-
valently closed SV40 DNA molecules in which a fraction of the viral
genome has been deleted and/or in which there is an insertion of
cellular sequences. The first suggestion that cellular DNA is present in
SV40 was the finding that SV40 DNA [ was able to hybridize to an ap-
preciable extent with DNA from BSC-1 cells (Aloni er al.. 1969).
However, when the hybridization reaction between SV40 DNA I and
cellular DNA was studied in various laboratories, there were
considerable quantitative differences in the degree of hybridization. At
that time the reasons for these differences were not understood. It was
finally shown that incorporation of cellular DNA into covalently
closed molecules occurred when virus was passaged at a high input
multiplicity. Infection of BSC-1 cells with a plaque-purified virus at
either low or high multiplicities, or with low multiplicities of a virus
pool that was not plaque-purified, yielded virions which did not hybri-
dize with cellular DNA. However, infection with high inputs of non-
plaque-purified virus yielded viral DNA that hybridized to cellular
DNA as well as to viral DNA. Similar results were obtained after
multiple passages at high input multiplicities of plaque-purified SV40
(Lavi and Winocour, 1972). At the same time that these homology
studies of high- and low-passage SV40 were reported, SV40 DNA was
obtained from progeny virus that was purified after infection of BSC-1
cells with either high or low virus input multiplicities (Tai er al.. 1972).
The DNA I was converted to DNA Il which was denatured and then
reannealed. Using formamide-spreading of the DNA to prepare the
grids, both single- and double-stranded DNA could be distinguished.
The low-input-multiplicity DNA was of uniform size (1.7 um) while
the high-input DNA showed considerable size heterogeneity, and a sig-
nificant fraction of the molecules were smaller than 1.7 um. Similarly,
the heteroduplexes from low-input-multiplicity DNA gave evidence for
only a very low level of DNA deletions (2.5%). In contrast, high-input-
multiplicity DNA contained 13% deletions (seen as single-stranded
loops) and 7-12% substitutions (which are seen as a region where two
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single strands of DNA replace the duplex structure). The conclusion
from both of the above studies is that under conditions of high input
multiplicity there is recombination between viral and cellular DNA,
and one consequence is the incorporation of host DNA sequences into
covalently closed SV40 DNA molecules. This may involve the in-
tegration of the viral DNA into the cell genome and its subsequent
excision. The findings cited above are clearly related to earlier studies
where it was first reported that at high input multiplicities a population
of defective particles was formed and that these contained covalently
closed DNA molecules smaller than SV40 DNA [ (Yoshiike and Fu-
rano, 1969). A consequence of the insertion of cellular DNA and de-
letion of viral sequences is the production of particles which are nonin-
fectious. It is only under conditions where cells are coinfected with a de-
fective and nondefective virus particle that the defective virus particle
can replicate, presumably as a result of complementation. While de-
fective particles are unable to replicate, they can support a partial cycle
of virus replication (Yoshiike, 1968a,b). The loss of infectivity which is a
result of a loss of a random segment of the viral genome suggests that
the entire viral genome is required for infectivity, and this agrees with
UV and X-ray inactivation studies (Basilico and DiMayorca, 1965;
Benjamin, 1965). In these studies, infectivity was lost with one-hit ki-
netics, i.e., a single break anywhere in the virus genome inactivates the
virus.

These studies of alterations in the viral genome are important for
a number of reasons. It is clear, for example, that stock virus pools
must be prepared at low input multiplicities. Thus, the significance of
early studies with purified viral DNA that involved nucleic acid
homology, nearest-neighbor analysis, etc., in which the purity of the
viral DNA was not known, is in question.

The answers to questions of whether the covalent insertion of
cellular DNA into SV40 DNA 1 is biologically significant and whether
this insertion occurs at a specific site in the host cell genome are un-
known. In an attempt to answer the latter question, the progeny SV40
DNA molecules from a set of serial passages were examined by
digestion with R - Hin endonuclease (Rozenblatt er al.. 1973). The
cleavage fragments were then examined in hybridization experiments in
an attempt to analyze the incorporated cellular DNA sequences. The
results of this study showed that independent series of passages
produced different defective progeny viral DNA. It will, of course, be
necessary to examine other serial-passage populations in order to de-
termine if there is a consistent pattern either in the incorporated host
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cell sequences or in the deleted viral sequences. The defective virus
particles containing host DNA sequences are presumed to have been
formed by integration and excision, and they are then replicated at a
rate which assures their presence at significant levels in the final virus
preparation. However, there exist no data at present to support the
hypothesis that integration and excision seen at high input multi-
plicities are related to integration which occurs when cells are
transformed with polyoma or SV40. Future studies with the high-
passage viral DNA may provide information not only about the
mechanisms of integration and excision but also about the types of
molecules which replicate rapidly in defective populations. In one
recent study, it was observed that after multiple passages at high input
multiplicities, certain DNA sequences which include the initiation site
for DNA replication are selectively preserved (Brockman er al., 1973).
In another group of studies (Fareed er al.. 1974; Khoury er al.. 1974),
viral DNA was generated in which a single DNA molecule contained
three regions corresponding to the site for the initiation of DNA
replication. Detectable levels of substituted particles do not arise after
infection with low input multiplicities. However, under these conditions
high virus titers are finally achieved. This suggests that integration and
excision may not be necessary events during the lytic cycle.

2.10. The Role of Proteins in DNA Replication

Several groups have studied the effect of an inhibition of protein
synthesis on SV40 or polyoma DNA replication. These various studies
differed in the time after infection when the inhibitor (cycloheximide)
was added and in the length of the pulse time (1-4 hours) for labeling
newly synthesized DNA. It is difficult to study the fate of inter-
mediates in replication in cases where such long periods of labeling
have been used since the time for one round of viral DNA replication is
10-25 minutes (Danna and Nathans, 1972; Fareed er al.. 1973b). It is
clear, however, in each of these studies, that the presence of cyclohex-
amide resulted in a decrease in the rate of viral DNA synthesis (Branton
et al., 1970; Branton and Sheinin, 1973; Kit and Nakajima, 1971;
Kang er al.. 1971). These observations are consistent with a re-
quirement for a protein to initiate DNA synthesis. What is not clear is
whether a second protein is needed in the conversion of mature repli-
cating molecules to pDNA II or in the conversion of pDNA II to
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DNA 1. The various studies do not agree on this point. Initiation of
viral DNA synthesis does not occur when polyoma replication is car-
ried out in an in vitro system (Winnacker er al., 1972). However, chain
elongation and synthesis of DNA I can occur in this system, evidence
which may provide the means to determine the role of proteins in virus
maturation.

The role of a virus-coded protein for initiation of DNA synthesis
has been demonstrated using temperature-sensitive mutants which are
blocked in viral DNA synthesis (Tegtmeyer, 1972). These mutants fail
to initiate new rounds of replication but can, at the restrictive
temperature, continue the process of chain elongation and formation of
DNA molecules. Thus, a virus-coded protein is apparently required to
initiate viral DNA synthesis. If there is a second protein that is re-
quired for chain termination, it is likely to be a cellular protein and
may also be involved in cellular DNA synthesis.

When cells are exposed to puromycin (Bourgaux and Bourgaux-
Ramoisy, 1972b), an inhibition of polyoma DNA replication is ob-
served. There is a reduced rate of synthesis of covalently closed DNA
molecules in the presence of the inhibitor, and, in addition, these
molecules do not seem to contain superhelical turns as judged by the
fact that they band at a slightly higher density than DNA I in CsCl-
EtBr. This suggests that specific proteins affect the configuration of
DNA, perhaps by complexing with them during replication.

3. TRANSCRIPTION OF Sv40 AND POLYOMA DNA

Synthesis of virus-specific RNA during the lytic cyle of polyoma
replication was first demonstrated using a filter hybridization tech-
nique (Benjamin, 1966). Polyoma virus RNA was synthesized in very
small amounts early after a productive infection of mouse kidney cells,
and in significantly greater concentrations (ca. 100-fold greater) after
the onset of polyoma DNA synthesis. Subsequently it was shown that
virus-specific RNA was produced in two phases during the lytic cycle
of SV40 (Aloni er al., 1968, Oda and Dulbecco, 1968b; Sauer and
Kidwai, 1968; Carp er al., 1969). Prior to viral DNA replication
(within the first 12 hours after infection) ‘‘early” SV40 RNA is
synthesized. Using competition-hybridization experiments it was shown
that the early RNA continues to be produced late in the lytic cycle and
represents approximately 30-40% of the total transcribed gene se-
quences. Furthermore, the fact that late, lytic SV40 RNA could com-
pletely compete against the early RNA indicated that all of the early
sequences are transcribed late in the cycle. A similar division of the
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lytic cycle of polyoma virus into early and late phases of transcription
has also been reported (Hudson er al., 1970).

In order to determine the extent of transcription of SV40 (Martin
and Axelrod, 1969a) or polyoma DNA (Martin and Axelrod, 196954), a
saturation hybridization technique was employed (see Fig. 9). A known
amount of C-labeled viral DNA was bound on filters, and increasing
amounts of **P-labeled lytic RNA preparations of known specific
activity were hybridized to the DNA until a plateau was reached. From
the amount of RNA required to saturate the DNA on each filter it was
determined that approximately 50%, or the equivalent of one full
strand of the polyoma or SV40 DNA, was bound in a hybrid. Since the
total transcription product of SV40 or polyoma late in infection is
equivalent to one full strand of the genome and the early gene se-
quences represent about one-third of a strand, the true late gene se-
quences (those transcribed only after the onset of DNA replication)
represent about two-thirds of the coding capacity of the genome.
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Fig. 9. A saturation hybridization experiment in which increasing amounts of **P-la-
beled lytic (or SV-UV-transformed cell) RNA was hybridized with a fixed amount of
"“C-SV40 DNA on filters. Since the specific activities of the RNAs and DNA were
known, the percentage of DNA saturated could be determined. The plateau of 50%
saturation with SV40 late lytic RNA indicates that the equivalent of one full DNA
strand is transcribed during productive infection. Lower values were obtained for the
two transformed cell lines examined (Martin and Axelrod, 19695).
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3.1. Strand Orientation of Transcription

Because of the similar base composition of the two strands of
SV40 DNA, strand separation could not be effected by labeling with a
heavy base analogue or by selective binding to polyribonucleotides. In
1970 it was shown that in vitro transcription of supercoiled SV40 DNA
(DNA 1) with E. coli DNA-dependent RNA polymerase results in an
asymmetric RNA product which is complementary to only one of the
two viral DNA strands (Westphal, 1970). This observation provided a
means of separating the viral DNA strands on a preparative scale. In
order to achieve this separation, hydroxyapatite chromatography (HA)
was employed. This method allows for a rapid and large-scale
separation of single-stranded DNA from DNA-RNA (or DNA-DNA)
hybrid molecules (Britten and Kohne, 1968). Intact or sheared *?P-la-
beled SV40 DNA was denatured and allowed to anneal with a great
excess of in vitro SV40 cRNA (complementary RNA). Since the RNA
binds almost exclusively to one DNA strand (the minus, or E, strand),
passing the renaturation product over HA with subsequent purification
effectively provides a strand separation of SV40 DNA. Once
separated, the plus and minus strands of the viral DNA were then used
in hybridization studies to determine the strand orientation and extent
of transcription of early and late lytic SV40 RNA (Khoury and
Martin, 1972; Khoury er al., 1972; Sambrook et al., 1972), as well as
that of RNA synthesized in abortively infected (Khoury er al., 1972) or
transformed cells (Sambrook et al., 1972; Khoury er al., 1973a;
Ozanne et al., 1973). The results of these studies indicated that 30-40%
of the minus, or E, strand (the strand which is transcribed in vitro with
E. coli RNA polymerase) is transcribed early in the lytic cycle; in ad-
dition, 60-70% of the plus, or L, DNA strand is transcribed late in in-
fections. The extent of transcription and strand orientation for early
and late viral mRNA, as determined with the separated strands of
SV40, agrees with results of the previous competition-hybridization ex-
periments (Aloni er al., 1968; Oda and Dulbecco, 1968b; Sauer and
Kidwai, 1968; Carp et al., 1969). These results are also in agreement
with studies in which the early or late RNAs from SV40-infected BSC-
1 cells were annealed with asymmetric SV40 cRNA (Lindstrom and
Dulbecco, 1972); on the basis of ribonuclease resistance it was con-
cluded that early lytic RNA was synthesized from approximately 40%
of the same DNA strand as is the in vitro RNA, whereas late was
synthesized from about 60% of the opposite strand.

In SV40-transformed cell lines there is little or no stable RNA
transcribed from the plus strand. Transcription of the minus strand
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(35-80%) appears to be more extensive than in the lytic cycle, and, pre-
sumably, the “anti-sense’” sequences (those homologous to the late
lytic RNA) do not code for functional proteins (see Fig. 10).

On the basis of RNA hybridization to the separated strands of
polyoma DNA (R. Kamen, personal communication) and RNA-RNA
annealing studies similar to those described above (Mueller er al., 1973),
it appears that there is also a ““strand switch™ in transcription during the
lytic cycle of polyoma.

The fact that in the lytic cycle early and late virus-specific RNAs
are transcribed from opposite strands of SV40 DNA is especially
interesting, and it allows one to propose several novel hypotheses for
the control of transcription in lytically infected cells (see below).

The lytic SV40 RNA s studied in the experiments described above
(Khoury and Martin, 1972; Lindstrom and Dulbecco, 1972; Khoury er
al., 1972; Sambrook er al., 1972) are predominantly the stable or
abundant RNA species in the population. In order to determine
whether the initial transcription product might be more extensive than
the stable species detected above, RNA has been examined after a brief
pulse-label of monkey cells with *H-uridine, 48 hours after infection

IN VITRO INVIVO
EARLY PHASE OF LATE PHASE OF VIRUS TRANSFORMED
LYTIC CYCLE LYTIC CYCLE CELLS
¢
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Fig. 10. The pattern of transcription of SV40 DNA in vitro and in vivo.
SV40 DNA molecules (=) are represented as linear structures for con-
venience. The strand orientation and extent of transcription (VW) is based
on the abundant, or stable, mRNA species as determined by hybridization
experiments described in the text.
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(Aloni, 1972, 1973). These studies suggested that extensive regions of
the SV40 genome are transcribed symmetrically. If the brief pulse-
label is followed by a 1-hour chase or if the 2-minute *H-uridine pulse
is extended to 20 minutes, the labeled RNA exhibits significantly less
symmetry. Thus, it appears that a substantial portion of the genome is
symmetrically transcribed, and, subsequently, specific RNA sequences
are rapidly degraded, resulting in the stable transcripts described
above. A similar conclusion has been reached in analogous studies with
pulse-labeled polyoma RNA (Aloni and Locker, 1973). The important
implication of this work is that the control mechanism for selection of
stable message occurs at a post-transcriptional level, i.e., the degra-
dation of transcribed nonfunctional regions of RNA. Furthermore, this
post-transcriptional control appears to be operative prior to or during
transport of mRNA to the cytoplasm, since only the asymmetric SV40
sequences are detected in cytoplasmic RNA (Khoury, Martin, and
Nathans, unpublished).

3.2. Control of Late Transcription

A consistent finding in the studies described above is the de-
pendence of transcription of the late gene sequences of SV40 and pol-
yoma on viral DNA synthesis. In the presence of inhibitors of DNA
replication, transcription of the late genes does not occur (Carp er al..
1969; Hudson er al., 1970; Sauer, 1971). Current studies have shown
that late transcription depends only on the initiation and not the con-
tinuation of viral DNA synthesis (Cowan er al., 1973). Cells are
infected at the permissive temperature with a temperature-sensitive
mutant of SV40, defective in a function necessary for DNA
replication. After the initiation of DNA synthesis, the cultures are
shifted to the restrictive temperature, effectively terminating viral
DNA replication. Subsequent pulses with *H-uridine, nevertheless,
demonstrate the continued synthesis of late mRNA. However, the con-
trol mechanism which links the transcription of late SV40 and pol-
yoma genes to the initiation of DNA replication is still unclear.

Several possibilities for regulation of late transcription are sug-
gested by existing data. These include:

1. The physical state of the viral genome may determine the
strand orientation or region of transcription. For example,
transcription of late SV40 DNA sequences may occur on
replicative intermediates (Girard et al., 1974), thus requiring
initiation of viral DNA replication. This hypothesis is based
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on kinetic data which suggest that transcription of the late
viral genes occurs on templates which build up in infected cells
in direct relationship to viral DNA replication.

2. Alternatively, virion-associated histones which are associated
with infecting SV40 or polyoma DNA may prevent late
transcription (Huang er al., 1972b). As these core proteins are
removed during DNA replication, late transcription may oc-
cur. It is also possible that newly synthesized viral DNA,
prior to the addition of core protein, may also act as a late
transcriptional template.

3. The specificity of the RNA polymerase may be the controlling
factor. Since there appears to be no virion-associated RNA
polymerase, the early virus-specific RNA is almost certainly
synthesized by a host enzyme. This enzyme may be specific
for the minus (early) SV40 or polyoma DNA strand. The
early viral gene products may provide or induce a new
polymerase capable of late transcription. A model system in
which the switch from early to late transcription is effected by
a “‘late” RNA polymerase coded for by the early viral genes is
the lytic cycle of bacteriophage T7 in E. coli (Chamberlain et
al., 1970; Summers and Siegel, 1970).

4. Evidence has been cited for extensive symmetrical transcrip-
tion of the SV40 genome late in the lytic cycle with sub-
sequent degradation of the RNA sequences which are not
translated (Aloni, 1972, 1973). It is conceivable that there is
extensive transcription early in the lytic cycle and that the late
RNA sequences are efficiently degraded prior to the onset of
DNA replication.

While the above hypotheses are highly speculative, each, at least
in part, can be tested with techniques presently available. Since the
absence of both DNA synthesis and late RNA are hallmarks of SV40-
and polyoma-transformed cells, it is hoped that a better understanding
of controls which are operative in the lytic cycle will provide an insight
into the mechanism of cell transformation.

3.3. Size of the Papovavirus-Specific RNA

Several recent studies have been concerned with the size and
potential processing of SV40- and poloyma-specific RNA, synthesized
in productively infected cells. Perhaps the most surprising result of
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these investigations was the detection of intranuclear SV40-specific
(Tonegawa et al., 1970; Martin, 1970; Jaenisch, 1972; Rozenblatt and
Winocour, 1972) or polyoma-specific (Acheson et al., 1971) RNA
molecules which were considerably larger than a unit length of the
genome. It seems unlikely that these molecules are simply artifacts due
to aggregation since the sizing technique employed in several of these
studies was centrifugation in DM SO, a compound which removes secon-
dary structure and aggregation. These large, intranuclear, virus-specific
molecules could arise from multiple rounds of transcription of viral
DNA. In certain investigations, however, it was shown that nonviral se-
quences are transcribed in tandem with the SV40 RNA (Jaenisch, 1972;
Rozenblatt and Winocour, 1972), suggesting the possibility of transcrip-
tion from integrated viral genomes.

High-molecular-weight RNA (HMW RNA) obtained late in the
lytic cycle has been hybridized to SV40 DNA on filters (Jaenisch,
1972). The presence of RNA tails which remained susceptible to
RNase after the hybridization to SV40 DNA filters is consistent with
the idea that these tails contain nonviral sequences, presumably host-
specific, which are covalently linked to the virus-specific RNA. In a
more extensive analysis, it was shown that HMW RNA from a lytic
infection which binds specifically to SV40 DNA filters could be eluted
and hybridized to host cell DNA filters (Rozenblatt and Winocour,
1972). It is unlikely that the host RNA sequences were transcribed
from host DNA incorporated into the virions since the SV40 inoculum
was produced by low multiplicity passage, a procedure which selects
against host incorporation. Since present evidence points to integration
of some viral DNA molecules into host DNA in the lytic cycles of
SV40 (Hirai and Defendi, 1972) and polyoma (Babiuk and Hudson,
1972; Ralph and Colter, 1972), the most likely explanation of co-
valently linked host and viral RNA sequences is that they result from
linked transcription of integrated viral DNA and adjacent cellular
DNA.

On the other hand, the presence of host-specific sequences in
HMW virus-specific RNA in polyoma-infected mouse kidney cells was
not observed (Acheson er al., 1971). In this study it was concluded that
the HMW virus-specific RNA may represent viral sequences
transcribed in tandem or viral RNA linked to unique host RNA se-
quences which would not be detected by the usual hybridization tech-
niques. Whether these hybrid or nonhybrid HMW RNA molecules
have any function in the lytic cycle (as well as whether integration
serves any necessary function in a productive infection) is still in
question. In other systems, however, most or all of the high-molecular-
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weight nuclear RNA never gets to the cytoplasm, which suggests
processing or at least selection of the virus-specific RNA which is
eventually translated.

3.4. Cytoplasmic Viral RNA

RNA species which are found in the cytoplasm (and presumably
on the polysomes) of SV40-infected cells (Weinberg er al.. 1972a) have
been investigated using a formamide hybridization procedure to isolate
intact virus-specific RNA. Similar studies have been carried out for cy-
toplasmic and polysomal polyoma RNA (E. Buetti and R. Weil, per-
sonal communication). Prior to viral DNA replication one can detect a
19 S virus-specific moiety; a similar species is found in mouse cells
abortively infected with SV40 (May er al.. 1973). Subsequent to DNA
replication, there are both a 19 S and a 16 S peak of SV40- or pol-
yoma-specific RNA. While evidence suggests that the 19 S and 16 S
RNAs differ in base compositions as well as in T1 ribonuclease finger-
prints (Warnaar and deMol, 1973), there exist as yet no data which ex-
clude the possibility that part of the 16 S peak results from cleavage of
a 19 S precursor or that a distinct 19 S species is synthesized late. In
fact, there is preliminary evidence for a distinct 19 S late RNA
molecule (G. Khoury and B. Carter, unpublished results; Weinberg et
al., 1974).

In several studies, it has been demonstrated that a fraction of the
SV40 RNA molecules both in the nucleus and in the cytoplasm contain
terminal regions of poly A about 150-200 nucleotides in length (Wein-
berg et al., 1972b; Aloni, 1973). A number of the observations men-
tioned above suggested some form of post-transcriptional processing of
the SV40 RNA between synthesis in the nucleus and transport to the
cytoplasm. If this processing occurs after the addition of the poly A se-
quences, it probably occurs from the 5° end of the molecules, since it
has been shown that the poly A is located at the 3° terminus of mRNA
molecules.

3.5. Concentration of Virus-Specific RNA

Extremely small amounts of SV40- and polyoma-specific RNA
are synthesized early in the lytic cycle; present estimates suggest that
only 0.001-0.01% of the total cell RNA is virus-specific prior to SV40
DNA replication. After the onset of viral DNA replication, this
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fraction increases to 0.1-1% of the total cell RNA (Benjamin, 1966;
Khoury and Martin, 1972; Sambrook et al.. 1972), in agreement with
data which suggested that there is a 40- to 50-fold increase in the
amount of virus-specific RNA late after productive infection (Aloni er
al., 1968; Carp et al., 1969). The increase in SV40-specific RNA which
occurs after the initiation of viral DNA synthesis includes a com-
mensurate stimulation in the production of early SV40 sequences; this
early SV40 RNA appears to account for 20-40% of the total late virus-
specific RNA (Martin and Khoury, 1973) yet only 1 to 5% of the cyto-
plasmic late virus-specific RNA. Since infection by SV40 (unlike
adenovirus) stimulates the production of host cell RNA (Oda and
Dulbecco, 1968a), the virus-specific sequences, even late in the lytic
cycle, represent a small fraction of the total cellular RNA. For this
reason, studies requiring the isolation and purification of virus-specific
RNA have proven difficult. Recently, several methods have been
developed for the selection of messenger RNA.

3.6. Selection of Viral mRNA
3.6.1. Hybridization and Elution

As noted above, SV40 mRNA can be purified by hybridization of
infected cellular RNA to SV40 DNA on filters, with subsequent
elution of the bound RNA (Weinberg er al.. 1972a). In order to
prevent fragmentation of the RNA, annealing is carried out at 37°C in
the presence of 50% formamide. Two disadvantages of this technique
are a relatively low efficiency of recovery and the introduction of some
breaks in the RNA in spite of the precautions taken. The procedure,
however, does allow the isolation of a relatively pure virus-specific
RNA. This method is currently being used in several laboratories to
obtain virus mRNA for translation studies.

3.6.2. Selection of RNA Sequences on the Basis of Poly(A) Tracts

A number of studies have now shown that almost all mammalian
cell and animal virus messenger RNAs contains poly(A)-rich regions,
about 150-250 nucleotides in length. These tracts are covalently linked
to the 3’ ends of the RNA molecules after the message has been
synthesized. The poly(A) region contained in SV40 mRNA is not coded
for by the viral genome (Weinberg er al.. 1972b). Several techniques
have been developed for the isolation of mMRNA based on specific
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binding of the poly(A)-rich regions. These methods include preferential
selection of mMRNA binding to oligo dT-cellulose columns (Gilham,
1964), to poly(U) which has been fixed on nitrocellulose filters (Sheldon
et al., 1972), or simply to nitrocellulose filters in the presence of high
salt (Lee et al., 1971). The separation of mRNA from total cell RNA
by any of these methods is relatively simple; the techniques are effi-
cient and provide large quantities of message. Such procedures,
however, do not provide for a separation of virus-specific from host-
specific messages. Furthermore, transcriptional products which either
do not contain poly(A) tracts or have lost them due to breakage or deg-
radation are excluded from these selection procedures.

3.6.3. Immunoprecipitation

The technique of immunoprecipitation relies on the fact that
nascent polypeptides, being synthesized on polysomes, can react with
specific antibodies [see Palacios and Schinke (1973)]. After
precipitation of the antigen-antibody complexes, one can isolate and
purify the particular mRNA which codes for the precipitated antigen.
This procedure has recently been used to obtain the mRNA coding for
a mouse immunoglobulin L chain (Schechter, 1973). The mRNA
isolated by this procedure retained its biological activity and was trans-
lated in a cell-free system forming recognizable L-chain precursors.
While this technique requires the use of relatively pure antibodies, it
promises to provide specific mRNA species which should prove in-
valuable both for sequencing experiments and for /n vitro translational
studies.

3.7. Mapping of Transcriptional Sites on the SV40 Genome

Although previous studies had determined the proportions and
strand orientation of SV40 transcription early and late in the lytic
cycle, none of the experiments localized these gene sequences on the
genome. In order to locate the topographical positions of the early and
late gene sequences, the 11 specific fragments of SV40 DNA generated
by the restriction endonuclease isolated from H. influenzae (R - Hin)
have been used (Khoury er al.. 1973b). The order of these fragments,
which vary in size from 4% to 22.5% of the length of SV40, has been
determined (Danna and Nathans, 1971; Danna er al.. 1973), as has
their relationship to other restriction endonuclease sites (Fig. 7). By
reacting unlabeled RNA from SV40-infected monkey cells with the
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separated strands of the 11 **P-labeled R - Hin fragments, the early
and late gene sequences were localized. Stable species of RNA were
complementary to the minus (E) strands of the contiguous fragments
A, H, I, and B. The late SV40 RNA is transcribed predominantly
from the plus (L) strands of fragments A, C, D, E, K, F, J, G, and B
which also form a continuous set on the physical map (Fig. 11). The
findings of these experiments were in agreement with previous results
which suggested that the early gene sequences are localized on one-
third of the minus strand, while the late gene sequences occupy the
other two-thirds of the plus strand.

In this same study, it was found that some of the late, lytic SV40
RNA reacted partially with the plus strands of fragments H and I
(Khoury er al., 1973b), which are located on the physical map in the
middle of the early-gene region. This result may reflect an incomplete
post-transcriptional degradation of RNA complementary to the plus
strands of these fragments.

Fig. 11. Diagrammatic representation of SV40 transcription
in productively infected cells. Arrows indicate the template
strand and direction of transcription early and late in the lytic
cycle (Khoury er al., 1973b).
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In fact, recent results of hybridization experiments with late lytic
cytoplasmic RNA indicate that the early SV40 template is intact and in-
cludes most if not all of Hin fragments A and B as well as H and I,
nearly half of the SV40 genome. It now appears that previous experi-
ments, in which total cellular RNA was employed, underestimated the
size of the early SV40 gene region. Initially, the genome appears to be
symmetrically transcribed and subsequently portions of each RNA
strand are degraded. Since the plus (or late) strand is transcribed at a
much higher frequency during the late stages of the lytic cycle, the “anti-
early’’ sequences present in the nuclear component of total cellular
RNA lead to an overestimate of the late template. (Khoury, Martin, and
Nathans, in preparation).

3.8. The Direction of SV40 DNA Transcription

It appears to be a general rule that transcription of DNA proceeds
in a 5 to 3° direction with respect to the synthesis of the messenger
RNA molecule, or 3" to 5° along the DNA template strand. Since the
strands of DNA in a duplex molecule have an antiparallel orientation,
and since early and late SV40 messages are transcribed from opposite
DNA strands (Lindstrom and Dulbecco, 1972; Khoury et al., 1972;
Sambrook et al., 1972), then it seems apparent that the transcription of
the early and late SV40 sequences occurs in opposite directions. There
are several prerequisites for determining the direction of SV40
transcription:

1. It is necessary to obtain a unique population of linear
molecules.

2. One must be able to distinguish the 3" and 5" ends of each
DNA strand.

3. The strand which codes for the early SV40 RNA must be dis-
tinguished from the strand which codes for the late message.

A diagram of the experimental approach used to determine the di-
rection of SV40 transcription is shown in Fig. 12. 3*P-SV40 DNA I
was first cleaved with the R - Eco R; endonuclease to obtain unique,
full-length linear molecules. Since the R; enzyme cleaves within
fragment F (Danna er al., 1973), these molecules have the map order
F,-J-G-B-I-H-A-C-D-E-K-F, (see Fig. 7, letters refer to the fragments
produced by the R - Hin endonuclease as mentioned above). In the
next step, the linear molecules were digested with E. coli exonuclease
III, which removes the 3" halves of each strand, leaving 5 ‘‘half-
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Fig. 12. Scheme for defining the direction of transciption in SV40-infected cells. This
method is based on a determination of the 5°—3" orientation of SV40 DNA strands.
See the text for a description of each step. F, and F, are the parts of fragment F
resulting from cleavage by the Ry restriction enzyme, cCRNA is SV40 complementary
RNA (Khoury ez al., 1973b).

molecules.” The individual minus and plus 5° ““half-strands’ were next
isolated by annealing with SV40 cRNA. It was then determined which
5 “half-strand” (plus or minus) contained fragment-J and fragment-G
sequences and which contained fragment-K and fragment-E sequences
by annealing each ‘‘half-strand™ with denatured “C-labeled fragment
J, G, K, or E. (The sequences corresponding to these four fragments
are nearest to sequence F, which is present at each end of the R; linear
molecules, Fig. 12.) The results indicated that fragments E and K
hybridized preferentially with the pl/us 5° “*half-strand,” while frag-
ments G and J hybridized preferentially with the minus 5 *‘half-
strand” of SV40 DNA. Since the minus strand is the template for
“early” SV40 RNA, one can conclude that the orientation of the
“early” DNA template strand is 5" -F-J-G-B-I-H-A- - - - - 3, e, 3
to 5° counterclockwise on the cleavage map shown in Fig. 7, and the
orientation of the plus strand (‘‘late’” template strand) is 5" -F-K-E-D-
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C-A-- - 37,i.e., 3" to 5" clockwise on the cleavage map. Therefore,
transcription of early genes proceeds from A to B counterclockwise on
the minus DNA strand and transcription of late genes proceeds from A
to B in a clockwise direction on the plus DNA strand (see Fig. 11).

3.9. In Vitro Studies of Transcription

While much is known about the quantitative aspects of transcrip-
tion of the SV40 and polyoma genomes, the factors which control
transcription are still poorly understood. This is in large part related to
the difficulty of studying biochemical events which occur against the
complex background of cell-specific functions. Although it has been
shown that transcription of SV40 with the E. coli RNA polymerase
differs from transcription of the virus in vivo, it is possible that the
study of viral transcription in cell-free systems will permit investigators
to control many of the factors which at present make the study of in
vivo systems so complex.

The number and location of promoter sites for the in vitro
transcription of SV40 DNA has been the subject of several recent
investigations. It is clear that the results of such studies depend on the
form of the DNA template, the enzyme, and the conditions used for in
vitro transcription.

Both the strand orientation and the efficiency of transcription with
the E. coli RNA polymerase depend on the form of SV40 DNA em-
ployed in the reaction mixture. When supercoiled SV40 DNA (DNA I)
is used as a template, the RNA product is highly asymmetric,
heterogeneous in size, and representative of the entire minus (early)
DNA strand (Westphal, 1970, 1971; Fried and Sokol, 1972). When the
cyclic-coil or nicked form of SV40 DNA (DNA II) is transcribed, a
considerable fraction of the RNA is symmetric, as demonstrated by its
ability to self-anneal (Westphal, 1970).

In order to evaluate the relative in vitro transcriptional rates of
SvV40 DNA components I and II, E. coli RNA polymerase was
allowed to associate with each template and then incubated with a
substrate solution containing rifampicin (the drug was added to prevent
reinitiation). The kinetics of synthesis of RNA, as determined by the
incorporation of *H-ribonucleotides under conditions of enzyme excess,
indicated that the efficiency of transcription of the supercoiled SV40
DNA was significantly greater than that of the component-II DNA
template (Westphal, 1971).
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Estimates of the rate of in vitro RNA synthesis of SV40
component I range from 37 nucleotides/sec (Westphal, 1971) to 5
nucleotides/sec (Fried and Sokol, 1972), perhaps dependent on the
reaction conditions. Most studies agree, however, that the RNA
product is asymmetric and contains some molecules greater in length
than unit SV40 (Westphal, 1970; Fried and Sokol, 1972; Delius et al..
1973). This latter finding suggests that the transcriptional complex can,
at times, pass its initiation site, which in turn may indicate the absence
of, or lack of recognition of a termination site. There is, however, little
evidence at present to suggest multiple rounds of transcription in vivo.

The number of polymerase-binding sites on a viral DNA molecule
is inversely proportional to the salt concentration (Crawford er al..
1965; Pettijohn and Kamiya, 1967). E. coli DNA-dependent RNA
polymerase binds to several sites on the SV40 molecule (Herzberg and
Winocour, 1970; Delius ez al., 1973). Based on an electron microscopic
study, it was concluded that these sites are not clustered (Delius er al..
1973). However, when similar experiments were performed using linear
SV40 DNA produced with the R - Eco Ri endonuclease, there ap-
peared to be one preferred promoter, in addition to several weaker
initiation sites (Westphal ez al., 1973). This preferred promoter was lo-
calized at a position 0.16 unit from the R - Eco R; cleavage site, and
transcription proceeded toward the short arm of the linear molecule.
When transcription of SV40 DNA by E. coli RNA polymerase was
investigated at reduced temperatures with RNA sequencing studies
(Zain et al., 1973), a strong in vitro promoter site was found 0.16 unit
clockwise from the SV40 R - Eco Ry site. Since transcription on the
minus DNA strand (the strand which is transcribed by the E. coli
polymerase) occurs in a counterclockwise direction (see Fig. 11), in
vitro transcription almost certainly progresses from the strong pro-
moter toward the R - Eco Ry site. These results are in good agreement
with those obtained by electron microscopy as described above (West-
phal er al., 1973). The strong promoter for the E. coli RNA
polymerase does not coincide with that predicted for early RNA
synthesized in vivo (Khoury et al., 1973b). As has been pointed out,
however, if lytic messenger RNA represents the product of post-
transcriptional degradation, the transcriptional promoters and termi-
nators cannot be definitely localized to the ends of the final product.

Much less is known about the transcription of polyoma DNA with
E. coli RNA polymerase. It appears, however, that a considerable
fraction of the RNA product is symmetricalL unless the template has
been prepared from a high-multiplicity viral stock (Lindstrom, per-
sonal communication). By using polyoma-specific RNA prepared on
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such a template with preincubation of the RNA to remove symmetrical
regions, it is possible to obtain an RNA which will permit strand
separation and transcriptional mapping.

3.10. The Applications of In Vitro Virus-Specific RNA

In addition to providing insight into the mechanism of transcrip-
tion, the in vitro product obtained from transcription of SV40 DNA
with the E. coli DNA-dependent RNA polymerase has proven to be a
valuable reagent for a number of other studies.

1. The radiolabeled in vitro RNA has been used as a molecular
probe in studies designed to determine the number of copies of the viral
genome in transformed cells (Westphal and Dulbecco, 1968; Levine et
al., 1970) and to establish the integration of the viral DNA within the
host DNA of transformed cell lines (Sambrook er al., 1968). It has
also been used to determine the transcriptional pattern of the lytic
cycles of SV40 (Lindstrom and Dulbecco, 1972), as well as the pattern
of transcription from the chromatin of SV40-transformed cells (Astrin,
1973).

2. Since the RNA obtained from transcription of DNA [ with
the E. coli RNA polymerase is essentially asymmetric, it has been a
valuable tool for separating the strands of SV40 DNA (Westphal,
1970; Khoury and Martin, 1972; Sambrook er al.. 1972). These
separated DNA strands have subsequently been used as probes to de-
termine the transcriptional pattern in lytically infected cells (Khoury er
al., 1972; Sambrook er al., 1972), transformed cells (Sambrook er al..
1972; Khoury et al., 1973a; Ozanne et al., 1973), or from the chro-
matin of transformed cells (Shih et al., 1973). The separated SV40
DNA strands have also been used to map specific viral deletion
mutants (Khoury et al., 1974).

3. The RNA transcribed from unique segments of SV40 DNA
have been employed in nucleotide-sequencing studies (Dhar er al.,
1978). A sequence of more than 180 nucleotides located within the
region of Hin fragment G (see Fig. 11) has already been determined.

3.11. Transcription of SV40 DNA by Mammalian Polymerases

The in vitro analysis of transcription of viral DNA is directed
toward an understanding of the mechanism and control factors which
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operate in vivo. Since in vivo transcription of SV40 and polyoma DNA
most likely requires a host cell RNA polymerase, it would seem
preferable to use mammalian cell polymerases in the in vitro studies.
Until recently, however, most of our information has been obtained in
experiments with the E. coli RNA polymerase, primarily because of
the difficulty associated with isolating and purifying mammalian
enzymes.

It has now been shown that there are two principle DNA-de-
pendent RNA polymerases found in mammalian cells which can be
separated by ion-exchange chromatography (Roeder and Rutter,
1969). RNA polymerase I is found in nucleoli and has been associated
with the synthesis of ribosomal RNA (Reeder and Roeder, 1972).
RNA polymerase II is found in the cell nucleoplasm and is distin-
guished from polymerase I by its sensitivity to «-amanitin, a toxin ex-
tracted from the mushroom Amanita phalloides Stirpe and Fuime,
1967; Roeder and Rutter, 1970).

Using isolated nuclei from SV40-infected cells (since cellular
membranes are not uniformly permeable to «w-amanitin), transcription
of the SV40 sequences were shown to be sensitive to «-amanitin. This
evidence suggests that RNA polymerase 11 is responsible for transcrip-
tion of viral sequences in vivo Jackson and Sugden, 1972).

While purified DNA-dependent RNA polymerase II from HelLa
and KB cells actively transcribes SV40 DNA, the enzymes appear to
prefer a single-stranded to a double-stranded DNA template (Sugden
and Keller, 1973). The significance of that finding and its relationship
to the specificity and activity of mammalian cell RNA polymerase 11
in vivo remain to be determined.

4. THE PROTEINS OF SV40 AND POLYOMA

A number of virus-specific antigens which are synthesized early
after infection have been superficially characterized; these are probably
proteins and may be products of viral and/or cellular genes. The most
fully characterized of the papovavirus proteins are the structural pro-
teins which are synthesized late in the lytic cycle. In addition, during
the lytic cycle there is a general stimulation of synthetic enzymes which
are probably coded for by the host cell.

4.1. Early Antigens

The early antigens of SV40 and polyoma are synthesized prior to
viral DNA replication and also appear in cells transformed by these
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viruses. These antigens have been detected primarily by immunological
methods, and past attempts to purify the early antigens have met with
only partial success (Kit er al., 1967; Lazarus et al., 1967; Potter et al.,
1969; Del Villano and Defendi, 1973). Nevertheless, several lines of ex-
perimentation lead to the conclusion that the early papovavirus
antigens are virus-specific and, perhaps, virus-coded:

1. When cells from different species are infected (Rapp er al.,
1964a; Hoggan et al., 1965) or transformed by SV40 or pol-
yoma (Black and Rowe, 1963; Black et al., 1963; Sabin et al..
1964; Rapp et al.. 1964c; Habel, 1965; Habel er al., 1965),
antigens are synthesized which appear to be immunologically
identical.

2. UV irradiation of SV40 (Carp and Gilden, 1965) and polyoma
(Benjamin, 1965; Basilico and DiMayorca, 1965; Latarjet er
al., 1967) sequentially inhibits the ability of the virus to
produce infectious progeny, late antigens, and early antigens.
Temperature-sensitive (rs) mutants of polyoma virus which
are defective at an early stage (prior to DNA replication)
either fail to make T antigen, or make reduced amounts of it
(Oxman et al., 1972). Similarly, early zs mutants of SV40
(Tegtmeyer, 1972) also appear to be incapable of making the
normal T antigen, although a somewhat altered product with
similar antigenicity is detected (Tegtmeyer, personal com-
munication; M. Osborn and K. Weber, personal communi-
cation).

3. In the SV40 lytic cycle, the synthesis of early SV40 RNA
(Oxman and Levin, 1971) and T antigen (Oxman er al., 1967)
are inhibited when cultures are treated with interferon. In-
terferon is considered to be a specific inhibitor of viral protein
synthesis, but it does not block cellular protein synthesis.
Neither viral RNA nor T antigen is sensitive to inhibitors of
DNA synthesis (Gilden er al., 1965; Melnick and Rapp, 1965;
Butel and Rapp, 1965), which indicates that they are inde-
pendent of viral DNA replication. Both, however, are in-
hibited in the presence of actinomycin D, an agent which
blocks viral transcription.

While these experiments appear to make a strong case for the
virus-specific nature of early papovavirus antigens, they do not prove
that the antigens are virus-coded. Such proof will probably require the
in vitro synthesis of defined viral proteins. Ideally, such experiments
would be performed in a coupled system with transcription of the viral
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DNA and translation of the newly synthesized message. Since
transcription of the SV40 and polyoma genomes by E. coli RNA
polymerase results in a product which differs considerably from stable
lytic RNA (see Sect. 3), future studies may require better characteriza-
tion of transcriptional intermediates and mammalian RNA
polymerases. Until then, preliminary experiments will probably rely on
the translation of purified in vivo viral mRNA. These experiments are
now in progress in a number of laboratories and should provide im-
portant answers concerning the nature of viral-coded products.

4.1.1. T Antigen

The best characterized of the early antigens are the SV40 and poly-
oma T (‘“tumor’) antigens. They were first detected by a com-
plement-fixation (CF) method (Black er al., 1963; Takemoto and
Habel, 1965) and are localized in the cell nucleus using immuno-
fluorescence (IF) techniques (Pope and Rowe, 1964; Rapp et al.,
1964a; Gilden et al., 1965). Antibodies for the detection of T antigen
are present in sera from animals bearing SV40 or polyoma tumors.
The T antigen can be detected as early as 10-18 hours after infection
(Rapp er al., 1964a; Hoggan et al., 1965) and persists throughout the
lytic cycle. The time of appearance of SV40 T antigen and its rate of
accumulation have been shown to depend in part on the line of cells
infected and the temperature of incubation (Khoury, 1970; Kitahara
and Melnick, 1965).

T antigen is heat labile and is sensitive to trypsin, but not to
DNase (Gilden er al., 1965). SV40 T antigen does not cross-react with
the polyoma T antigen; however, it does share immunological
properties with antigens induced by some of the recently discovered
papovaviruses isolated from human sources (Takemoto and
Mullarkey, 1973).

The synthesis of T antigen is not affected by inhibitors of DNA
replication (Gilden et al., 1965; Melnick and Rapp, 1965; Butel and
Rapp, 1965), but its synthesis is inhibited by actinomycin D and in-
terferon (Oxman ez al., 1967) and by cycloheximide (Gilden and Carp,
1966), thus suggesting that de novo transcription and subsequent
translation of this message are required for T-antigen production. The
presence of T antigen has served as one of the important criteria for
determining whether cells are infected or transformed by SV40 or poly-
oma. Yet, it is still not known whether this antigen has a function in
the lytic cycle. Some preliminary data suggest that an altered T
antigen may be made at the restrictive temperature, by an early SV40
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ts mutant (M. Osborn and K. Weber, personal communication). Since
this mutant is blocked in SV40 DNA synthesis (Tegtmeyer, 1972), one
interpretation would be that T antigen is in some way required for viral
DNA synthesis.

One of the major problems in determining the function of T
antigen has been an inability to adequately purify this antigen. A
number of investigators however have recently made considerable
progress toward that goal (P. Tegtmeyer; D. Livingston; M. Osborn and
K. Weber; and R. Carrol, personal communications) and it appears the
T antigen may be a DNA-binding protein. A considerable amount of
data concerning the structure and function of T antigen should be forth-
coming in the next few years, and we may hope that this will result in a
fuller understanding of the mechanisms responsible for lytic infection
and transformation.

4.1.2. U Antigen

The U antigen has been detected by CF and IF methods in SV40-
infected and -transformed cells (Lewis and Rowe, 1971). Like T
antigen, the U antigen reacts with serum from SV40-tumor-bearing
hamsters. Unlike T antigen, however, U antigen is found at the nuclear
membrane and is heat stable (Lewis and Rowe, 1971). While most
antisera for T antigen contain anti-U antibodies, there are some
batches of anti-T sera which do not. Furthermore, there is a hybrid de-
letion mutant of adenovirus and SV40 (Ad2"ND,; see Sect. 5.4) which
induces U antigen but not T-antigen, thus suggesting that the two
antigens differ, at least in part. Nothing is known about the structure
or function of this antigen.

4.1.3. Tumor-Specific Transplantation Antigen (TSTA)

The polyoma (Habel, 1961; Sjogren et al., 1961) and SV40 (Habel
and Eddy, 1963; Khera er al., 1963; Koch and Sabin, 1963; Defendi,
1963) TSTAs have been studied primarily in transformed cells and
have been demonstrated by in vivo immunological methods such as
transplantation rejection. In these tests, animals immunized with cells
containing the TSTA become resistant to a subsequent challenge with
transplantable SV40- or polyoma-transformed cells or tumor cells.
TSTA appears to be localized at the cell surface. Newborn hamsters
inoculated with membranes from SV40 tumor cells develop a tolerance
to immunization as adults against SV40 tumor transplantation (Teve-
thia and Rapp, 1966). Furthermore, adult animals can be protected
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against transplantable tumors by immunization with membranes from
SV40 tumor cells (Coggin et al., 1969). In more recent studies, TSTA
has been shown to be synthesized during the lytic cycle. The ability to
block its production with inhibitors of DNA-dependent-RNA synthesis
and inhibitors of protein synthesis suggests that TSTA appears as a
virus-induced protein during productive infection (Girardi and Defendi,
1970). Whether it is virus-coded is not known. The antigen has not
been purified and its physical and chemical structures are unknown.

4.2. Induction of Host Cell Proteins

The synthesis of a number of enzymes, as well as host cell DNA
and RNA synthesis, is stimulated after infection of permissive cells by
SV40 and polyoma. Most of the enzymes have a function in DNA-
synthetic pathways. The relationship between the early viral antigens
and many of the induced enzymes is not clear, but the latter often re-
semble host enzymes in their properties. It is obvious that a genome of
the size of SV40 or polyoma could not code for all of these proteins.
Therefore, most, if not all, are presumed to be host enzymes, stimu-
lated by viral infection (Basilico et al., 1969). A more complete dis-
cussion of the induction of cellular nucleic acids or enzymes can be
found in a number of compreehensive reviews (Kit er al., 1966; Kit,
1967, 1968).

4.3. Virion-Associated Endonucleases

An endonuclease capable of introducing a single-strand endo-
nucleolytic cleavage in the host genome has been found associated with
purified polyoma (Cuzin et al., 1971) and SV40 virions (Kaplan et al.,
1972; Kidwell er al., 1972). Since a productive infection can be es-
tablished with viral DNA alone (Crawford et al., 1964), these enzymes,
in a virus-associated form, are not essential to the lytic cycle. If the en-
donuclease could be shown to be virus-specific or site-specific,
however, the implications with respect to an integration function either
in lytic or transforming cell interactions would be extremely important.

There is considerable uncertainty at present, whether the SV40-
associated enzyme is virus-specific; it is not unlikely that association of
the endonuclease with the virion can occur as a result of the extraction
procedure.

The endonuclease associated with SV40 virions is still present
when virus preparations from both early and late temperature-sensitive
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mutants are grown at permissive temperatures and then incubated at
the restrictive temperature for 1-2 hours. This suggests that the ts
functions are not required for the presence or activity of the enzyme
(Kidwell et al., 1972). Furthermore, the data at present do not suggest
specificity with respect to the site of cleavage in the SV40 DNA, and
prolonged incubation of SV40 DNA in the presence of the endo-
nuclease leads to extensive digestion.

On the other hand, the endonuclease from polyoma virus is not
associated with the early rs mutant, 7sA (Cuzin et al., 1970). Further-
more, this enzyme appears to introduce a specific break into the poly-
oma genome (F. Cuzin, A. Parodi, D. Blangy, O. Croissant, and P.
Rouget, unpublished results). Determination of the source and activity
of these virion-associated endonucleases will, of course, require further
investigation.

4.4. Structural Proteins of SV40 and Polyoma

Late in the lytic cycle of SV40 and polyoma, subsequent to viral
DNA replication, a new intranuclear antigen (V antigen) can be de-
tected by immunofluorescent staining (Mayor et al., 1962). This
antigen reacts specifically with hyperimmune antisera against intact
virions and almost certainly represents the viral coat protein(s). Since
it is likely that the capsid protein is synthesized in the cytoplasm, its
presence in the nucleus is probably the result of a rapid transport of
synthesized coat protein to the nucleus for viral assembly. It is
possible, however, that V antiserum is specific for assembled coat pro-
tein(s) which may be present only in cell nuclei. Whether the anti-V
antisera are directed against one or more proteins is not known.

Since the capsid proteins of polyoma and SV40 can be obtained in
large quantities and are relatively stable, they have been well
characterized (Fine et al., 1968; Girard et al., 1970; Barban and Goor,
1971; Estes et al., 1971; Hirt and Gesteland, 1971; Roblin er al., 1971;
Huang er al., 1972a; Frearson and Crawford, 1972; Friedmann and
David, 1972) (see Table 1). In the case of SV40, the major capsid
polypeptide (VP1) has been shown by SDS-polyacrylamide gel elec-
trophoresis to have a molecular weight between 43,000 and 45,000 and
to constitute more than 75% of the total protein. Two other viral
structural proteins (VP2, VP3) with molecular weight of approximately
30,000-38,000 and 20,000-23,000 daltons, respectively, have also been
described which are present in smaller amounts than the major
polypeptide; VP2 appears to be a capsid protein, while the location of
VP3 within the virion is uncertain.
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TABLE 1
The Proteins of SV40 and Polyoma

Mol. wt.
Protein X 1073 Predicted origin
VP1 43484 Viral capsid
VP2 30-38 Viral capsid
VP3 20-23 ?
VP4 14-16 Host cell histone (F3)®
VP5 12-14 Host cell histone (F2b)
VP6 12-13 Host cell histone (F2a2)
VP7 10-12 Host cell histone (F2al)

e In addition, some studies of polyoma proteins have
demonstrated the presence of a larger polypeptide
(molecular weight = 86,000) which is thought to be a
dimer of VP1 [see, for example, Friedmann (1974)].

® The correspondence between the small viral poly-
peptides and particular host cell histones is based on
studies by Lake et al., (1973), B. Hirt (personal com-
munication), and D. Pett and M. K. Estes (personal
communication).

The major capsid proteins of polyoma are similar in size to those
of SV40 (VPI1, 45,000-50,000; VP2, 30,000-35,000; and VP3,
20,000-25,000). In addition, there is a large polypeptide (P1) of ap-
proximately 80,000 daltons (Friedmann, 1974), which is thought to be
a dimer of VP1. Peptide mapping of the tryptic digests of polyoma
structural proteins suggests that some may share common polypeptide
sequences and probably have arisen by cleavage of a common
precursor (Friedmann, 1974). Alternatively, the proteins may have
been translated from overlapping segments of a common mRNA
molecule. There appears to be no similarity in the peptide maps of the
respective tryptic digests of polyoma and SV40 proteins, suggesting
that the coat proteins of the two viruses are significantly different.

SDS polyacrylamide gels have also beeén used to compare the
proteins synthesized in SV40-infected monkey cells with those present
in mock-infected cells. Among the new proteins detected in virus-
infected cells were two corresponding in mobility to the major and
minor capsid proteins (Fischer and Sauer, 1972; Ozer, 1972; Anderson
and Gesteland, 1972; Walter er al., 1972). A tryptic digest of the larger
protein resulted in a peptide map quite similar to that obtained from
the major SV40 capsid protein (Anderson and Gesteland, 1972). The
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capsid proteins are virus-specific, and they are probably coded for by
the late region of the viral genomes.

While viral DNA is itself infections (Crawford er al., 1964), the
capsid proteins appear to provide a valuable if not essential function in
the reproduction of these viruses. Infection of cells with intact virions is
clearly much more efficient than infection with DNA. This may be re-
lated to an increased efficiency of absorption and/or penetration in the
presence of the coat protein. It is also possible that the capsid protein
protects the viral DNA from cellular nucleases.

The amino acid composition of the capsid proteins has been de-
termined for both SV40 (Schlumberger er al., 1968; Greenaway and
LeVine, 1973) and polyoma virus (Murakami et a/., 1968). Using an
isoelectric focusing technique, differences are seen in the capsid pro-
teins of a large-plaque SV40 strain as compared to small- or minute-
plaque virus (Barbon, 1963). Various plaque mutants also differ in
their host cell restriction, temperature sensitivity, oncogenicity, and
antigenicity (Takemoto er al., 1966; Takemoto and Martin, 1970).
Which of these properties, if any, is related to the differences in
structural polypeptides remains to be determined. Differences in the
polypeptides of polyoma plaque mutants have also been reported (Mu-
rakami er al., 1968; Thorne er al., 1968). While two large-plaque
strains of polyoma have similar amino acid compositions, both appear
to differ from a small-plaque polyoma strain (Murakami er al., 1968).

Recent studies have shown that all of the SV40 structural proteins
are phosphoproteins (Tan and Sokol, 1972) and that the phosphate
groups are linked only to serine residues (Tan and Sokol, 1973). The
significance of this finding with relationship to the structure or function
of the virion polypeptides is still unknown.

4.5. Internal Proteins

A group of low-molecular-weight proteins (10,000-16,000 daltons;
Table 1) have been found associated with the nucleic acid cores of both
SV40 (Girard et al., 1970; Barban and Goor, 1971; Estes et al., 1971;
Hirt and Gesteland, 1971; Huang er al., 1972a; Frearson and
Crawford, 1972) and polyoma (Roblin er al., 1971; Frearson and
Crawford, 1972; Hirt, unpublished results) virions. These polypeptides
remain associated with the viral nucleic acid after mild alkaline
treatment of intact virions (Estes er al., 1971), and they are not found
in empty viral capsids (Frearson and Crawford, 1972). Using SDS-
polyacrylamide gel electrophoresis, three low-molecular-weight basic
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proteins are observed. But with Tris-acetate-SDS-polyacrylamide gel
electrophoresis it appears that at least four proteins are associated with
SV40 cores (Lake er al., 1973; Fig. 13). A considerable amount of data
has been accumulated which strongly suggest that these basic
polypeptides are derived from the host cell histones:

1. When permissive cells are labeled with *H-lysine prior to
polyoma infection, a greater amount of label appears in the
core proteins of progeny virions than in the viral capsid pro-
teins (Frearson and Crawford, 1972).

2. The mobility of the SV40 basic polypeptides on Tris-acetate-
SDS-polyacrylamide gels corresponds directly to that of the
evolutionarily conserved histones F3, F2b, F2a2, and F2al
(Lake er al., 1973; see Fig. 13). Similar results for SV40 pro-
teins VP4-6 have been found in an independent study using
similar methods (Pett and Estes, in preparation). Further-
more, the peptide maps of the core proteins of both polyoma
and SV40 correspond to those of the basic proteins of the cell
lines which support their permissive cycles, mouse and
monkey kidney cultures (Hirt, unpublished results).

3. Histones are rich in two basic amino acids, arginine and
lysine, but are deficient in tryptophan. When polyoma-
infected mouse cells were labeled with '*C-arginine and *H-
tryptophan, both isotopes were found in the capsid protein of
progeny virions, but only the '*C-arginine was incorporated
into a core polypeptides (Roblin et al., 1971).

Recently, it has been suggested that although the small internal
proteins of polyoma and SV40 may be host-derived, it is unlikely that
they are histones, on the basis of their higher tryptophan content
(Greenaway and LeVine, 1973). This report is in disagreement with the
findings previously mentioned. Considering all of the data presently
available, it seems most likely that the core polypeptides of SV40 and
polyoma are derived from the histones of the host cell.

While the relative proportions of the core proteins are the same in
both whole virions and in nuclear cores, there is clearly a predomi-
nance of VP4 (histone F3) in SV40 virions as compared to the
concentration in host Vero cells (Lake er al., 1973). This finding sug-
gests a nonrandom incorporation of core proteins into virions and may
be related to the histone’s function. What role the core proteins
perform in the virion, however, is not known. On the basis of in vitro
transcription studies with SV40 (Huang et al., 1972b), it has been sug-
gested that the histonelike proteins may have a regulatory function in
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the transcription of the genome. The kinetics and extent of transcrip-
tion of an SV40 DNA template were compared with that of a deoxy-
nucleoprotein template; The latter contained SV40 core proteins.
Using the DNA-dependent RNA polymerase from either E. coli or a
mammalian source, the rate of transcription of the SV40 deoxy-
nucleoprotein complex (DNP I) was shown to be less than that of
Sv40 DNA 1. Furthermore, competition-hybridization experiments
showed that the extent of transcription of DNP I was less than that of
SV40 DNA 1. One interpretation of these data is that the core
polypeptides exert a specific control over the transcription of the SV40
genome. It is conceivable that these histones also limit the gene se-
quences transcribed early after lytic infection.

4.6. The SV40 Helper Function for Adenovirus Replication in Monkey
Cells*

While monkey kidney cells are semipermissive for the replication
of adenoviruses, the ability of these viruses to replicate in such cells is
greatly enhanced by coinfection with SV40 (Rabson er al., 1964;
O’Conor et al., 1965). Whether or not this function relies on the
presence of virus-coded protein is not known. It is known, however,
that synthesis of new protein(s) is required since pretreatment of cells
with cycloheximide prevents the enhancement of this ability to repli-
cate (Friedman er al., 1970). Coinfection with the nondefective (ND)
adenovirus 2-SV40 hybrid virus [Ad 2*ND,] can provide the helper
function for adenovirus replication (Lewis et al., in preparation). This
hybrid virus contains only enough SV40 DNA (approximately 18% of
the SV40 genome) to code for the SV40 U antigen (Lewis and Rowe,
1971); thus, one might speculate that if the helper function is virus-
coded it might be provided by (or depend on) the SV40 U antigen.

A number of temperature-sensitive mutants of SV40 (including
mutants in both early and late functions) were able to aid the rep-
lication of adenoviruses in monkey cells at the restrictive temperature
(Jerkofsky and Rapp, 1973). This evidence suggests that the helper
function is induced very early in the lytic cycle. In the same study it
was shown that the SV40 helper function was ineffective in a particular
continuous line of BSC-1 monkey kidney cells. This cell line is unique
in that it fails to shown an induction of host cell DNA synthesis after
infection with SV40. Since the stimulation of host cell DNA synthesis

* See also Chapter 3 in this volume.
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is an event which occurs very early after SV40 infection of most
monkey kidney cell lines, and does not occur in these BSC-1 cells, it is
possible that the helper function for adenovirus replication is directly
linked to the factor responsible for the stimulation of host cell DNA
synthesis. Such a conclusion is supported by the demonstration that a
clone of BSC-1 cells in which SV40 infection does stimulate host cell
DNA synthesis would permit complementation of adenovirus rep-
lication by SV40 (Jerkofsky and Rapp, 1973).

The nature of the helper function is not understood, but it has
been shown that in the absence of coinfection with SV40, adenovirus 2
induces the synthesis of both early and late adenovirus RNA (Fox and
Baum, 1972). Furthermore, this RNA is polyadenylated and
transported to the cytoplasm. While some investigators have detected
the presence of adenovirus proteins after abortive infection of monkey
cells by adenoviruses alone (Friedman er al., 1970; Henry et al., 1971,
Baum et al., 1972), they are clearly present in decreased quantities
unless cells are coinfected with SV40. The block in adenovirus rep-
lication and the site of the SV40-related helper function may
therefore reside at the level of the interaction of adenovirus mRNA
with polyribosomes (Hashimoto et al., 1973), in the translation of the
message, or in the processing of the polypeptides. In any case, the
block seems to occur at a post-transcriptional level. This conclusion is
further supported by the finding of equivalent amounts of polysome-
associated adenovirus-specific RNA in enhanced and unenhanced infec-
tions. Furthermore both populations of mRNA are translated in vitro
with equal efficiency (L. Eron, H. Westphal, and G. Khoury, in
preparation).

5. OTHER PROPERTIES OF PAPOVAVIRUSES
5.1. Induction of Cellular Processes in Infected Cells

As previously described. the lytic infection of either polyoma or
SV40 is accompanied by the stimulation of a number of cellular
processes; there is the induction of synthesis of cellular DNA
(Dulbecco er al., 1965; Hatanaka and Dulbecco, 1966; Ritzi and
Levine, 1969) and mitochondrial DNA (Levine, 1971), certain enzymes
(Kit, 1967), cellular RNA (Oda and Dulbecco, 1968a), and of histones
(Shimono and Kaplan, 1969; Hancock and Weil, 1969; Winocour and
Robbins, 1970; Rovera et al., 1972). These phenomena are related to
the exposure of cells to virus, and in general, higher levels of induction
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are seen after infection at higher input multiplicities (Basilico et al.,
1966). While these effects are the consequence of exposure to the virus,
it is difficult to assess their importance in relation to virus replication.
There is some implication, when you discuss the induction of cellular
processes which results from virus infection, that viral gene products
are acting in some immediate way as regulators of these processes. For
example, it has been proposed that the induction of cellular DNA syn-
thesis by SV40 is an in vitro parallel to the process of malignant cell
transformation that occurs in vivo. However, the very broad
stimulation of cellular processes results from the exposure of cells to a
virus which codes for only six to ten proteins.

The induction of cellular DNA synthesis is seen following in-
fection with either SV40 or polyoma virus in almost every cell line that
has been examined. These cell cultures in which induction of cellular
DNA is observed have been held in a contact-inhibited state for several
days prior to infection. The cells are presumed to be arrested in the G1
phase, a phase which is normally characterized as a brief period (of ap-
proximately 4-12 hours duration) following mitosis and prior to the
initiation of DNA synthesis. There has not yet been an adequate
characterization of the changes that occur in a cell population which
has been kept in a nondividing state for several days prior to infection.
It is most likely that these cells may differ markedly from G1 cells
even though both share certain common properties (e.g., a diploid
DNA content and the absence of DNA synthesis). In a growing cell
population, virus infection does not change the orderly progression of
cells through the cycle, i.e., cells which are in different parts of the cell
cycle when they are infected are not brought into synchrony in a single
phase of the cycle (Ben-Porat and Kaplan, 1967). When growing cells
are infected, it has been shown that some biosynthetic event occurs
during late G1 or early S phase which is required for virus replication
(Pages et al., 1973; Thorne, 1973).

Given these two facts, (1) that events which are required for virus
replication can occur only during G1 or S phase, and (2) that virus in-
fection per se is not sufficient to change the phase of the cell cycle, it
would seem likely that a necessary consequence of infection of a
resting cell population is that it affects the cell like a mitogenic agent.
This is likely to be a precondition for virus replication, since after
resting cells are stimulated to divide they will move through the cell
cycle and allow biosynthetic events to occurs which are required for
virus replication and which are coupled to particular parts of the cell
cycle. The general induction of cellular processes would then be a
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reflection of cell growth and division. There are significant differences
between resting cell cultures in which cellular processes are induced as
a consequence of infection and uninfected growth cells. Some of these
differences may be a consequence of the extended time that cultured
cells were held in a contact-inhibited state prior to infection.

5.2. Pseudovirions

Fragmented cellular DNA can be encapsidated within a virus pro-
tein coat giving rise to pseudovirions, noninfectious, viruslike particles
which contain linear duplex fragments of cellular DNA. It is only
cellular DNA that has replicated during the infectious cycle which
breaks down to material of about the same molecular weight as viral
DNA (Ben-Porat and Kaplan, 1967). In contrast with polyoma, where
pseudovirions are commonly found after infection of primary or
continuous monkey kidney cell cultures (Michel er al., 1967), SV40
pseudovirions are observed only rarely and not in any consistent or
predictable manner (Trilling and Axelrod, 1970, 1972). Three different
types of monkey kidney cultures have been compared to determine the
conditions in which pseudovirion formation occurs. When these three
monkey kidney cell lines were compared following SV40 infection,
there was a 13-23% breakdown of prelabeled cellular DNA of primary
African green monkey kidney cell cultures within 96 hours post-in-
fection, for CV-1 cells there was a 1-2% breakdown, and there was no
breakdown of prelabeled BSC-1 cellular DNA (Ritzi and Levine,
1967). These results parallel other studies in the same laboratory which
showed that pseudovirions were obtained after infection of primary
AGMK cells but not in virus stocks prepared in CV-1 or BSC-1 cells
(Levine and Teresky, 1970). While this would suggest that cleavage of
cellular DNA is a precondition for pseudovirion formation, it has not
been established that cleavage alone is sufficient for pseudovirion
production. Treatment of polyoma-infected mouse embryo cells with
phleomycin also enhances the incorporation of host cell DNA into
virions (Iwata and Consigli, 1971). The three requirements for pseu-
dovirion formation are: (1) conditions which permit cellular DNA re-
plication, (2) breakdown of this cellular DNA, and (3) encapsidation of
the DNA within a virus protein coat. It has also been suggested that
the relative pool sizes of polyoma DNA and degraded cellular DNA at
the time of virus assembly may determine the relative proportion of
polyoma virions and pseudovirions (Yelton and Aposhian, 1972).
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5.3. Nucleoprotein Complexes

The association of proteins with viral nucleic acid in nucleoprotein
complexes may occur for a number of reasons. These complexes may
be intermediates in the process of uncoating of the virus particle; they
may represent the association of enzymes with DNA during replication
of viral DNA or during transcription; or they may be intermediates in
the de novo formation of virions which accumulate during virus re-
plication. The components which make up the virion have been
described above in some detail. These include the four histones which
are now thought to be cellular in origin, the three viral proteins, and
the DNA. Little is known, however, about the internal structure of the
virion and the functional implications of this structure.

When polyoma- or SV40-infected cells were treated with Triton
X-100, nucleoprotein complexes were obtained which sediment at 55 S
and 44 S, respectively (Green er al., 1971, White and Eason, 1971).
The complexes contain DNA I bound to proteins which have not yet
been characterized. More relevant to the process of virus replication
are nucleoprotein complexes which contain 25 S DNA and which are
more difficult to extract from cells than nucleoprotein complexes
containing DNA [ (White and Eason, 1971; Goldstein et al., 1973;
Hall er al., 1973). After a pulse and chase, the replicating-polyoma
nucleoprotein complexes are converted to complexes containing DNA
I; this indicates that they are intermediates in replication. DNA
molecules at all stages of replication are present in nucleoprotein com-
plexes. Recent experiments (Seebeck and Weil, 1974) suggest that the
proteins associated with replicating polyoma DNA in nucleoprotein
complexes are cellular histones. This is in agreement with previous
studies which have shown that the polyoma and SV40 core proteins are
derived from the histones of the host cell (see Sect. 4.5). The complexes
containing replicating DNA consist of an equal mass of protein and
DNA. Based on the bouyant densities of complexes, it seems likely
that protein is bound to both replicated and unreplicated portions of
the DNA within the complex. A study of SV40 nucleoprotein com-
plexes has yielded results that are similar in almost all major respects
to those obtained for polyoma. The association of nucleoprotein com-
plexes with capsid protein gives rise to mature virions, and it has been
shown that capsid proteins become incorporated into virions within a
short period (15 minute) after their synthesis (Ozer and Tegtemeyer,
1972). The mechanism of virus maturation however, remains to be de-
termined.
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5.4. Adenovirus—-SV40 Hybrid Viruses

The adenovirus-SV40 hybrid viruses will be discussed at length in
Chapter 3 or this volume. Nevertheless, they have played an important
role in studies designed to elucidate the structure and function of SV40
itself, and for this reason, a preliminary discussion seems warranted.

5.4.1. PARA (E46%)

PARA ([particle aiding (and aided by) the replication of
adenovirus], or E467, refers to a defective adenovirus 7-SV40 hybrid
virus (Huebner et al., 1964; Rowe and Baum, 1964; Rapp ez al., 1964b)
which was isolated from a strain of adenovirus 7 grown for vaccine
purposes (Hartley er al., 1956) and which became contaminated with
SV40. About 75% of the SV40 molecule appears to have been inserted
into the adenovirus genome, approximately 5% from one adenovirus
end (Kelly and Rose, 1971). These molecules also contain a deletion of
16% of the adenovirus genome. They are defective in that they require
coinfection with a normal adenovirus genome to initiate a lytic cyle in
human cells (Rowe and Baum, 1965); the normal genome presumably
codes for adenovirus coat proteins into which the hybrid viral DNA is
then encapsidated. The SV40 DNA present in this hybrid virus appears
to contain all of the early SV40 genes. It is sufficient to induce the
SV40 T and U antigens (Huebner er al., 1964; Rowe and Baum, 1964;
Rapp er al., 1964b) and to provide the SV40 helper function (see
above); therefore, PARA is able to replicate efficiently in monkey cells
in the presence of a competent adenovirus genome. Although E467 ap-
pears to contain 75% of the SV40 genome, the predominant, if not the
only, SV40 RNA sequences synthesized after E46* infection of monkey
cells are the true early RNA sequences (Lebowitz and Khoury, 1974);
this has been shown in hybridization studies between RNA from
primary AGMK (African green monkey kidney) cells infected with
E46* and the R - Hin fragments of SV40 DNA. This finding is in
agreement with the data mentioned above, indicating that E46* induces
the early SV40 antigens and suggesting that the SV40 helper function
for replication of adenovirus in monkey cells is specified by the early
SV40 genes. Variants of E46* (PARA) have been isolated in which the
SV40 T antigen is localized in the cytoplasm (Butel et al., 1969). On the
basis of these studies, it is suggested that the variants are perhaps further
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defective in a function necessary for transport of T antigen to the nu-
cleus.

5.4.2. Adenovirus 2-SV40 Nondefective Hybrid Viruses

A hybrid virus, Ad2"ND, (Lewis et al., 1969), was obtained from
an isolate B55 of a stock of virus referred to as Ad2*~ which contained
populations of both adenovirus 2 and SV40 (see Lewis er al., 1973).
Like the hybrid virus E467, Ad2"ND, contains a segment of SV40
(18%) covalently inserted (Levin er al., 1971) into the adenovirus
genome at the site of an adenovirus deletion. Unlike E46™, Ad2"ND,
is nondefective, i.e., it will replicate in human embryonic kidney cells
without a helper adenovirus (Lewis et al., 1969). This indicates that the
adenovirus portion of the genome is capable of coding for its own
capsid proteins. In addition, Ad27ND, can replicate in monkey kidney
cells; thus, the integrated segment of SV40 seems sufficient to provide
the helper function for replication of adenovirus.

From plaques of the B55 hybrid population, four additional non-
defective hybrid viruses (Lewis et al., 1973), Ad2"ND,-Ad2*ND; have
been isolated. By electron microscopic heteroduplex mapping tech-
niques (Kelly and Lewis, 1973), the five hybrid viruses were shown to
contain a segment of SV40 inserted at the same site in the adenovirus 2
molecule (14% from one adenovirus end). Furthermore, segments of
SV40 contained in these hybrids had a common end point at 0.11 unit
from the SV40 R - Eco R; cleavage site (Morrow et al., 1973) and
contained a portion (7-48%) of the SV40 genome (Table 2; see Fig.
14).

Ad2*NDg4 (U, TSTA, T)

|
|
|
+ ] |
Ad2* NDg | |
00000 0000000000000000000000 | i
I
+ | |
Ad2" NDq (U) [ |
| : |
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$1 0.‘1 1 0.117 0.28 0.390.43 0.59 1 '0
| 3000000000 X000 XDU000 e e e -#z'_::.t ............. OO0 SOOPTIOGIO0OC000C00000000GH000CO000CO00OCO00000 o
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Fig. 14. Map positions of the SV40 DNA segments incorporated in the five Ad 2
SV40 nondefective hybrid viruses. The SV40-specific antigens induced after infection
by certain of these viruses (T, U, or TSTA) are indicated. Note that the SV40
molecule is represented as linear for convenience, with the Eco - Ry restriction enzyme
cleavage site at 0 map units (Lewis and Rowe, 1973).
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SV40-specific RNA is synthesized during the lytic cycle of each of
the nondefective hybrid viruses (Levine er al., 1973); Khoury et al.,
1973¢) and as was the case for the SV40 DNA segments of these
viruses, the specific RNAs have been shown by competition-hybridiza-
tion experiments to be subsets of each other (Levine et al., 1973; Table
2).

In subsequent studies with the separated strands of SV40 DNA, it
was shown that transcription in all of the nondefective hybrid viruses is
limited to the minus (or early) DNA strand. Under saturating condi-
tions it was further demonstrated that the SV40 segment in each of the
hybrids is transcribed in its entirety (Khoury ez al., 1973¢). It had pre-
viously been shown that Ad2*ND, (as well as the other nondefective
hybrids) contain both early and late SV40 gene sequences (Patch et al.,
1972, 1974). Since the early and late SV40 messages are transcribed
from opposite strands of the SV40 DNA, the extent and strand
orientation of transcription in the nondefective hybrid viral lytic infec-
tions indicates that there is no synthesis of stable late SV40 mRNA,
and that stable ‘‘anti-late” SV40 RNA sequences are synthesized
(Khoury er al., 1973¢). More recent data confirm the presence of these
‘“anti-late’ transcripts and suggests that they are present in lower
concentrations than the true early SV40-specific RNA sequences.

Since the direction of RNA synthesis on the minus (early) strand
of SV40 DNA has been determined (Khoury et al., 19735, see Fig. 11),
the direction of transcription of the SV40 sequences from the nonde-
fective adenovirus-SV40 hybrids is known. It is clear that this
transcription proceeds from the uncommon toward the common end of
the SV40 segments (see Figs. 11 and 14). If transcription were to begin
in the SV40 portion of the genomes, this would require a different pro-
moter in each of the SV40 segments of the five nondefective hybrid
viruses. Thus, it was suggested that transcription is initiated at a pro-
moter in the adenovirus portion of the hybrid, proximal to the early
SV40 region (Khoury et al., 1973¢). This prediction would also suggest
that hybrid-adenovirus message is synthesized with adenovirus se-
quences on the 5° end of the molecule. Adenovirus-SV40 hybrid
mRNA has been detected by filter hybridization techniques (Oxman ez
al., 1974). Although the orientation of the adenovirus and SV40 se-
quences has not yet been determined, it has been concluded that the
hybrid promoter is in adenovirus DNA, since transcription from the
hybrid viral DNA is resistant to interferon. In contrast, SV40
transcription (and/or translation) is quite sensitive to interferon
(Oxman et al., 1967).
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The prototype of these hybrid viruses, Ad2-ND, which contains
18% of the SV40 genome (see Table 2), does not induce the SV40 T
antigen but does code for the SV40 U antigen. In addition to the U
antigen, Ad2*ND, (containing 32% of the SV40 genome) codes for the
SV40 transplantation antigen (TSTA), while Ad2-ND,, which
contains the largest SV40 segment (48%), codes for U, TSTA, and T
antigen.

An analysis of the antigen-inducing ability of the hybrids and the
location of the SV40 segments of each on the parental SV40 genome
allows one to construct a map of the early SV40 antigens (see Fig. 14).
The U antigen would be located at the common end of the hybrids, and
between 0.11 and 0.28 unit. Similarly, TSTA and T antigens would be
associated with 0.28-0.39 and 0.39-0.59 unit, respectively. It should be
pointed out, however, that although the SV40 segments of the nonde-
fective hybrid viruses have been carefully mapped, the early “gene’
regions associated with these segments have been located only by in-
ference. Furthermore, the three regions of the SV40 genome described
above are only large enough to code for proteins of 15,000-25,000
daltons; the early SV40 antigens, on the other hand, may be
considerably larger (see above). In spite of these reservations, the map
positions of the early SV40 antigens as determined from the
adeno-SV40 nondefective hybrid viruses and the early transcriptional
region of the genome localized by hybridization experiments (Khoury
et al., 1973b; Fig. 11) are in good agreement.

Two of the nondefective hybrid viruses, Ad2*ND; and Ad2-ND;,
induce no known SV40 antigens (Lewis et al., 1973; Table 2). Yet in-
fection by each of these viruses results in the synthesis of SV40-specific
RNA, which represents a complete transcript of the incorporated SV40
DNA segment (Khoury er al., 1973c). Perhaps the SV40 gene se-
quences in Ad2*NDj, are too small (7% of SV40) to induce any SV40
antigens. Furthermore, most of the SV40-specific RNA transcribed
from this hybrid is “anti-late’” message (Patch er al., 1974). On the
other hand, Ad2*ND; contains almost as much SV40 DNA as
Ad2*ND, (Kelly and Lewis, 1973), a hybrid which induces two of the
three early SV40 antigens (Lewis et al., 1973). There appears to be no
inhibition of the transcription of Ad2"ND,;; mRNA is synthesized
(Levine et al., 1973; Khoury et al., 1973c¢); transported to the cyto-
plasm, and is found on polyribosomes (C. S. Crumpacker, Levin, and
Lewis, unpublished results). Whether there is a block in the initiation
of translation or a frame shift resulting in the translation of a nonsense
protein is unclear. In addition, it remains to be determined if the fact
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that AdZ*NDs.contains the largest adenoviral DNA deletion among
the nondefective hybrids relates to the lack of induction of early SV40
antigens.

Note. See Addendum on page 475.
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1. INTRODUCTION

The name adenovirus was coined in 1956 (Enders er al., 1956) to
designate a group of viruses isolated from the respiratory tracts of man
and other animals. The first strains isolated were described in 1953 by
Rowe et al. (1953) and in 1954 by Hilleman and Werner (1954). Today
more than 80 different adenovirus serotypes have been isolated from a
variety of animal species (Wadell, 1970), and all except the avian
adenoviruses share one antigenic determinant. The human
adenoviruses have been divided into subgroups on the basis of their
ability to agglutinate rhesus monkey and rat erythrocytes (Rosen,
1960) and on the basis of their oncogenicity (Huebner et al.. 1965).
Each subgroup contains several serotypes characterized by type-
specific antigens present in their capsids, as evidenced by hemaggluti-
nation-inhibition or neutralization tests.

In humans, adenoviruses mainly cause milder respiratory disease,
but cases of conjunctivitis, myocarditis, enteritis, and lymph node in-
volvement have also been reported (Sohier er al., 1965), and the epi-
demic character of the respiratory illness caused by some serotypes
among military recruits has emphasized the need for the production of
multivalent vaccines (Hilleman, 1966). One aspect of adenoviruses that
has received much attention during the last ten years is that many of
them are oncogenic. This was discovered in 1962 by Trentin er a/
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(1962), who found that human adenovirus type 12 (Ad 12) induces tu-
mors in newborn hamsters. The same observation was reported by
Huebner et al. (1962), who found that Ad 18 also had this property.
Subsequently, a series of reports confirmed the oncogenicity in
hamsters of human Ad 12 and also described the oncogenicity of
several other human and nonhuman adenoviruses in several species of
rodents (Huebner er al., 1963, 1965; Rabson er al.. 1964a; Yabe er al..
1964; Pereira et al., 1965; Girardi et al., 1964; Hull er al.. 1965;
Darbyshire, 1966; Sarma et al., 1965). The tumors formed usually have
the characteristics of undifferentiated sarcomas, although malignant
lymphomas were occasionally observed (Larsson et al., 1965).

Transformation of in vitro-cultured cells by an adenovirus was
first demonstrated by McBride and Wiener (1964), who showed that
the highly oncogenic human Ad 12 could transform newborn hamster
kidney cells. Subsequently, the transformation of rat embryo fibro-
blasts by the same adenovirus type was reported by Freeman er al.
(1967a). Since then, several adenovirus types have been shown to cause
in vitro transformation of rodent cells (Freeman et al.. 1967b.c; Van
der Noorda, 1968a.b; McAllister et al., 1969a,b; Riggs and Lennette,
1967; Casto, 1969), and the tumorigenic properties of the in vitro-
transformed cells have been well established. The biochemical studies
of the transformation of animal cells by oncogenic viruses in vitro have
progressed during recent years, and much of our basic knowledge con-
cerning growth regulation and carcinogenesis has been derived from
studies on such in vitro systems (Pontén, 1971).

In addition to providing an insight into the changes involved in
transformation of normally growing cells to tumor cells, the
adenoviruses have become increasingly more important in providing
convenient model systems for studies of DNA replication and gene
expression in eukaryotic cells. In the transformed cells viral genes ap-
parently have become integrated into the genome of the host cell
(Green, 1970), and results of studies on the expression of these viral
genes, the products of which can be identified, thus directly reflect the
mechanisms used by the host cell in expressing its own genes. This was
realized several years ago, and studies on SV40-transformed cells
(Lindberg and Darnell, 1970; Tonegawa er al.. 1970) gave the first evi-
dence suggesting that mRNAs in eukaryotes are synthesized as high-
molecular-weight precursors. Recent developments in the biochemical
analysis of the biogenesis of adenoviruses indicate that productively
infected cells might also serve as a convenient model system for studies
on the synthesis of macromolecules in the eukaryotic cell. Several
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observations strongly suggest that also under these conditions the
adenovirus mimics the host cell in its gene expression. After the in-
fection, the virus is rapidly established in the nucleus of the cell, where
its DNA is transcribed and replicated (Green et al., 1970). The viral
DNA is transcribed into large RNA molecules (Green et al.. 1970;
Wall er al., 1972; McGuire et al., 1972), which by post-transcriptional
processes appear to be cleaved into the smaller mRNA molecules
found on cytoplasmic polyribosomes (Green et al., 1970; Philipson et
al., 1971; Lindberg et al., 1972). Adenovirus mRNA is polyadenylated
at the 3’ terminus in the same way as cell mRNA, and studies on this
system have provided clear evidence that the polyadenylation of
mRNA is a post-transcriptional event (Philipson ez al., 1971). Finally,
it has been found recently that the messenger ribonucleoprotein parti-
cles (mRNP) containing viral mRNA isolated from polysomes during
virus infection contain five major labeled polypeptides, four of which
are identical in size to those found on normal cell mRNP (Lindberg
and Sundquist, 1974).

Today, a large number of temperature-sensitive (zs) adenovirus
mutants have been isolated (Williams er al., 1971; Lundholm and
Doerfler, 1971; Ensinger and Ginsberg, 1972; Shiroki et al., 1972; Ishi-
bashi, 1970, 1971). More than 50 ts mutants distributed between some
14 complementation groups have been described for Ad 5, and they are
currently undergoing biochemical and genetic analysis (Williams and
Ustacelebi, 1971; Russell er al., 1972a; Wilkie et al.. 1973). The DNA
of several adenovirus types has been cleaved by a restriction endo-
nuclease into unique sets of fragments which can be separated (Pet-
tersson et al., 1973; Mulder et al., 1974). The DNA strands of at least
two adenovirus types have been separated (Landgraf-Leurs and Green,
1971; Patch et al., 1972), and in the case of Ad 2 the separation of the
two strands of each of the separated fragments can be achieved (Tib-
betts and Pettersson, 1970). All together, this information means that the
full armamentarium for a detailed mapping of the organization of the
genes in this virus will soon be available.

This rapidly expanding field has been reviewed frequently during
recent years, with emphasis on different aspects of adenovirus research.
Relevant reviews of a general character are those of Green (1966,
1970), Schlesinger (1969), Ginsberg (1969), and Pettersson (1973a).
The characteristics of the structural proteins (Philipson and Pettersson,
1973) and the biological properties of the capsid components (Norrby,
1968) have also been reviewed. Reviews on the oncogenic and
transforming capacity of adenoviruses have also appeared (Green,
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1970; Homburger et al., 1973; Pettersson, 1973a). The present chapter
will emphasize recent contributions which help to elucidate adenovirus
reproduction and will focus on the possibility of using an animal DNA
virus as a model for molecular events in replication, transcription, and
translation in eukaryotic cells.

2. ARCHITECTURE AND COMPOSITION OF THE VIRION

The adenoviruses are nonenveloped viruses 65-80 nm in diameter.
The DNA-containing core is surrounded by a protein capsid composed
of 252 capsomers arranged into an icosahedron (20 triangular facets,
12 vertices), as originally described for Ad 5 in the classical electron
microscopic study of Horne er al. (1959). Figure 1 shows a schematic
drawing of an adenovirus with the major components of the capsid in-
dicated.

Of the capsomers, 240 have 6 neighbors and are called hexons
(Ginsberg et al., 1966), whereas the 12 vertex capsomers have 5
neighbors and are called pentons (Ginsberg er al., 1966). Each penton
unit consists of a base anchored in the capsid and an outward pro-
Jection (Valentine and Pereira, 1965; Norrby 1966). This latter struc-
ture is called the fiber. Two kinds of hexons may be defined: (1) those
located in juxtaposition to the pentons, peripentonal hexons, which dif-

Fig. 1. Schematic drawing showing the icosahedral outline of the
adenovirus capsid and the location of various components. Reprinted from
Philipson and Pettersson (1973).
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fer topologically from the remaining hexons in that they face the
penton base as one of their 6 neighbors (Prage et al.. 1970), (2) and
those, 180, which form the major part of the triangular facets and the
edges of the icosahedron. Inside the capsid there is a core structure
containing the DNA and additional protein, as originally revealed by
thin-section electron microscopy (Epstein, 1959; Epstein et al.. 1960;
Bernhard er al., 1961).

Unlike the situation for most other viruses, the capsid proteins of
adenoviruses are soluble under nondenaturing conditions. This has
greatly faciliated the purification and characterization of the virus
components. Several additional polypeptides have been discovered
during the course of these investigations, and through the development
of methods for sequential disintegration of the virion (Maizel et al.,
1968b; Laver er al., 1969; Prage et al., 1970) a rather detailed picture
of the topography of the proteins in this virus has been obtained.

The pentons alone or together with peripentonal hexons may be
selectively removed from virions after dialysis against water (Laver er
al., 1969) or Tris-maleate buffer pH 6.0-6.5 (Prage et al.. 1970). These
pentonless virions are porous but stable structures, where the DNA is
accessible to degradation with deoxyribonuclease. The hexons from the
triangular facets can be isolated after dissociation of the virus particles
with SDS, urea, or pyridine (Smith er al., 1965; Maizel er al., 1968b;
Prage et al., 1970) as groups of nine hexons in a defined structure with
local threefold symmetry (Prage et al.. 1970; Crowther and Franklin,
1972). The core has been isolated from virions after treatment with
heat (Russel er al., 1967a, 1971), acetone (Laver et al., 1967, 1968), 5M
urea (Maizel et al., 1968b), formamide (Stasny et al., 1968), 10% pyr-
idine, or repeated freezing and thawing (Prage et al., 1968, 1970).

The complex polypeptide composition of adenoviruses has been
studied by SDS-polyacrylamide gel electrophoresis (Maizel er al.,
1968.a.b; Pereira and Skehel, 1971; Everitt et al., 1973; Anderson et
al.. 1973). As shown in Fig. 2, Ad 2, which has been studied exten-
sively, may contain as many as 15 polypeptides (Everitt er al., 1973;
Anderson et al., 1973), but as has been pointed out the same
“polypeptides’ may be generated by proteolytic cleavage of the most
abundant species (Pereira and Skehel, 1971). So far, 8 of the
polypeptides have been shown to be antigenically distinct and to reside
in different structures after sequential degradation of the virion (Everitt
et al., 1973, and unpublished). Five of the polypeptides are integral
parts of the capsomers or the core structure. Polypeptide II is the
constituent polypeptide of the hexon, III of the penton base, IV of the
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Fig. 2. SDS-polyacrylamide gel au-
toradiograms of 3S-methionine-la-
beled purified virus and extract of
infected whole cells. The gel
contained 15% acrylamide and 0.08%
bisacrylamide. The polypeptide pat-
tern of purified adenovirus is shown
in frame b and the polypeptide pat-
tern of the cell extract is shown in
frame c. The extract was obtained
from cells labeled for 1 hour with
%S-methionine 18 hours post-in-
fection and then chased for 12 hours
in the presence of 30 ug/ml of nonra-
dioactive methionine. Frames a and
d are drawings representing an
idealized gel in which (a) all the
virion components and (d) all the 22
virus-induced components are
illustrated. The nomenclature used to
identify the bands for the virus is
reported in Everitt et al. (1973) and
Anderson et al. (1973). The bands in
the cell extract are identified by their
molecular weight in daltons x 10-*
except for PVII which has been
shown to be a precursor of
polypeptide VII in the virus
(Anderson et al., 1973). Reprinted by
permission from Anderson et al.
(1973).

fiber, and V and VII are the two core proteins. The remaining
polypeptides have been tentatively located in the virion structure as
schematically indicated in Fig. 3, but we still lack rigorous evidence
to establish that all polypeptides are unique.

The following polypeptides appear to be associated with the

hexons. Polypeptide VI can be demonstrated in all fractions from
disintegrated virus which contain hexons, and it cosediments with he-
xons in sucrose gradients at low salt concentration irrespective of
whether the hexons are obtained by freezing and thawing or by py-
ridine treatment (Everitt er al., 1973). There appear to be about 2
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Fig. 3. A hypothetical model of the location of isolated proteins in the virus particle
of Ad 2. The molar ratio between the internal basic proteins VII and V is S, which is
maintained in the schematic representation. Protein VII may cover about 50% of all
phosphates of the DNA (Prage and Pettersson, 1971). The molar ratio of protein VI to
hexons is about 2. Protein VI may, therefore, be located both at the inner and outer
surface of the hexons. Peripentonal hexons also possess protein VI. The acidic, low-
molecular-weight protein IX might be the cementing substance between the hexons
since it is the only polypeptide, except for protein VI, associated with groups of nine
hexons after pyridine treatment. Protein VIII, associated with the facet hexons after
sequential disintegration and showing basic properties, may reside at the inner surface
of the triangular facets to neutralize all or part of the residual DNA-phosphate groups.
Polypeptide I1la may be associated with material in the peripentonal region of the
virion. The localization of protein X is unclear at present. (A) A schematic view of a
vertical section of Ad 2. The different polypeptides are indicated by their Roman
numerals according to Fig. 2. Magnified views of groups of nine hexons and the peri-
pentonal region are given in B, C, and D. (B) A vertical section through a group of nine
hexons showing the tentative location of proteins VI, VIII, and IX. (C) A horizontal
view from the outside of the group of nine hexons showing the tentative location of
proteins VI and IX. (D) A magnification of the peripentonal region showing the pro-
teins I1, III, IIIa, IV, and VI. Reprinted from Everitt et al. (1973).
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molecules of polypeptide VI per molecule of hexon. Polypeptide VIII
is recovered in association with hexons after freezing and thawing, but
it is separated from the groups of nine hexons after degradation by
pyridine. Thus it is possible that this polypeptide is associated with
the hexon in the capsid, but that pyridine dissociates the
hexon/polypeptide VIII complex (Maizel er al., 1968b; Everitt et al.,
1973). Polypeptide IX appears to be present in preparations of groups
of nine hexons (Maizel et al., 1968b; Everitt et al., 1973), but was not
recovered in association with the hexons when the capsid was disin-
tegrated into single capsomers by freezing and thawing. It is believed
that this polypeptide is involved in keeping the hexons of the facets
together. Polypeptide Illa, appears to be preferentially released from
the vertex region after pyridine treatment and together with the peri-
pentonal hexons after dialysis against Tris-maleate buffer, pH 6.3;
thus, it may be located in the peripentonal region (Everitt et al., 1973).
The origin of the smallest polypeptide X is not yet established and
recently it was claimed that this band, which migrates with the front on
13% gels, might be resolved into 3 components—X, XI, and XII
(Anderson et al., 1973). In addition to these polypeptides, which each
constitute as much as 0.1% or more of the total mass of protein in the
virion based on radioactivity, five minor components can be observed
in purified virions (Everitt et al., 1973; Anderson et al., 1973; see also
Fig. 2). These, however, are present only in few copies per virus
particle and may not represent polypeptides unique to the virion
(Everitt et al., 1973). Recent evidence suggests that some of these addi-
tional components might correspond to precursor polypeptides to
polypeptides VI and VII of the virion, which normally are cleaved
during assembly (Anderson et al., 1973), as discussed in the section on
assembly of adenovirus (Sect. 6.9).

3. BIOCHEMISTRY OF THE STRUCTURAL PROTEINS OF
ADENOVIRUS

In the late phase of the infection, the synthesis of host cell proteins
is turned off (Ginsberg er al., 1967) and the protein-synthesizing ma-
chinery is mainly engaged in making large amounts of viral structural
proteins. The viral polypeptides are made in excess of the amounts
used for virus assembly; in fact, only 1-5% of the fiber and the penton
base and 20-30% of the hexon synthesized are ever used for the
assembly of mature virions (White er al., 1969; Everitt et al., 1971).
The polypeptides produced in excess are present as multimeric proteins
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rather than polypeptide subunits (Horwitz er al., 1969), the hexon,
penton, and fiber proteins have been purified from this excess pool, and
their immunological, chemical, and physical properties have been
studied in detail. Some of the properties of the purified proteins will be
summarized here.

The hexon is a hollow, cylinderlike object with a height of 12.5 nm
and a diameter of 8-8.5 nm, as originally shown by electron mi-
croscopy (Wilcox er al., 1963; Pettersson et al., 1967) and recently con-
firmed by low-angle X-ray diffraction studies (Tejg-Jensen er al..
1972). The protein from highly purified preparations has a molecular
weight of 310,000-360,000 daltons (Franklin et al., 1971a) and the
constituent subunit polypeptide (II) moves on SDS-gels as having a
molecular weight of around 120,000 (Maizel 1968a; Horwitz er al..
1970). Estimation of the molecular weight of the monomer by X-ray
crystallography, however, suggests a value around 95,000 (Cornick et
al.. 1971, 1973), which has been corroborated by biochemical tech-
niques involving determination of the unique cysteines in the hexon
(Jornvall er al., 1974b). Thus, it is possible that the SDS-gel technique
has overestimated the molecular weight, as was shown also to be the
case for the polypeptide of tobacco rattle virus (Ghabrial and Lister,
1973). The subunit of the hexon contains 7 cysteines in a total of ap-
proximately 850 amino acid residues, and about 20% of the primary se-
quence has now been determined (Jornvall, unpublished). The N ter-
minus of the subunit is blocked, but by utilizing in vivo labeling with *C-
acetate, it was possible to isolate a tetrapeptide (Acetyl-Ala-Thr-Pro-
Ser) containing the acetylated N terminal (Jornvall et al., 1974a). The
hexon from human Ad 2 and Ad 5 has been crystallized (Pereira et al.,
1968; Franklin et al., 1971a; Cornick et al., 1971). The crystals
described were of a cubic type falling in the P2,3 space group (Franklin
et al., 1971a; Cornick et al., 1971). This space group is characterized by
12 asymmetrical units per cell, and, since the unit cell contains four he-
xons, there must be three crystallographic asymmetrical units per
hexon. This infers that there are only three structural units along the
cylinder axis of the hexon, a situation which has also been confirmed by
Patterson projection studies and by electron microscopy (Franklin et al.,
1971b; Crowther and Franklin, 1972). A dyad perpendicular to the
threefold symmetry axis has been suggested (Franklin ez al., 1971b), but
the structural implication of a twofold axis is uncertain, since there are
only 3 polypeptides per hexon.

Immunologically, the hexon is a complex structure with one type-
specific determinant (e) (Kohler, 1965; Norrby, 1969a; Pettersson,
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1971). This type specificity can be correlated with minor differences in
the amino acid composition of hexons from different serotypes (Pet-
tersson, 1971). In addition, the hexon carries a group-specific de-
terminant, «¢, which shows marked cross-reactivity among all members
of the adenovirus group, irrespective of the species of origin with one
exception, the avian adenoviruses, which lack this determinant (Pereira
et al., 1963).

The fiber is an antennalike structure consisting of a rod
terminated by a knob at the outer end; the latter has a diameter of 4
nm. The total length of the fiber varies among different subgroups.
Viruses belonging to Rosen’s subgroup I (Rosen, 1960) have the
shortest length, 10 nm, and those of subgroup III have the longest
length, 25-30 nm (Norrby, 1968, 1969b). The length seems to be corre-
lated with the antigenic complexity of the fiber. The molecular weight
of the fiber from human adenovirus type 2 appears to be 200,000 and
SDS-polyacrylamide gel electrophoresis reveals only one polypeptide
band corresponding to a molecular weight of 60,000-65,000
(polypeptide 1V) (Sundquist er al., 1973a). This would indicate that
there are three subunits per fiber molecule for this virus, but it remains
to be demonstrated that they are all identical. The fiber of Ad 5 has
also been crystallized (Mautner and Pereira, 1971), but no structural
studies have been reported. The type-specific determinants reside in the
knob part of the fiber, and the long fibers of Rosen’s subgroup II and
II1 have additional antigenic determinants in the rod part, which are
subgroup-specific (Norrby, 1968, 1969b; Pettersson et al., 1968). The
fibers appear to be attachment organs of the virion since purified fiber
can block the attachment of intact virions to receptors on KB and
HeLa cells (Philipson er al., 1968). It has also been demonstrated that
the fiber binds to erythrocyte receptors, but in the monomeric form it
does not cause hemagglutination. On the other hand, dimers of fibers,
dimers of pentons, aggregates of 12 pentons, so-called dodecons, as
well as intact virions cause hemagglutination [for a review see Norrby
(19695)].

The penton base and the fiber are linked to each other probably
by noncovalent bonds since they can be dissociated by 2.5 M guanidine
hydrochloride or 8% pyridine (Norrby and Skaaret, 1967; Pettersson
and Hoglund, 1969). The molecular weight of the intact penton is
about 500,000 (Pettersson and Hoglund, 1969; Wadell, 1970), and the
penton base then should have a molecular weight of about 300,000. It
appears also to be composed of one type of subunit with a molecular
weight of about 70,000 (polypeptide III) (Maizel et al., 1968a). The
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penton base contains at least two different antigenic determinants, one
group- and the other subgroup-specific (Wadell and Norrby, 1969; Pet-
tersson and Hoglund, 1969). Purified penton or isolated penton base
can cause detachment of monolayer cells from their solid support
(Pereira, 1958; Everett and Ginsberg, 1958; Rowe er al., 1958; Pet-
tersson and Hoglund, 1969). The cells appear rounded and swollen, but
there is no demonstrable shut off of macromolecular synthesis.
This cytopathic effect is reversible, and its biological significance is not
understood.

The major core protein (polypeptide VII) has a molecular weight
of 17,000 and is rich in arginine (21%) and alanine (18%) (Laver, 1970;
Prage and Pettersson, 1971; Russell et al., 1971). Although it is similar
to the arginine-rich histones, it differs from these in that it contains
tryptophan and is precipitated by virus-specific antiserum (Prage and
Pettersson, 1971). There is no evidence that this core protein is derived
from the host (Maizel et al., 1968a; Everitt et al., 1973). It is
synthesized late in the infection and apparently in a small excess of
what is utilized for assembly of mature virions (White et al., 1969;
Everitt et al., 1971). Since this virion polypeptide is derived from a
slightly larger precursor (Anderson et al., 1973), it is possible that the
precursor is contained in the excess pool.

The second core protein (polypeptide V) has a molecular weight of
45,000 as estimated from SDS-polyacrylamide gels and is only
moderately rich in arginine (Laver, 1970). The number of molecules of
the two core proteins per viral DNA molecule has been estimated to be
around 1000 for polypeptide VII and 180 for polypeptide V (Maizel et
al., 1968b; Everitt et al., 1973). No details of the interactions of these
proteins with the DNA have been revealed so far.

Polypeptide VI (molecular weight 24,000) presumably belongs to
the hexon-associated proteins. It does not appear to be synthesized in
excess in the cell, as concluded from SDS-polyacrylamide gel elec-
trophoresis (Everitt, unpublished). However, recent evidence suggests
that this polypeptide is derived from a considerably larger precursor
(Anderson et al., 1973) which could have other antigenic determinants
and might have escaped detection in the immunological analysis. A
summary of the different polypeptides of the virion and some of their
properties is found in Table 1.

So far no DNA or RNA polymerase activity have been found
associated with the purified preparations of virions, but an endonu-
clease activity which cleaves DNA into fragments of a limit size of
about 1-5 x 10°® daltons has been isolated both from cells infected with
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adenoviruses and from purified preparations of Ad 2 and Ad 12, and is
absent in uninfected cells (Burlingham and Doerfler, 1972). Prepara-
tions of pentons purified from infected KB cells exhibit a similar
activity (Burlingham et al., 1971), but it appears that the majority of
the endonuclease activity can be separated from the penton (Doerfler,
personal communication). This endonuclease preferentially cleaves
DNA in G+C-rich regions, but the nature of the cleavage site and the
physiological function of this enzyme has not yet been determined.

4. THE ADENOVIRUS GENOME

The adenovirus chromosome contains a linear duplex DNA
molecule (molecular weight 20-25 x 10°% Green er al., 1967b; Van der
Eb et al., 1969) which has no single-strand breaks.

The denaturation pattern of the DNA is unique for Ad 2, Ad 5,
and Ad 12 (Doerfler and Kleinschmidt, 1970; Ellens et al., 1974,
Doerfler et al., 1972), and the maps of the former two viruses are al-
most identical. In addition, terminal fragments of the DNA do not
contain redundancies (Murray and Green, 1973), demonstrating,
together with the unique maps, that the DNA is not circularly
permuted.

Digestion of the double-stranded adenovirus DNA with exonu-
clease III does not generate sticky ends (Green er al., 1967b), indi-
cating that adenovirus DNA is not terminally redundant in the or-
dinary sense. Instead, the adenovirus DNA has another and novel
property in that denaturation and renaturation of intact DNA
molecules generates single-stranded circles, as recently described
(Garon et al., 1972; Wolfson and Dressler, 1972). Since the majority of
the single strands of unit length could be recovered as rings, both
strands can form circles. No cyclic structures could be formed when
double-stranded linear molecules are digested with exonuclease III,
showing that hydrogen bonding between the two ends of single strands
is responsible for maintenance of the circles. The only likely in-
terpretation of these findings is that the adenovirus DNA molecule
contains an inverted terminal repetition, which probably forms a circle
closed by a panhandlelike structure. A terminal inverted repetition has
only been observed in double-stranded adenovirus DNA and in the
single-stranded DNA of the adenovirus-associated viruses (AAYV)
belonging to the parvovirus group (Koczot er al., 1973). The function
of this inverted terminal repetition is still unclear.
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Usually single-stranded DNA passes unadsorbed through hydroxy-
apatite (HA) in 0.2 M phosphate at 65°C. However, denatured
adenovirus DNA similarly passed over hydroxyapatite is totally
retained (Tibbetts er al., 1973). An analysis of the dependence of the
HA retention on the extent of fragmentation of the adenovirus DNA
showed that the fraction retained decreased slowly until the length of
the fragment approached 10% of the intact DNA. With more extensive
degradation, the fraction retained dropped precipitously. The
formation of single-stranded circles should contribute to the retention
of intact single-stranded adenovirus DNA by hydroxyapatite, but the
described behavior of the fragmented DNA on hydroxyapatite points
at an additional feature of adenovirus DNA which is not yet fully
understood. Possibly several short, proximally positioned, comple-
mentary, or partially complementary, sequences could be dispersed
throughout the single strands of the adenovirus DNA.

The human adenoviruses have been divided into three subgroups,
A, B, and C, based primarily on oncogenicity of the viruses (Huebner et
al., 1965), but later on the G+C content of the DNA (Pifia and Green,
1965), and it has been shown by reciprocal DNA-DNA and
DNA-RNA hybridization that the members of one group are more
closely related to each other than to members of the other groups [for a
review see (Green, 1970)]. A fourth subgroup, D, has been suggested on
similar grounds (McAllister et al., 1969b). Interestingly enough, the
highly oncogenic adenoviruses all fall in subgroup A, which has the
lowest G+C content (48-49%), while the so-called nononcogenic
adenoviruses are found in subgroup C, which has the highest G+C
content (57-59%). The weakly oncogenic adenoviruses finally belong to
subgroup B, with a G+C content of 49-52%. An exception to this rule is
found in the simian adenoviruses; the highly oncogenic SA7, for
instance, has a G+C content of around 60% (Pina and Green, 1968;
Goodheart, 1971). As determined by DNA-DNA hybridization, the
genomes of selected members within each subgroup have up to 70% of
the nucleotide sequences in common, whereas DNAs from serotypes of
different subgroups differ markedly, showing only about 10% homology,
as determined by filter hybridization techniques [reviewed by Green
(1970), see also Table 3].

A recent report (Garon et al., 1973) describes electron microscopic
analysis of heteroduplexes formed between the DNAs from different
adenoviruses. This analysis has confirmed the existence of extensive
homologies between the nucleotide sequences of DNAs from viruses
within the three subgroups (A, B, and C). In the heteroduplexes formed



Reproduction of Adenoviruses 157

between DNAs from different serotypes of a subgroup, again around
70% of the sequences were found to be homologous, while the sequence
homology between subgroups appears to amount only to about 10%.
The greatest degree of interserotypic homology is found between
DNAs of the subgroup B viruses (Ad 3, Ad 7, and Ad 21). The hetero-
duplexes formed between DNAs from viruses of subgroup B and also
between DNAs of viruses of subgroup C (Ad 1, Ad 2, and Ad 5) all
exhibit relatively simple patterns of short regions, which are not base-
paired. These regions appear limited to two areas of the molecules,
with minor variations located at fractional map positions ranging from
0.08 to 0.22 and from 0.35 to 0.50, respectively. This refers to analyses
performed on heteroduplex DNA spread at 85% formamide, the
maximum concentration of formamide which can be used in order not
to melt native, homoduplex DNA molecules. Analysis at lower
formamide concentrations shows that these regions consist of both he-
terologous sequences and sequences that are partially homologous. The
latter are apparently sufficiently different to be melted out at 85%
formamide. By varying the degree of denaturation, clear-cut dif-
ferences can be recognized between the different interserotypic he-
teroduplexes. Heteroduplexes formed with DNA from members of the
highly oncogenic subgroup A (Ad 12, Ad 18, and Ad 31), although
homologous to a large extent, do contain more pronounced het-
erologies than the heteroduplexes of subgroups B and C. In some
cases quite complex patterns of heterologous regions are observed for
subgroup A viruses. However, the striking finding is that the
pronounced heterologies always seem to appear at the same two posi-
tions indicated above. This would seem to imply, as pointed out by
Garon et al. (1973) that there are two specific regions in adenovirus
DNA which are especially prone to genetic “drift,”” and that it is
possible that the sequences in these two regions correspond to the same
genes in all serotypes.

The strands of adenovirus DNA have been separated by
copolymer binding using poly (I, G) and poly (U, G) (Kubinski and
Rose, 1967; Landgraf-Leurs and Green, 1971; Patch er al.. 1972), but
the separation has proved difficult in practice. Not only do the condi-
tions for the copolymer binding, but also the quality of the copolymer
used, seem to be crucial. It is the experience of several investigators
that most of the commercially obtained batches of polymers are ineffi-
cient in separating the adenovirus strands, but that occasional batches
can give reproducible and near-complete separation (Tibbetts er al..
1974). The reason for this variability is not known.
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Fig. 4. Schematic drawing of the characteristic structures of Ad 2 DNA. Ad 2 DNA
can be digested by a restriction enzyme endoR EcoRI from E. coli carrying a resistant
transfer factor RTF-1 which specifies the enzyme. Six cleavage fragments, A-F, can be
separated on agarose polyacrylamide gels, as shown in the insert to the left of the figure.
The map for these fragments relative to the SV40 insertion in the nondefective hybrid
virus Ad2*ND, has been determined by heteroduplex formation (Sharp et al., 1974).
The fragment map is shown as a schematic drawing at the top of the figure, with
fragment A to the left and fragment C to the right. Inverted terminal redundancies,
giving rise to a DNA with similar structures at both ends, are schematically represented
in the second structure from the top of the figure. The genome of the nondefective
adeno-SV40 hybrid virus, Ad2* ND,, which has been used to map the fragments is also
included, showing the position of the SV40 insertion which corresponds to an Ad 2 DNA
deletion, which is about 50 times larger than the SV40 insertion but located at the same
position. The circles formed of the single strands of adenovirus DNA because of the in-
verted terminal redundancy are illustrated for both the L and the H strands at the bot-
tom of the figure. The evidence from hydroxyapatite chromatography also suggests
intramolecular complementarities in the single strands. There appear to be 4-8 such
regions per genome. These complementary sequences have also been illustrated in the
schematic drawing of the single strands.
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Separated adenovirus DNA strands have been used for the
characterization of the transcription in productively infected and
transformed cells, as will be discussed in Sects. 6.2 and 6.3 on transcrip-
tion (Tibbetts et al., 1974).

After controlled shearing of Ad 2 DNA, double-stranded half-
molecules can be separated by CsCl gradient centrifugation (Kimes and
Green, 1970; Doerfler and Kleinschmidt, 1970) and after cleavage by en-
donuclease endoREcoRI1 (a restriction enzyme from Escherichia coli
carrying a drug-resistant transfer factor RTF-1), six unique, double-
stranded fragments can be separated by gel electrophoresis (Pettersson
et al., 1973). The fragments can be recovered in quantities sufficient for
further biochemical studies and have already proved useful for the map-
ping of specific functions on the viral chromosome (Tibbetts and Pet-
tersson 1974). Ad 5 and Ad 3 are cleaved in 3 fragments; Ad 12 in 6 frag-
ments; and Ad 18 in 7 fragments (Mulder ef al., 1974).

Figure 4 schematically shows the structures of Ad 2 DNA and the
cleavage fragments generated by the restriction endonuclease. The map
of the fragments relative to the SV40 moiety of one adeno-SV40
hybrid virus, Ad2"ND, (Lewis er al.. 1969), is also indicated.

After numerous failures to demonstrate infectivity of adenovirus
DNA, it was thought to be noninfectious. However, 5 years ago the
DNA of simian adenovirus 7 (SA7) was proven infectious and tumori-
genic (Burnett and Harrington, 1968a.b), and infectivity, although with
low efficiency, was also obtained with human Ad 1 DNA (Nicolson
and McAllister, 1972). Recently, Graham and Van der Eb (1973a.b)
introduced a novel technique for assay of the infectivity and
transforming activity of adenovirus DNAs. The technique utilizes the
adsorption of the DNA to calcium phosphate precipitates, which
facilitates the uptake by the cell of infectious DNA. The efficiency of
the technique was demonstrated using adenovirus type 5 DNA, and
about 1-10 plaque forming units and one transforming focus was ob-
served per microgram of DNA.

5. CLASSIFICATION OF ADENOVIRUSES

This section may be partially repetitious of previous data
presented in this chapter, but it illustrates the slow and gradual accu-
mulation of data required for a classification based on the characteris-
tics of the genome of a virus.

More than 80 different adenovirus types have been isolated from a
variety of animal species (Table 2). All types contain one group-
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TABLE 2

Adenoviruses among Different Species

Natural host Serological types References
Human 28 accepted, 31 recognized Béladi (1972)

Simian 23 Hillis and Goodman (1969)
Bovine 10 Mohanty (1971)

Ovine 1 McFerran et al. (1969)
Canine 2 Marusyk et al. (1970)
Murine 2 Hartley and Rowe (1960),

Reeves et al. (1967)

Porcine 4 Bibrack (1969)
Avian 8 McFerran et al. (1972)
Opossum 1 Wilner (1969)

specific antigen determinant, which resides in the hexon of the outer
capsid (Pereira er al., 1963), except for avian adenoviruses, which lack
this determinant. As stated, the general architecture of all adenoviruses
is similar, including the avian group, although one type of avian
adenovirus (celo virus) has a different arrangement of its fiber units at
the vertices of the icosahedron (Laver et al., 1971). The celo virus
contains two fiber units of different length (42.5 nm and 8.5 nm)
associated with each penton base.

The subgroup classification of human adenoviruses should pri-
marily be based on similarities in the sequence of their DNA, as sug-
gested by Lwoff er al., (1962) for animal viruses in general. Two dif-
ferent subgroup classifications of human adenoviruses have been sug-
gested, one based on the hemagglutination pattern (Rosen, 1960) and
the other based on the oncogenicity in newborn hamsters (Huebner er
al., 1965). The first classification separates the human adenoviruses
mainly on the basis of the agglutination patterns of monkey and rat
erythrocytes. The viruses are subdivided into four groups: group I,
which causes complete agglutination of monkey erythrocytes; group II,
which causes complete agglutination of rat erythrocytes; group III,
which causes incomplete agglutination of rat erythrocytes; and group
IV for which no hemagglutination is detected. Later, it was reported
(Schmidt et al., 1965) that the group IV viruses, Ad 12, Ad 18, and Ad
31, could agglutinate rat erythrocytes with an incomplete pattern, in a
way similar to that of group III viruses. Adenovirus types 20, 25, and
28, which were originally placed in hemagglutination group I (Rosen,
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1960), probably belong in group II, both with respect to the pattern of
hemagglutination and also with regard to the length of the fibers (Wi-
gand, 1969). Thus, the original classification, based on hemaggluti-
nation pattern alone, has created some confusion about the subclassifi-
cation of the oncogenic Ad 12, Ad 18, and Ad 31 serotypes and also of
other serotypes. The classification based on oncogenicity (Huebner et
al., 1965), however, appears to correlate with the detailed structure of
the adenovirus DNA. First, the overall G+C content of the viral DNA
differs among groups A, B, and C, so that the highly oncogenic viruses,
which have 48-49% G+C, fall in group A, the weakly oncogenic, with
50-52% G+C, fall in group B, and the nononcogenic, which contain
57-59% G+C, fall in group C [reviewed by Green (1970)]. Remaining
human adenovirus serotypes have the same G+C content as group C
viruses but have been placed in a separate group D for other reasons
(McAllister et al., 1969b). The subgroup classification of the human
adenovirus in groups A-D correlates also with hybridization results,
where the homology between the different subgroups have been de-
termined by RNA-DNA or DNA-DNA hybridization (Lacy and
Green, 1964, 1965, 1967). More recently this classification has been
strengthened by heteroduplex mapping of the DNA of representative
viruses within each subgroup (Garon er al., 1973). It is, therefore, sug-
gested that the subgroup classifications A-D of the adenoviruses,
which have now been shown to be based on similarities in the se-
quences of the genome, should be accepted. It is evident from Table 3
that these classifications correlate well with classification based on
hemagglutination, provided that the serotypes Ad 12, Ad 18, and Ad
31 are considered as a separate hemagglutination group, as originally
suggested by Rosen (1960). Serotype 4 still has an anomalous position
in this classification diagram with regard to its biological properties
since this virus has fiber units which are intermediate in length to those
of group B and C viruses. In several other respects, the Ad 4 serotype
shares many features with serotype 16 of subgroup B [for a review see
Norrby (1968)]. Intermediate adenovirus strains have been detected
within subgroups B and D, which carry both hexon and fiber units that
are distinct from only one of the parent viruses (Norrby, 1969¢). It
should finally be emphasized that not all types were studied with
regard to both DNA homology and biological parameters, and the
proposed classification in Table 3 is, therefore, only tentative. The
group D viruses, especially, have not been carefully analyzed; members
of this group resemble group C viruses in many respects except for
hemagglutination pattern and biological properties.
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6. THE PRODUCTIVE INFECTION

The biochemistry of the lytic cycle of adenoviruses has mainly
been studied in suspension cultures of KB and HeLa cells. The time
course of the infection with Ad 2 is shown in Fig. 5. When the cells are
infected at high multiplicities (50-100 PFU/cell), a synchronous
response is observed where two functionally different phases can be dis-
tinguished: an early phase, which precedes viral DNA replication, and
a late phase, which begins with the onset of viral DNA synthesis
around 6 hours after infection. The early phase is characterized by the
expression of about half of the viral genome (Green er al., 1970; Tib-
betts et al., 1974), resulting in the synthesis of the so-called T and P
antigens (Gilead and Ginsberg, 1968a,b; Russell and Knight, 1967)
whose functions have not yet been clarified. During the late phase at
least 90% of the genome appears to be expressed (Fujinaga and Green,
1970; Tibbetts et al., 1974). Between 8 and 12 hours after infection
there is a dramatic change in the transcription pattern. The amount of
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Fig. 5. Growth curve of Ad 2 in suspension culture of KB cells. (@——@) In-
tracellular virus measured as fluorescent focus forming units (FFU) per 10 cells,
(O——0) hexon antigen monitored by complement fixation, (A——A) synthesis of
viral DNA estimated from the results reported by Green et al. (1970), (- - - -) total
virus-specific RNA formed during the infectious cycle expressed as radioactivity
hybridizing to Ad 2 DNA. Time intervals for maximum synthesis of early and capsid
proteins are indicated at the top of the figure. Modified from Philipson and Pettersson
(1973).
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viral RNA produced increases 5- to 10-fold and the polysomal mRNA
pattern changes completely into the viral species. At this time the syn-
thesis of host cell proteins is almost completely replaced by synthesis of
viral products—mostly viral structural proteins (Bello and Ginsberg,
1967; White et al., 1969; Russell and Skehel, 1972). The infectious
cycle is completed within 20-25 hours.

Ad 2 and Ad 5, both members of subgroup C, have been used
most commonly as model viruses, but similar time courses have been
obtained with several other types (Green, 1970; Sundquist er al.,
1973b). The growth cycle of the highly oncogenic group A viruses is
somewhat longer than for Ad 2 (Mak and Green, 1968), and when
primary cells are used with Ad 2 the growth cycle is prolonged for at
least 12-15 hours (Ledinko, 1970).

6.1. Early Interaction between Virus and Cell

The adenovirus eclipse has been studied mainly with Ad 2 and Ad
5. Two different techniques have been employed: (1) electron mi-
croscopy (Dales, 1962; Morgan et al., 1969; Chardonnet and Dales,
1970a.b, 1972) and (2) analysis with the use of radioactively labeled
virus (Lawrence and Ginsberg, 1967; Philipson, 1967; Sussenbach,
1967; Philipson er al., 1968; Lonberg-Holm and Philipson, 1969). The
ratio of particles to infectious units for these virus types is in the order
of 10-30, and for other serotypes the ratio can be as high as 2000
(Green et al., 1967a; Lonberg-Holm and Philipson, 1969). It should be
pointed out, therefore, that the methods used for studying the early
interaction reveal only the fate of the majority of the particles and that
this might not reflect the true infectious pathway. Nevertheless, it ap-
pears that the virions are adsorbed to specific receptors of the cell sur-
face. There are around 10* such receptors per cell. Uncoating of the
virus occurs early after infection and seems to involve three steps. The
first step gives rise to particles the DNA of which is partially accessible
to DNase digestion, and chemical evidence suggests that these par-
ticles are devoid of penton capsomers (Sussenbach, 1967; Everitt,
unpublished). This event occurs within a few minutes after attachment
of the virus to the cell surface (Sussenbach, 1967; Lonberg-Holm and
Philipson, 1969; Morgan et al., 1969). Whether the uptake of the virus
by the cells is brought about mainly by pinocytosis (Dales, 1962;
Chardonnet and Dales, 1970a,b) or by direct penetration of the plasma
membrane (Lonberg-Holm and Philipson, 1969; Morgan ez al., 1969),
and exactly where this first step of uncoating takes place, are still un-
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clear. It has been suggested that the product of this step is associated
firmly with the pores in the nuclear membrane (Chardonnet and Dales,
1972). The second step seems to result in removal of the hexon
capsomers from the DNA-protein core. As expected, this intermediate
is even more sensitive to DNase. As visualized by electron microscopy,
the cores enter into the nucleus, apparently leaving the capsid structure
behind (Morgan et al., 1969; Chardonnet and Dales, 1972). It has been
suggested that microtubules carry the virions from the plasma
membrane to the nuclear pores and that the transfer of the cores into the
nucleus is an ATP-dependent process (Chardonnet and Dales, 1972).
The third and final step in the uncoating of the adenovirus DNA occurs
in the nucleus of the cell during the second hour after infection. The final
product appears to be DNA, still intact, but almost free of virion pro-
teins (Lonberg-Holm and Philipson, 1969). The time course of the
uncoating process is dependent on the multiplicity of infection, but at
high multiplicities the overall time required is 1-2 hours (Lonberg-Holm
and Philipson, 1969). The mechanism and cell structures involved in the
different steps are not known, but it is worth pointing out that the three
intermediates seen during the in vivo uncoating appear to resemble the
intermediates obtained in the in vitro sequential disintegration as dis-
cussed above. The whole process also appears to proceed normally in the
presence of inhibitors of protein and nucleic acid synthesis; thus if
enzymes are involved they seem to be pre-existing, brought by the in-
fecting virus or present in the cell (Lawrence and Ginsberg, 1967;
Philipson, 1967).

6.2. Early Transcription

Virus-specific RNA is usually assayed by hybridization of labeled
RNA to filter-bound viral DNA (Rose et al., 1965; Bello and Gins-
berg, 1969; Thomas and Green, 1969). With this technique it has been
demonstrated that transcription of the viral genome, established in the
nucleus of the cell, starts immediately, and that the pattern of early
transcription is maintained until the onset of viral DNA synthesis
(Parsons and Green, 1971; Lucas and Ginsberg, 1971; Wall er al..
1972; Philipson et al., 1973). At this time the viral RNA constitutes only
a minor fraction of the total RNA synthesized in the cell, but later in the
early phase (3-5 hours post-infection) around 15% of the polysomal
mRNA appears to be virus-coded (Lindberg ez al., 1972).

The nascent viral transcription products appear as heterogeneous
as the heterogeneous nuclear RNA (HnRNA) of the uninfected cell,



166 Chapter 3

and the largest viral RNA molecules appear to be as large as 10’
daltons (Wall er al., 1972). The mRNAs on the polysomes, on the
other hand, appear generally smaller, and a more-distinct pattern of
RNA peaks are observed on gel electrophoresis (Parsons and Green,
1971; Lindberg et al., 1972). These observations suggest that the viral
mRNA is generated from high-molecular-weight precursors in the
nucleus.

The viral transcripts are polyadenylated in the nucleus and since
the poly(A) by itself does not hybridize significantly to virus DNA, it is
concluded that this process occurs after transcription has taken place
(Philipson et al., 1971). The poly(A) segment recovered from viral
RNA, selected by hybridization to virus DNA, has the same size as the
poly(A) in mRNA from uninfected cells, i.e., 180-200 nucleotides long
(Philipson et al., 1971). Polysomal RNA from adenovirus-infected cells
has been fractionated on the basis of poly(A) content by affinity
chromatography on poly(U)-Sepharose and analyzed for virus-specific
RNA (Lindberg et al., 1972). The results of these experiments indicate
that most if not all of the early viral mRNA species contain poly(A). As
in the uninfected cell, the adenosine analogue cordycepin (3’-
deoxyadenosine) inhibits both the polyadenylation reaction and the ap-
pearance of viral mRNA on polysomes (Philipson et al., 1971). Thus,
the conclusion that polyadenylation may be necessary for proper
processing and/or nucleocytoplasmatic transport of mRNA (Darnell et
al., 1971b) appears to be valid also for the adenovirus system.

Three major size classes of early viral mRNA have been found
(Parsons and Green, 1971; Lindberg et al., 1972): one class of sediments
around 15 S (apparently two components with approximate molecular
weights of 0.35 x 10° and 0.43 x 10%), a second class of sediments
around 20 S (one major component of approximate molecular weight
0.78 x 10°), and a third heterogeneous population of sediments in the
range of 20-40 S (molecular weight 1.0-3.5 x 10°). Figure 6 shows the
polyacrylamide gel pattern of early mRNA.

Earlier reports claimed that not more than 10-20% of the genome
in the case of Ad 2 is transcribed early after infection (Thomas and
Green, 1969; Fujinaga and Green, 1970) and that some of the early se-
quences are not transcribed in the late phase (Lucas and Ginsberg,
1971). Recently, however, these questions have been reinvestigated
(Tibbetts er al., 1974) using separated DNA strands and hybridization
in liquid with radioactively labeled DNA according to the method of
Sambrook er al. (1972). The results of these experiments suggests that
a much larger portion of the adenovirus genome, 40-50% (15-20% of
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Fig. 6. Size distribution of early and late adenovirus mRNA from the two fractions
of poly(U)-Sepharose fractionation. The RNA from the fraction not retained by the
column (PUS I) and the fraction retained by the column (PUS II) were precipitated
with ethanol at —20°C, redissolved in 0.1 x SSC (standard saline citrole) containing
0.5% sarcosyl, and analyzed by gel electrophoresis (Lindberg and Persson, 1972). Gels
were analyzed for total radioactivity and virus-specific RNA by hybridization. Panels A
and C, early and late PUS I RNA, respectively; panels B and D; early and late PUS II
RNA, respectively. (@——@); Total *H-cpm (O——O) *H-cpm in viral mRNA before
RNase digestion of hybrids; and (A- - -A) H-cpm in viral mRNA after RNase
digestion of hybrids. Reprinted from Lindberg ez al. (1972).

the H strand and 25-30% of the L strand) is represented as mRNA in
the cytoplasm in the early phase, and that most if not all early viral
RNA sequences persist but are not necessarily transcribed late in the
infection.

The transcription of the adenovirus genome in the early phase is
not sensitive to inhibitors of protein synthesis (Parsons and Green,
1971; Wall et al., 1972). Since no RNA polymerase seems to be carried
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by the infecting virions, it is suggested that the early viral RNA is
synthesized by a cellular enzyme. In accordance with this, several
investigators (Ledinko, 1971; Price and Penman, 1972a; Wallace and
Kates, 1972; Chardonnet et al., 1972) have found that viral RNA is
transcribed by an RNA polymerase which in some respects resembles
one of the RNA polymerases of the host cell [polymerase Il according
to Roeder and Rutter (1970), which corresponds to polymerase B in
the nomenclature used by Chambon er al. (1970)]. It is inhibited by «-
amnitine and greatly stimulated by increasing ionic strength; in the
purified state manganese ions are not stimulatory. The same enzyme
seems to be responsible for the major part of the adenovirus transcrip-
tion both early and late after the infection. In the uninfected cell this
enzyme appears to be responsible for the synthesis of the major
fraction of heterogeneous nuclear RNA, the assumed precursor to
mRNA (pre-mRNA) (Zylber and Penman, 1971).

6.3. Late Transcription

The switch from early to late transcription encompasses both a
qualitative and a quantitative change with regard to polysomal virus-
specific mRNA. Large amounts of viral mRNA, about 5-10 times
more than in the early phase, accumulate in the cytoplasm and appear
to replace most of the host cell mRNA on the polysomes (Green et al.,
1970; Philipson et al., 1973). The result is an almost total switch to syn-
thesis of viral proteins, the major part of which constitutes the
polypeptides of the structural proteins of the virus (Bello and Ginsberg,
1967; White er al., 1969; Russell and Skehel, 1972). The transition to
the late phase is prevented by inhibitors of both protein (Green et al.,
1970) and DNA synthesis (Flanagan and Ginsberg, 1962).

There is general agreement that also in the late phase of the in-
fection a fraction of the heterogeneous nuclear viral RNA can be
recovered as giant RNA molecules having sedimentation coefficients of
70-80 S (Green et al., 1970; McGuire et al., 1972; Wall et al., 1972).
The virus-specific RNA amounts to 10-20% of the newly synthesized
RNA in the nucleus (Price and Penman, 1972a; McGuire et al.,
1972). The largest viral RNA molecules could by themselves represent
the entire adenovirus genome. As in the early phase, much larger viral
RNA molecules are found in the nucleus than are ever recovered from
the cytoplasm, implying that also late viral mRNA is derived by
cleavage from larger precursors in the nucleus. If this were so, the
smaller nuclear viral RNA molecules should be thought of as the im-
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mediate products of the cleavage of the large precursors. Recently, evi-
dence in favor of this interpretation was obtained by the use of the
drug toyocamycin (an adenosine analogue) (McGuire er al.. 1972).
When this compound is applied to adenovirus-infected cells at
moderate concentrations (1.75 ug/ml), giant viral RNA is still made,
but the accumulation of the smaller-molecular-weight classes of virus-
specific RNA is almost completely prevented. This is directly analo-
gous to the effect of the drug on the synthesis of ribosomal RNA (Ta-
vitian er al., 1968). In that case the 45 S precursor to ribosomal RNA
is made, but it fails to undergo processing; this means that there is no
cleavage of the precursor into mature 28 S and 18 S ribosomal RNA.

Analysis of nuclear viral RNA purified by hybridization to viral
DNA has demonstrated that also in the late phase viral RNA
molecules are polyadenylated (Philipson et a/., 1971), and, as pointed
out before, this is a post-transcriptional step in the generation of
mature viral mRNA.

In cells labeled 14-16 hours post-infection, more than 90% of the
recovered, labeled, polysomal mRNA is virus-specific, and analysis of
the polysomal RNA fractionated on poly(U)-Sepharose has
demonstrated that most if not all the viral RNA contains poly(A)
(Lindberg et al., 1972). Electrophoretic analysis of poly(U)-selected
polysomal mRNA has revealed two major viral mRNA classes, one at
the 22 S position and the other at the 26 S position (approximate
molecular weight 0.95 x 10® and 1.6 x 108, respectively), and, in ad-
dition, several minor mRNA peaks of higher and lower molecular
weight (Lindberg et al., 1972, Bhaduri et al., 1972). Figure 6 shows the
polyacrylamide gel pattern of viral mRNA from poly(U)-Sepharose-
selected polysomal RNA.

With separated strands of adenovirus type 2 DNA, Green et al.
(1970), using hybridization to filter-bound DNA, and Tibbetts er al.
(1974), using hybridization in liquid according to the method of
Sambrook et al. (1972), could show that the RNA sequences present in
the cytoplasm are complementary to 65-70% of the sequences of the L
strand and to 25-30% of the sequences in the H strand. Thus, ap-
parently most of the virus genome is expressed in the late phase.
Furthermore, most of the sequences expressed early are also expressed
late, implying that the switch from early to late phase results from the
“turning on”’ of additional genes, mainly on the L strand (Fujinaga and
Green, 1970; Tibbetts et al., 1974). That the picture will turn out to be
more complicated than anticipated from these results is suggested by
recent results of Tibbetts and Pettersson (1974), who by the use of the
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isolated fragments of adenovirus type 2 DNA in hybridization experi-
ments with late RNA came to the conclusion that there must be at least
3 points in the DNA where the origin of stable transcripts shifts from
one strand to the other. In addition, earlier findings made by several
investigators (Wall ez al., 1972; McGuire et al., 1972; Lucas and Gins-
berg, 1972a) indicate that there are RNA sequences in the nucleus which
cannot be “competed out’ by cytoplasmic RNA in hybridization experi-
ments using filter-bound DNA. It seems as if at least one-fourth of the
nuclear sequences never reach the cytoplasm. Since most of the genome
appears to be represented in the cytoplasm, this would mean that the ad-
ditional nuclear sequences may constitute products from symmetrically
transcribed regions in the genome and that the nonsense part of the pre-
mRNA is removed during the post-transcriptional maturation of
mRNA. It has been found that about 0.5-1.5% of the nuclear viral RNA
can be recovered as double-stranded RNA after exposure of the RNA to
annealing conditions (Lucas and Ginsberg, 1972b; Pettersson and
Philipson, unpublished), but whether this is a reflection of molecular
complementarity or a result of symmetric transcription has not yet been
established.

In addition to the adenovirus-specific mRNA species, a small-
molecular-weight virus-specific RNA is synthesized in large amounts
late in the lytic cycle. This 5.5 S RNA, called virus-associated RNA
(VA RNA), contains 156 nucleotides and their sequence has been de-
termined (Ohe and Weissman, 1970; Ohe er al., 1969). It is synthesized
in larger numbers than any of the mRNAs, and it is apparently
synthesized by an enzyme which is different from that which seems to
be involved in the mRNA synthesis (Price and Penman, 197256). VA
RNA is transcribed from the adenovirus DNA and has been reported
to be present in one copy in the DNA (Ohe, 1972). No functional role
has as yet been ascribed to this RNA.

Obviously, many important questions concerning transcription of
the adenovirus genome and its control remain unsolved. We do not
know the exact nature of the large transcripts seen in the nucleus early
after infection. Does their presence indicate that viral DNA is in-
tegrated into the cell genome early after infection as suggested from
experiments on abortive infection with adenovirus type 12 in hamster
cells (Doerfler, 1970) and that a fraction of the virus genome is
transcribed into large RNA molecules consisting partly of viral and
partly of cellular sequences? Is the latter cleaved off when mature
mRNA is generated, or is the whole adenovirus genome transcribed
both early and late after infection into giant pre-mRNA molecules,
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and is the control of the expression of the early and late genes a matter
of post-transcriptional selection of the appropriate messenger se-
quences?

6.4. A Comparison between Cellular and Viral mRNA Production

In comparing recent results concerning the manufacturing of
mRNA in uninfected mammalian cells in general with the cor-
responding findings in the adenovirus system, clear similarities as well
as differences stand out. There is strong evidence suggesting that
mRNA in animal cells is generated by cleavage of high-molecular-
weight precursors in the nucleus and that the precursors are part of the
metabolically active pool of RNA molecules called heterogeneous nu-
clear RNA (HnRNA). For a more detailed discussion of the experi-
mental data concerning these conclusions, the papers by Darnell et al.
(1972) and Jelinek er al. (1973) should be consulted. The first evidence
for the presence in the nucleus of high-molecular-weight precursors to
mRNA came from experiments on cells transformed by SV40
(Lindberg and Darnell, 1970; Tonegawa et al., 1970), where the virus
genome apparently is integrated, covalently linked, to host cell DNA
[reviewed by Green (1970)]. These cells produce high-molecular-weight
HnRNA molecules containing virus-specific sequences, while at the
same time much smaller virus-specific mRNAs are found in protein-
synthesizing polysomes.

During recent years, further strong evidence indicating the
processing of HnRNA into mRNA has been collected. Polysomal
mRNA as well as HnRNA have been shown to contain poly(A) at the
3’ terminus (Edmonds and Caramela, 1969; Kates 1970; Darnell et al.
1971a,b; Edmonds et al., 1971; Lee et al., 1971; Philipson et al., 1971;
Mendecki et al., 1972; Molloy et al., 1972). A substantial fraction of
HnRNA molecules of all size classes are polyadenylated and a signifi-
cant fraction of poly(A) synthesized in the nucleus eventually appears to
be transported to the cytoplasm as part of mRNA molecules (Jelinek
et al., 1973). Altogether, this evidence strongly supports the idea of
processing of HnRNA into mRNA. Furthermore, the addition of
poly(A) to nuclear RNA appears to be a prerequisite for the appearance
of mRNA on polysomes (Darnell ez al., 19715). In all these respects the
adenovirus system resembles the host cell.

In the animal cell 80-90% of the HnRNA seems to be turning
over in the nucleus, leaving a maximum of 10-20% to be transported as
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Fig. 7. Localization of late viral mRNA in different regions of a sucrose gradient of
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jected to centrifugation in a 7-47% sucrose gradient in isotonic buffer as described
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mRNA (Soiero er al., 1968). In the case of the adenovirus nuclear
RNA, however, much more seems to be preserved as mRNA. Late in
the infection, the major part of the L-strand transcript (up to 70%)
(Tibbetts et al., 1974) after post-transcriptional modification is
recovered as mRNAs of smaller sizes in the cytoplasm (Green et al.,
1970; Lindberg er al., 1972). This infers that, in this case at least, the
high-molecular-weight mRNA precursor is cleaved into a number of
specific fragments, the majority of which becomes polyadenylated and
transported as mRNA to the cytoplasm. The data on the turnover of
cellular HnRNA suggest that, in general this, is not the case for the
eukaryotic cell, but it has not been excluded that some HnRNA
molecules are processed and utilized to this large extent.

The polysomal mRNA molecules of eukaryotic cells appear to
have proteins associated with them (Spirin and Nemer, 1965; Perry
and Kelley, 1968; Henshaw, 1968; Kumar and Lindberg, 1972; Lebleu
et al., 1971; Blobel, 1973; Morel et al., 1971, 1973; Lindberg and
Sundquist, 1974), and there is evidence suggesting that the HnRNA in
the nucleus also exists in the form of ribonucleoprotein complexes
(Samarina et al., 1968; Perry and Kelley, 1968). Whether the nuclear
and polysomal RNA molecules have some proteins in common is not
clear. Polysomal mRNP particles in uninfected cells appear to contain
at least 2 polypeptides (of molecular weights around 78,000 and 50,
000) (Morel et al., 1973; Blobel, 1973), but at least one additional
polypeptide has been found upon infection (Lebleu er al., 1971).
When polysomal mRNP particles were selected on oligo dT cellulose
from uninfected cells, four major polypeptides were detected in la-
beling experiments with radioactive amino acids (Lindberg and
Sundquist, 1974). The polysomal mRNP particles from adenovirus-
infected cells in the late phase seem to contain the same four
polypeptides, and, in addition, they contain a fifth polypeptide which
appears to be virus-specified or -induced (Lindberg and Sundquist,
1974). The functional role of these polypeptides as well as their
absolute specificity for the mRNA remain to be established.

earlier (Lindberg and Persson, 1972). The top panel shows the optical density and the
radioactivity patterns [(O——O) *H-cpm] for the sucrose gradient. From each of the
six indicated regions RNA was dissociated from protein with sarcosyl and EDTA and
the poly(A)-containing RNA isolated by poly(U)-Sepharose chromatography. After
precipitation with ethanol, the redissociated RNA was analyzed by polyacrylamide
electrophoresis as shown in the lower frames. The poly(A)-containing RNA from
regions 1-5 were found to hybridize to adenovirus DNA quantitatively. Reprinted from
Philipson et al. (1973).
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In the animal cell, 30-40% of the total poly(A)-containing RNA in
the cytoplasm is not present in polyribosomes, but it is present instead
in ribonucleoprotein particles which sediment slower than polysomes
(Jelinek et al., 1973; Lindberg and Persson, 1972). It has been sug-
gested that this nonpolysomal poly(A)-containing RNA is in fact
mRNA on its way to being engaged in translation (Schochetman and
Perry, 1972), but it has been difficult to obtain direct proof for this
assumption. In the case of the adenovirus-infected cells in the late
phase, 40-50% of the cytoplasmic, virus-specific, poly(A)-containing
RNA is found in this nonpolysomal pool (Philipson et al., 1973); this is
in accord with the findings of Raskas and Okubo (1971) that 50-70%
of the virus-specific RNA in the cytoplasm is not associated with
polysomes. In addition, this pool has been shown to contain the same
viral RNA components as the polysomes. Figure 7 shows the adeno-
virus-specific RNA on polyacrylamide gels in different regions of
a sucrose gradient of a cytoplasmic extract from late infection.
Furthermore, kinetic experiments show that the labeled viral RNA
molecules appear more rapidly in the nonpolysomal pools than in the
polysome fraction (Philipson er al., 1973). These data suggest that the
nonpolysomal pool of RNP particles contains mRNA, which might be
en route to translation.

6.5. Adenovirus DNA Replication

During one-step growth conditions, viral DNA synthesis begins in
the nucleus 6-8 hours after infection. With Ad 2 and Ad 5, the
maximum rate of viral DNA synthesis is reached about 13 hours after
infection, and at this time host cell DNA synthesis has drastically been
turned off; 90% or more of newly synthesized DNA is viral (Ginsberg
et al., 1967; Pina and Green, 1969). No information is available about
the enzymes involved in synthesis of adenovirus DNA, and no virus-
specific DNA polymerase has been identified. There is a clear-cut dif-
ference between synthesis of host cell and viral DNA with regard to the
requirement for protein synthesis. Horwitz er al. (1973) demonstrated
that after viral DNA synthesis has begun it is no longer sensitive to
cycloheximide, whereas continued host cell DNA synthesis is highly
susceptible.

Most studies on adenovirus DNA synthesis have been carried out
with the group C viruses, mainly because the difference in G+C
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content between the DNA of these viruses and the host cell DNA
facilitates the separation of the two kinds of DNA by equilibrium cen-
trifugation in CsCl (Pifa and Green, 1969) or by chromatography on
columns of methylated albumin-kieselguhr (Ginsberg er al., 1967).

6.5.1. Characteristics of Adenovirus DNA During In Vivo Replication

When DNA pulse-labeled in vivo or in isolated nuclei from
infected cells is subjected to centrifugation in neutral sucrose gradients,
two classes of molecules containing labeled adenovirus DNA are ob-
served (Bellett and Younghusband, 1972; Van der Vliet and Sussen-
bach, 1972; Van der Eb, 1973; Pettersson, 1973). One class sediments
with the same rate as the native double-stranded DNA (32 S for human
adenoviruses and 35 S for celo virus DNA). The second class sedi-
ments faster (40-80 S) than native virus DNA. Data obtained from
analyses by CsCl gradient centrifugation and BND-cellulose
chromatography, as well as through electron microscopic observations,
show that the major class consists mainly of unit-length duplex DNA
molecules, while the fast-sedimenting molecules have characteristics of
both double- and single-stranded DNA (Bellett and Younghusband,
1972; Van der Vliet and Sussenbach, 1972; Van der Eb, 1973; Pet-
tersson, 1973). These latter molecules are believed to be replicative
intermediates in the synthesis of adenovirus DNA. Electron micro-
scopic investigations of the 40-80 S structures extracted from isolated
nuclei have demonstrated the presence of double-stranded DNA with
branches which are mainly single-stranded. In CsCl the presumed re-
plicative intermediates band at a density 9-10 mg/ml higher than
native adenovirus DNA. The higher density of the replicating DNA
probably does not depend on the presence of RNA in association with
the DNA since the replicative intermediates are observed also after
treatment with RNase (Bellet and Younghusband, 1972; Van der Eb,
1973; Pettersson 1973). No covalent circles have been found during
virus replication. In studies of celo virus DNA replication, Bellet and
Younghusband (1972) observed radioactivity in DNA fragments after
1- to 3-minute pulses with *®H-thymidine. These fragments sedimented at
12 S or less in alkaline CsCl gradients, and appeared to be intermediates
in replication but larger than typical “Okasaki fragments’’ (Okasaki et
al., 1968), Evidence for such fragments has not been obtained with Ad 2
(Horwitz, 1971). With Ad 2, Ad 5, and celo viruses evidence has been
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secured for the presence of extensive single-stranded regions of DNA in
the replicative intermediates (Pearson and Hanawalt, 1971; Sussenbach
et al., 1972; Bellet and Younghusband, 1972; Van der Eb, 1973; Pet-
tersson, 1973).

By following the fate of parental DNA or by continous labeling in
vivo Burlingham and Doerfler (1971) demonstrated three different
classes of intracellular viral DNA from Ad 2 and Ad 12 in neutral su-
crose gradients; one class larger than, one class the same size as, and
one class smaller than viral DNA. The fast-sedimenting component
may represent viral DNA integrated in cellular DNA or a transcription
complex (Doerfler, personal communication). A complex of viral RNA
and DNA was isolated by CsCl-propidium iodide gradients (Doerfler
et al., 1973) in which the RNA was of similar size to mRNA and sus-
ceptible to RNase. The relationship of this complex to the rapidly sedi-
menting paternal DNA is, however, unclear. No conclusive evidence
that the fast-sedimenting DNA is integrated in cellular DNA has been
obtained. The viral DNA molecules present in the slow-sedimenting
fraction appear to be smaller than unit-length virus DNA. As inferred
from the studies of Burlingham and Doerfler (1971) on adenovirus type
2- and 12-infected cells, these smaller molecules of viral DNA could
possibly be products of degradation caused by the virion-associated en-
donuclease; Sussenbach (1971), however, has provided evidence sug-
gesting that the small molecules in Ad 12 may replicate independently,
and they could not be demonstrated in Ad 5-infected cells (Sussenbach
and Van der Vliet, 1972).

6.5.2. Replication of Adenovirus DNA in Isolated Nuclei

Isolated nuclei have one advantage in comparison to intact cells in
that they incorporate nucleoside triphosphates into nucleic acids
(Friedman and Mueller, 1968; Winnacker et al., 1971). In addition,
pulse-chase experiments are facilitated in these systems and they also
allow the use of the inhibitors of macromolecular synthesis, which do
not penetrate the plasma membrane. In such nuclear preparations, al-
ready initiated DNA molecules appear to be elongated normally, but
initiation of new DNA synthesis does not seem to occur.

An extensive characterization of the DNA structures made in
isolated nuclei from cells infected with Ad 5 has been carried out by
Sussenbach and co-workers (Sussenbach and Van der Vliet, 1972,
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1973; Van der Vliet and Sussenbach, 1972; Sussenbach er al.. 1972,
1973; Ellens et al., 1974). The replication of adenovirus DNA in the
isolated nuclei is semiconservative (Van der Vliet and Sussenbach,
1972) as was also shown to be the case in vivo for celo virus DNA (Bellet
and Younghusband, 1972).

Three classes of replicating molecules have been observed by
electron microscopy (Sussenbach er al.. 1972). The first class consists
of Y-shaped molecules with a double-stranded arm and a single-
stranded arm of nearly equal length. Y-shaped molecules with some
double-stranded regions on the otherwise single-stranded arm were also
present. The second class consisted of nonbranched linear molecules,
partly double-stranded and partly single-stranded, with varying ratios
of double-stranded to single-stranded DNA. The rhird class also
contains nonbranched linear molecules, either purely double-stranded or
purely single-stranded. On the basis of these studies, Sussenbach et al.
(1972) suggested the following model for the replication of adenovirus
DNA: Replication starts from the end of one of the parental strands,
displacing the other parental strand and giving rise to the branched
structures. Eventually this displacement and concurrent replication is
assumed to yield a single-stranded and a double-stranded linear
molecule. The released single-stranded molecules then are supposed to
be converted to a duplex molecule by synthesis of the complementary
strand in a discontinuous fashion leading to the formation of DNA seg-
ments that are later joined. It is possible that the synthesis of the strand
complementary to the displaced one could start before the displacement
is completed. This model is compatible with the results obtained with
celo and Ad 5 virus DNA replication in vivo (Bellett and Younghus-
band, 1972; Vander Eb, 1973).

Recently Sussenbach er al. (1973) have presented evidence that the
displaced strand preferentially is the one which in alkaline CsCl
gradients bands at a higher density. In the Ad 2 system this strand cor-
responds to the L strand obtained after separation by copolymer
binding (Tibbetts et al., 1974). The implication is that one of the ends
of adenovirus DNA is unique in that it furnishes the starting point for
replication. Further evidence corroborating this notion has been ob-
tained by electron microscopic investigations of partially denatured re-
plicating virus DNA (Sussenbach et al., 1973). In this report, the end
where replication starts, i.e., the end containing the 5° terminus of the
displaced strand, is identified as the A+ T-rich end of the DNA. This is
the molecular right end defined in the denaturation map of the Ad 5
DNA (Ellens et al., 1974).
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Although these data appear quite compelling, it is appropriate to
stress that the DNA synthesis occurring in the isolated nuclei reflects
only elongation of already initiated DNA molecules and that no
reinitiation takes place. Furthermore, only 10% of the parental DNA
which is present in the nucleus appears to be active in elongation. This
means that there is some important factor(s) missing in this system and
the structures observed could differ from those present in vivo. So far
no information is available with regard to the initiation process. If it
involves a temporary RNA primer, for which there is ample evidence
in several other systems (Sugino er al., 1972; Wickner et al.. 1972
Magnusson et al., 1973), and if this primer later is digested and re-
placed by DNA through ‘‘repair synthesis,” the problem arises as to
how to complete the 5° ends of the daughter strands after digestion of
the primer. As pointed out (Bellet and Younghusband, 1972), it is dif-
ficult to conceive how this is accomplished since a linear duplex DNA
like adenovirus DNA has no primer for the repair synthesis at the 5~
ends of the daughter strands. There is no terminal redundancy in
adenovirus DNA, but instead there is an inverted terminal repetition as
discussed above in Sect. 4. Thus, concatemers like those existing in
replicating DNA of the E. coli bacteriophage T7 cannot form and the
completion of the newly synthesized strands cannot take place, as sug-
gested for phage T7 (Watson, 1972). Bellet and Younghusband (1972),
however, have suggested a model for the completion of the 5 ends of
nascent molecules involving a concatemer with staggered nicks in both
strands at genome intervals.

6.6. Translation

The adenoviruses are assembled in the nucleus, but all the proteins
appear to be synthesized in the cytoplasm. Adenovirus-specific mRNA
and newly synthesized viral polypeptides are predominantly found in
association with nonmembrane-bound polyribosomes (Thomas and
Green, 1966; Velicer and Ginsberg, 1968; Horwitz ¢r al.. 1969). Shortly
after synthesis, the polypeptides are assembled into viral structural
proteins in the cytoplasm and are then rapidly transported to the nu-
cleus for assembly of virions (Velicer and Ginsberg, 1968). Since after
infection with some virus mutants most of the viral proteins accumu-
late in the cytoplasm and only little accumulates in the nucleus, the
protein transport may be governed by virus-coded products (Ishibashi,
1970; Russell er al.. 1972a).



Reproduction of Adenoviruses 179

6.6.1. Early Products

The majority of the proteins synthesized early after infection are
host proteins, which makes it difficult to detect the early viral
products. However, with immunological techniques, complement fixa-
tion, and immunofluorescence with sera from hamsters bearing
adenovirus-induced tumors, synthesis of viral antigens has been de-
tected early after infection. The so-called T antigen is the first early
viral product to appear (Rouse and Schlesinger, 1967; Russell er al..
1967b; Pope and Rowe, 1964; Shimojo et al.. 1967). In contrast to the
papovavirus system, where T antigens have been detected only in the
nucleus, the T antigens of adenoviruses are found both in the nucleus
and in the cytoplasm. These antigens are synthesized also when the in-
fection proceeds in the presence of 5-fluorodeoxyuridine (Gilead and
Ginsberg, 1965) or cytosine arabinoside (Feldman and Rapp, 1966),
which prohibit viral DNA synthesis, and are therefore to be considered
as true early products. It is possible that the T antigens of adenoviruses
involve several polypeptides (Tockstein er al.. 1968), but they have not
been purified to a degree which has made a detailed characterization
possible. Another antigen, called the P antigen, has also been detected
early after infection (Russell and Knight, 1967). This antigen appears
relatively late in the early phase of the infection and may constitute a
mixture of T antigen and one of the viral core proteins (Russell and
Skehel, 1972).

Recently Russell and Skehel (1972) were able to resolve the virus-
induced proteins by SDS-polyacrylamide gel electrophoresis of extracts
from cells labeled with *S-methionine of high specific activity. Five
polypeptide bands could be detected which appeared specific for the
infected cells, and at least one of these polypeptides may be an early
product; the pattern was resolved better when host cell protein syn-
thesis had been suppressed by a concomitant poliovirus infection in the
presence of guanidine. A polypeptide with a molecular weight of
71,000 appears to be synthesized early in infection (Bablanian and
Russell, 1974); however, this early polypeptide has not yet been corre-
lated with T antigen and it has not been unequivocally demonstrated
that the T antigens are actually coded for by the viral genome.

Early after infection in growth-arrested human embryo kidney
cells or monkey kidney cells, adenovirus infection causes an increase in
the activity of at least two of the enzymes (thymidine kinase and DNA
polymerase) involved in DNA synthesis. This increase appears to be
the result of an increase in synthesis of these proteins and it is concur-
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rent to the increase in cell DNA synthesis observed in these cells after
virus infection. However, a similar effect cannot be detected after
adenovirus infection of cells grown in suspension cultures (Takahashi
et al., 1966; Ledinko, 1967; Kit er al.. 1967; Bresnik and Rapp, 1968;
Ogino and Takahashi, 1969).

No virus-specific enzyme has been identified early in infection, al-
though there is genetic evidence for the presence of genes coding for
catalytic functions (Williams, personal communication). There are
several adenovirus mutants which in complementation tests give rise to
the same yields regardless of large variations in the ratio between the
mutiplicities of infection of the two virus mutants.

6.6.2. Late Products

The shift from early to late viral gene expression occurs about
8-10 hours after a highly synchronized infection in suspension cultures
of KB cells. At the same time the first capsid proteins can be detected,
and 2-3 hours later the first progeny virus appears (Wilcox and Gins-
berg, 1963; Polasa and Green, 1965, Russell er al., 1967b; Everitt et
al., 1971, Russell and Skehel, 1972). The synthesis of the late proteins
requires concomitant viral DNA synthesis, and no late proteins can be
observed in the presence of inhibitors of DNA synthesis, e.g., cytosine
arabinoside, hydroxyurea, and 5-fluorodeoxyuridine (Green, 1962a;
Flanagan and Ginsberg, 1962; Wilcox and Ginsberg, 1963). The
polypeptides comprising the major capsid units, hexon, penton, and
fiber, are synthesized in large excess, while the synthesis of some of the
minor polypeptides and the core proteins appears to be less extensive
(White er al., 1969, Everitt et al., 1971). Only 5-10% of the viral capsid
proteins synthesized during the infectious cycle become incorporated
into mature virions (Green, 1962b; White et al., 1969; Horwitz et al..
1969). After synthesis of the polypeptides, the viral proteins are rapidly
assembled into structural units which within a few minutes after com-
pletion are transported to the nucleus (Velicer and Ginsberg, 1970;
Horwitz et al., 1969).

Earlier results gave no indication that the structural proteins were
produced by cleavage of larger precursors (Horwitz et al.. 1969; White
et al., 1969). Recent results, however, suggest that minor cleavage of
precursor polypeptides occurs shortly after synthesis or during
assembly (Anderson et al., 1973; B. Edvardsson, unpublished). The
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polypeptide VII, which is the major arginine-rich core protein
(molecular weight 18,000) (Laver, 1970; Prage and Pettersson, 1971),
is generated from a precursor of molecular weight 21,000 (PVII in Fig.
2) so that one of five methionine-containing tryptic peptides is missing in
the final product (Anderson et al., 1973). The hexon-derived polypeptide
VI (molecular weight 23,000) may be generated in a complex manner
from a precursor of molecular weight 27,000 (marked 27K in Fig. 2).

In addition to the polypeptides, which are either utilized to form
structural units of the virion directly or serve as precursors for virion
proteins, at least five but possibly as many as seven virus-induced
polypeptides can be observed in cytoplasmic extracts from infected
cells labeled with **S-methionine (Russell and Skehel, 1972; Anderson
et al., 1973). No data concerning the biological function of these pro-
teins are available. However, preliminary results suggest that the virus-
induced protein of molecular weight 100,000 might be involved in
mRNP structures in infected cells (Lindberg and Sundquist, 1974) and
the polypeptide of molecular weight 71,000 may possibly be a DNA-
binding protein (Van der Vliet and Levine, 1973).

Late in infection viral proteins accumulate in the nucleus, where
assembly of the virions is taking place. As a reflection of this, large
crystalline structures, so-called paracrystals, appear in the nucleus of
the infected cell (Kjellen er al., 1955, Morgan et al., 1957). The
paracrystalline structures may be of different kinds, and noncrystalline,
irregular, intranuclear inclusions may have been inadvertently
identified as crystalline structures. Crystalline areas of partially
assembled virus (Boulanger et a/., 1973) and large crystalline areas of
structural proteins, probably hexons or pentons (Boulanger et al.,
1970), have been observed. Finally, crystalline structures have been
discerned which accumulate after the peak of viral synthesis in the
productive cycle and may contain the major core protein (Marusyk er
al., 1972). Wills et al. (1973) recently showed that the paracrystals in
Ad 5 did not appear at the nonpermissive temperature in cells infected
with a rs mutant defective in fiber synthesis.

In addition to complete particles and structural proteins, several
other aggregated virus structures may be found in extracts of infected
cells. Penton structures, which have assembled into starlike arrange-
ments with 12 pentons, so-called dodecons, may be recovered from
cells infected with adenovirus from subgroups B and D (Norrby, 1966,
1969b; Liem et al., 1971). Empty capsids and incomplete particles, the
latter containing reduced amounts of viral DNA, are synthesized
preferentially in cells infected with group A and B viruses (Mak, 1971;
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Prage et al., 1972; Wadell er al., 1973). The empty capsids lack the two
core proteins, polypeptides V and VII, but they have other polypeptides
not present in the intact virion (Maizel et al., 1968b; Prage et al., 1972;
Sundquist et al., 1973b). They contain the precursor to polypeptide VI
of the virion and some additional unidentified polypeptides (Sundquist
et al., 1973b), which will be discussed further in Sect. 6.9.

6.6.3. Modification of Viral Products

There is evidence suggesting that the fiber polypeptide is both
phosphorylated (Russell er al., 1972b) and glucosylated (Ishibashi and
Maizel, 1972), and the modification of the polypeptide probably occurs
subsequent to translation. No sugars other than N-acetyl-glucosamine
have been found associated with the fiber polypeptide. Two or three of
the nonstructural polypeptides induced by the virus also appear to be
phosphorylated and the major phosphorylated component late in the
infectious cycle is the polypeptide 71K (see Fig. 2) (Russell ef al., 1972;
B. Edvardsson, unpublished).

6.6.4. Functional Role of Late Viral Proteins

The functional roles of some of the virion components have been
reviewed in Sect. 2. At present only little is known about the functional
role of the nonstructural virus-induced polypeptides. Recently,
however, evidence was obtained that the virus-induced polypeptides
71K and 45K (Fig. 2) might have some function in relation to either
DNA replication or transcription since they can be purified by DNA-
cellulose chromatography (Van der Vliet and Levine, 1973). This
hypothesis is supported also by the finding that these proteins are not
synthesized at nonpermissive temperatures in cells infected with a
DNA negative mutant, ts 225, of Ad 5 (Ensinger and Ginsberg, 1972),
which has been renumbered as ts 125 (Ginsberg et al., 1973).

The endonuclease recovered from the virus particles in association
with the penton (Burlingham ez al., 1971) has not yet been identified
among the virus-induced proteins, and it remains to be established
whether this endonuclease is a cellular, virus-modified, or a virus-coded
component.
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6.7. Host Cell Macromolecular Synthesis

Both primary cells in monolayer cultures and established cell lines
in suspension cultures fail to divide after infection with adenoviruses.
This effect can probably be ascribed to the generalized interference
with the synthesis of host cell macromolecules seen in the late phase of
the infection. In growth-arrested monolayer cultures, adenovirus in-
fection, like SV40 and polyoma virus infection, results in early
stimulation of cell DNA synthesis (Ledinko, 1967, 1970). No such ef-
fect is seen after infection of cells grown in suspension cultures. Ex-
cept for this transient enhancement of synthesis of DNA and proteins
involved in DNA replication, it appears that synthesis of ribosomal
RNA is also increased during the early phase of the infection, at least in
primary cells (Ledinko, 1972), and possibly also in suspension cultures
(Raskas et al., 1970). In the late phase, on the other hand, the synthesis
of host cell macromolecules is drastically inhibited.

At 6-8 hours after infection with adenovirus the synthesis of
cellular DNA begins to decline, and by 10-13 hours post-infection
around 90% of the newly synthesized DNA is viral (Ginsberg et al..
1967; Pina and Green, 1969). Hodge and Scharff (1969) have investi-
gated the effect of adenovirus infection on host cell DNA synthesis in
synchronized HeLa cells. When viral DNA synthesis occurs during the
G1 phase of the growth cycle, cellular DNA replication is not induced,
and its subsequent initiation is prevented. When viral DNA synthesis is
timed to begin during the S phase the cellular DNA synthesis goes on
but the round of cellular DNA replication apparently fails to go to
completion. The implication is that under the latter conditions already
initiated cell DNA synthesis can continue but that the initiation of new
synthesis of cellular DNA is inhibited.

Host cell protein synthesis is shut off at about the same time as
the cell RNA synthesis (Ginsberg et al.. 1967). In pulse-labeling experi-
ments with radioactive amino acids at or later than 12 hours post-in-
fection the label enters virus-coded or -induced proteins almost exclu-
sively (Russell and Skehel, 1972; Andersson er al.. 1973). A possible
mechanism for the shutoff of host protein synthesis will be discussed
later.

Concurrent with the reduction in host protein synthesis the accu-
mulation in the cytoplasm of newly synthesized ribosomal RNA is sup-
pressed. At around 12 hours after infection only 10-20% of the normal
amount of ribosomal RNA is transported to the cytoplasm (Raskas et
al., 1970; Philipson er al., 1973). Since a significant amount of the 45 S
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precursor to ribosomal RNA is still synthesized (Raskas et al., 1970;
Ledinko, 1972), the interference with ribosome synthesis appears
confined to the cleavage of the ribosomal precursor RNA. It is not
clear whether the interference with the processing of ribosomal RNA is
an indirect result of the inhibition of host cell protein synthesis or
whether there is some specific inhibitory mechanism. It is known,
however, that conditions which suppress host cell protein synthesis in
uninfected cells also lead to drastic reduction of the maturation of ribo-
somal RNA (Maden et al., 1969; Willems et al., 1969).

The rate of transcription of host cell HnRNA does not appear to
be affected during the lytic cycle. The major part of the newly
synthesized HnRNA is cellular and only 10-20% of nuclear RNA is of
viral origin (Price and Penman, 1972a; McGuire et al., 1972).
Nevertheless, almost all of the mRNA transported to the cytoplasm
appears to be viral (Lindberg et al., 1972). This would imply that there
is either a block in the processing of HnRNA to cell mRNA or a
preferential inhibition of the synthesis of the mRNA “‘portion” of the
host cell HnRNA.

Some host cell mRNA appears to be functioning even late in the
infectious cycle since the protein moiety of the mRNP appears to be
synthesized at the same rate late in infection as in uninfected cells
(Lindberg and Sundquist, 1974). Synthesis of cellular tRNA occurs
unabatedly throughout the infectious cycle (Ginsberg er al.. 1967, Mak
and Green, 1968) and no virus-induced or virus-coded tRNA has been
recognized (Raska et al., 1970; Kline et al., 1972).

It has been suggested that the structural proteins of the virus could
be involved in the inhibition of host macromolecular synthesis, and
some results have been obtained which could be interpreted to mean
that the fiber protein somehow causes the inhibition of host cell DNA
synthesis (Levine and Ginsberg, 1967, 1968). It seems unlikely, though,
that newly synthesized fiber should have this effect since inhibition of
host DNA synthesis in the productive cycle occurs prior to detectable
synthesis of the fiber protein (Russell er al., 1967b). Futhermore ts
mutants negative for the fiber protein and/or also for viral DNA syn-
thesis still inhibit host cell DNA synthesis at nonpermissive tempera-
tures (Wilkie et al., 1973).

6.8. Control Mechanisms

The mechanims controlling the switch from early to late phase
during productive infection are largely unexplored. A variety of effects
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seen in the interplay between the virus and the host cell and in the
expression of the viral genome during this transition period indicate
that several different control mechanisms must be operating. The key
event, which makes the transition to the late phase possible, is the trig-
gering of viral DNA replication. If this is prevented there is no switch
from early to late phase expression of the viral genome. Concomitant
with increased viral DNA synthesis, host cell DNA synthesis is shut
off. Appearance of increasing amounts of late-phase transcription
products coincide in time with a decreased manufacture of mature
ribosomes and host mRNA. In all these steps specific control
mechanisms are implied. In addition to this there is evidence for regu-
lation also at the translational level.

6.8.1. Transcription

It was pointed out above that the adenovirus genome appears to
be transcribed in large units, giving rise to the giant viral RNA
molecules found in the nucleus. The assumption is that these mRNA
precursors are cleaved at specific points along the polynucleotide
chains to give rise eventually to the mature mRNAs found functioning
on polyribosomes in the cytoplasm. Virtually nothing is known about
the mechanisms governing the concerted expression of the early and
then the late adenovirus genes.

An intriguing finding is that more than 90% of the mRNA
transported to the polysomes late in the infection is adenovirus-specific
(Lindberg er al., 1972), whereas in the nucleus only 10-20% of the
newly synthesized nonribosomal RNA is virus-specific (Price and
Penman, 1972a; McGuire et al.. 1972). The implication is that there is
a virus-controlled interference with post-transcriptional processing of
host cell HnRNA into mature host mRNA, and that this leads to a
preferential selection of viral mRNA for transport to the cytoplasm.
Alternatively, a transcriptional control may be preventing synthesis of
the mRNA portion of the host cell mRNA.

6.8.2. Translation

With regard to translation one can discern at least two control
mechanisms: one governing the switch in the late phase to a
preferential translation of viral mRNA and the other modulating the
synthesis of the viral polypeptides.
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In the late phase of the infection protein synthesis goes on at an
undiminished rate, and the polysomes, instead of making mainly host
cell proteins, now become engaged almost exclusively in the synthesis
of viral proteins. This suggests that viral mRNA has replaced most of
the host mRNA on the polysomes, in accordance with the finding that
more than 90% of the mRNA transported to the cytoplasm in the late
phase is virus-specific. However, in uninfected cells, the mRNA ap-
pears to turn over slowly, on the average once per cell generation
(Greenberg, 1972; Singer and Penman, 1972), whereas the replacement
of host mRNA by viral mRNA in the late phase of the infection takes
only a couple of hours. This seems to suggest that the switch from
early to late translation could not be accomplished ‘merely by a
preferential export of viral mRNA from the nucleus, but that there is
an additional mechanism ensuring the preferential utilization of the
viral mRNA once it has come to the cytoplasm. Whether this means
that there are virus-specific initiation factors for the translation of the
viral mRNAs or that there is an enhanced degradation of host mRNA
is not clear. The fact that vaccinia virus transcription is unaffected but
vaccinia virus translation is deficient in coinfection with vaccinia and
adenovirus suggests a preferential initiation of adenovirus mRNA
(Giorno and Kates, 1971).

It is worth noting that some host proteins appear to be made also
in the late phase of the infection. This is illustrated by the continued
appearance of amino acid label in the polypeptides constituting the
protein part of the mRNP particles. Four of the five major
polypeptides of the adenovirus mRNP appear to be host proteins
(Lindberg and Sundquist, 1974). The delineation of the control
mechanism discussed here, however, must await an in vitro protein-
synthesizing system where initiation factors from virus-infected and
uninfected cells can be compared. Although two reports have appeared
(Caffier and Green, 1971; Wilhelm and Ginsberg, 1972) suggesting
continued synthesis of viral proteins in vitro in extracts from infected
cells, it is not clear whether these crude systems from infected cells
initiate a new round of translation. Isolated viral mRNA has not yet
been translated successfully in a purified in vitro protein-synthesizing
system, although several investigators are presently engaged in this
problem.

It is evident from the work of several investigators, including
Perlman er al. (1972), that the hexon polypeptide is preferentially
synthesized at 37°C. This may reflect the presence of different
amounts of mRNA for different polypeptides. However, the relative
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amounts of the different viral polypeptides synthesized in the presence
of low concentrations of cycloheximide is significantly altered, as com-
pared to a control without the drug. Since cycloheximide slows elon-
gation without affecting initiation of translation, this would mean that
under normal conditions there are differences in the rate of initiation of
the different polypeptides. The most pronounced effect is seen in the
synthesis of the hexon polypeptide, which normally is synthesized at a
rate 2-4 times faster than the fiber polypeptide (Everitt ez al.. 1971).

Some of the polysomal mRNA molecules are much larger than
one would expect judging from the size of the polypeptides for which
they code. The largest polypeptide, the hexon polypeptide, has a
molecular weight of 100,000-120,000 (Jornvall ef al., 1974b; Horwitz et
al., 1970) and the largest mRNAs have molecular weights of ap-
proximately 3 x 10° (Lindberg et al., 1972). The predominant peak in
the late-mRNA pattern has a molecular weight of about 1.6 x 10°
(26 S). In addition, this mRNA is larger than would be required to
synthesize any of the viral polypeptides. This could mean that at least
some of the viral mRNA are polycistronic, but there is no direct evi-
dence for this assumption yet. In fact, there is no evidence for polycis-
tronic mRNAs in any eukaryotic system. In the case of polio and
encephalomyocarditis (EMC) viruses, the mRNA appears to be
identical to the virus RNA (molecular weight 2.6 x 10°). This mRNA is
translated into one gigantic protein precursor molecule which through
an intricate cleavage mechanism is processed to generate the mature
viral proteins (Jacobson and Baltimore, 1970). The primary steps in this
processing are carried out by cellular enzymes, and later more specific
cleavages by virus-induced enzymes give rise to the final polypeptides
(Korant, 1973). No evidence has been obtained in the adenovirus system
for the presence of larger precursor proteins of the type seen in the polio
and EMC virus systems. However, minor proteolytic trimming occurs
with the two precursors for viral polypeptides VI and VII (Andersson et
al., 1973), as was discussed in Sect. 6.6.

6.9. Assembly of Adenoviruses
6.9.1. Mechanism of Assembly

During the late phase of the adenovirus infection, virus particles as
well as empty capsids accumulate in the nucleus. The latter particles
lack viral DNA. The amount of empty capsids formed varies between
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different serotypes. After infection with Ad 2 only minute amounts are
found, whereas a large pool of empty capsids is found with Ad 3 and
Ad 16 (Prage er al., 1972; Wadell et al., 1973).

Horwitz er al. (1969) reported that newly synthesized core
polypeptides appear more rapidly in mature virus particles than the
polypeptides of the outer capsid. However, their data did not allow a
conclusion whether the virions are formed by injection of DNA cores
into preformed capsids or by the assembly of capsomers around cores.
Recently results have been obtained (Sundquist er al., 1973b) which
strongly suggest that the empty capsids are intermediates in the
assembly of virions and that the most likely route is that DNA cores
enter preformed capsids. This conclusion was based on several lines of
evidence: (1) The increase in absolute amount of empty capsids coin-
cided in time with the increase in the amount of virions. This indicates
that the empty capsids are not created by breakdown of virions late in
the infectious cycle. (2) Under conditions of continuous labeling with ra-
dioactive amino acids, labeled virions appeared with a lag period when
compared to labeled empty capsids. (3) Pulse-chase experiments with
labeled amino acids showed that radioactivity increased in the empty
capsids faster than in the complete virions and without a detectable lag.
The lag period before the appearance of labeled virions was 60-80
minutes. Later the radioactivity in the fraction containing empty capsids
decreased, while the radioactivity in complete virions was still
increasing. These results thus provide more direct evidence for a
precursor-product relationship between the empty capsids and the
mature virions and suggest that the DNA core complex is introduced
into a preformed capsid. The experiments are not conclusive, however,
since it is still possible that the DNA of intermediates may be released
during purification of the particles.

Additional evidence for empty capsids as intermediates has been
obtained through the analysis of the polypeptide patterns of these
particles compared to the virions. The empty capsids lack the core pro-
teins V and VII and also polypeptides VI, VIII, and X, but instead
they contain polypeptides not present in the virion (Sundquist er al.,
1973b). Anderson et al. (1973) have recently reported results which
suggest that two of the virion components are derived by cleavage of
precursor polypeptides of higher molecular weight. In comparing their
results with those of Sundquist er al. (1973b) one finds that two of the
polypeptides found in abundance in the empty capsids (27K and 26K in
Fig. 2) most probably correspond to the precursors suggested for
polypeptide VI and VIII of the virion. In addition to these polypeptides,



Reproduction of Adenoviruses 189

the empty capsids also contain other unidentified polypeptides in the
molecular weight range from 45,000 to 100,000.

The virus serotypes which give rise to large amounts of empty
capsids, like adenovirus type 3, also accumulate significant amounts of
particles which band in CsCl at densities intermediate to those of
empty capsids and virions (Prage er al., 1972; Wadell et al., 1973), sug-
gesting that they are particles with varying amounts of DNA. These
structures are here referred to as imcomplete particles. When they are
analyzed for constituent polypeptides it is found that they also contain
the precursor to polypeptide VI. The heavier incomplete particles
contain less of the precursor than the lighter particles. One of the core
proteins, polypeptide V, appears in particles containing the amount of
DNA corresponding to half the adenovirus genome or more, and the
other core protein, polypeptide VII, is not observed, except in particles
containing the whole DNA complement (B. Edvardsson, unpublished).
Whether the assembly of complete virions also involves exchange of
proteins in a similar way as has been demonstrated for the Salmonella
tvphimurium phage P22 (King et al., 1973) is not known.

It is noteworthy that the ratio of hexon to fiber polypeptide in the
empty capsids is lower than in the virions, suggesting that some hexons
in the facets of the icosahedron might be lacking in the empty capsids
(Sundquist er al., 1973b). This could reflect discontinuities in the
capsid through which the DNA core is introduced. It has not been
possible by electron microscopy to establish whether these discontinui-
ties are located in the penton area or within the triangular facets of the
virion. The final elucidation of the route of assembly probably will re-
quire studies with the recently isolated s mutants of Ad 5. Interesting
in this connection especially are the mutants of the serological class |
(Russell et al., 1972a) which make most of the virion proteins yet do
not assemble properly. Another avenue to establish the route of
assembly might be to use some of the defective assembly systems
described below.

6.9.2. Defective Assembly
6.9.2a. Arginine Starvation

Synthesis of adenovirus has been shown to be strongly dependent
on the concentration of arginine in the medium (Rouse and
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Schlesinger, 1967; Russell and Becker, 1968). When arginine is omitted
from the medium the virus yield is reduced by 3-4 orders of mag-
nitude. This dramatic reduction is somewhat surprising when one
considers that the components of the virus are still synthesized in
amounts which would seem to be sufficient to give rise to normal virus
production (Everitt er al., 1971; Rouse and Schlesinger, 1972).

When arginine is added back to the infected cells the block is
released and after a period of 4-5 hours the virions begin to accumu-
late and eventually an almost normal yield of virus is obtained.
However, tenfold less of the capsid proteins made during the arginine
starvation, compared with the amount synthesized and assembled after
the release of the block (Everitt er al.. 1971), are utilized for the
assembly of virions. The accumulation of virions after reversion is
sensitive to inhibition of DNA, RNA, and protein synthesis, again em-
phasizing a dependence upon newly synthesized macromolecules.

When the condition of arginine starvation is introduced at dif-
ferent times after infection, almost normal yields are attained when
starvation is introduced later than 14 hours after infection. This would
imply that some factor(s), the synthesis of which is strongly dependent
upon the presence of arginine in the medium, is made earlier than this
time. If this factor is absent or present in insufficient amounts, the
virus components cannot assemble efficiently. Furthermore, the virus
components made in the absence of this factor appear to be defective
since they do not participate in the virus assembly occurring after
arginine is added back to the system. The factor(s) involved has not yet
been identified. The synthesis of viral DNA is only slightly affected
and late viral mRNAs appear to be synthesized normally (Raska et al..
1972; Everitt, unpublished). Viral proteins including those rich in
arginine are also synthesized (Everitt er al., 1971; Rouse and
Schlesinger, 1972). There is, however, a 2- to 4-fold relative sup-
pression of the synthesis of the hexon polypeptide, but whether this has
relevance for the defective assembly is not clear. This effect is similar
to the effect of low concentrations of cycloheximide described above
under control mechanisms.

Winters and Russell (1971) reported that viral DNA synthesized in
arginine-deficient medium and present in extracts from these cells can
assemble into virions when provided with extracts from infected cells
maintained in a normal medium. This finding has not been confirmed,
but this system would be extremely useful in the elucidation of the role
of arginine in assembly and also in clarifying the route of virus
assembly.
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6.9.2b. Elevated Temperature

The synthesis of infectious virus particles is also reduced by two
orders of magnitude if the infected cells are maintained in suspension
culture at 42°C instead of at the optimal 37°C. Viral DNA and viral
mRNA are synthesized at a faster rate at 42°C, but no virions are
formed (Warocquier et al., 1969; Okubo and Raskas, 1971). It appears
that the viral polypeptides are formed in the right proportions but that
the assembly of the polypeptides into capsomers is reduced to the same
extent as the reduction in virus yield (Okubo and Raskas, 1971).

In addition, Perlman er al. (1972) have demonstrated that the
relative amounts of different polypeptides synthesized at 40°C differ
from those observed at 37°C. The hexon polypeptide appears to be
synthesized at nearly normal rates, while the synthesis of the other
capsid polypeptides is reduced. Normally the ratio of hexon to fiber
polypeptide is about 4, but it may increase to 10 at 40°C. The results
add further support to the idea that the translation of viral mRNA is
under complex control. The route of assembly may thus involve several
steps which may be controlled differently: control of rate of synthesis
of individual polypeptides, assembly of capsid polypeptides into the
respective capsomers, assembly of capsomers into empty capsids, and
subsequently assembly of empty capsids into virions. The transport of
newly synthesized polypeptides or capsomers into the nucleus may be
another event which is at fault in defective assembly.

7. ABORTIVE INFECTIONS

Whether an adenovirus infection will be productive or abortive de-
pends both on the serotype used and the type of cell involved and also
on the state of growth of the cells. Table 4 shows the responses of dif-
ferent cells to infection with different adenovirus serotypes.

7.1. Abortive DNA Replication

Although hamster cells are permissive for Ad 2 and Ad 5, the
replication of Ad 12 is restricted. The Ad 12 virus particles can
penetrate baby hamster kidney cells (BHK21) and induce T-antigen
synthesis. Thus the early genes appear to be expressed, at least in part
(Strohl er al., 1967; Raska and Strohl, 1972). However, the Ad 12
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TABLE 4

Permissiveness for Human Adenovirus Infection of Cells from Different
Species

Species Cell Serotype Permissiveness® Defective event
Human KB or HeLa

Primary fibroblasts All human + None

or epithelial

Monkey AGMK} Most human - Translation

Rhesus
Hamster Primary Ad 2 + None

BHK21 Ad 5 + None

NIL-2 Ad 12 — DNA replication
Rat Primary Ad 2 — DNA replication?

Ad 12 - DNA replication?

4 4 denotes production of progeny virions; — denotes that production of virions is deficient.

genome is not replicated (Doerfler, 1968, 1969), and thus there is no
late phase in these cells.

By following the fate of parental DNA, Doerfler (1968, 1969) ob-
tained evidence that a fraction of Ad 12 DNA is integrated into the
host genome after infection at high multiplicities. The interpretation of
these experiments was challenged by Zur Hausen and Sokol (1969),
who with a different hamster cell line, Nil-2, showed that a significant
amount of the parental virus DNA was degraded and reutilized for
synthesis of cellular DNA. Additional evidence for viral DNA in-
tegration was subsequently supplied (Doerfler, 1970), indicating that
the incorporation of viral DNA in the host cell genome is independent
of both host protein synthesis and host DNA synthesis. The differences
in the results obtained in these investigations could be due to variations
between the two cell lines used in the degradation and reutilization of
the parental virus DNA. It is noteworthy that the DNA of Ad 12 can-
not replicate, even in mixed infections with Ad 2 (Doerfler, 1969;
Doerfler and Lundholm, 1970).

A small population of the Ad 12-infected BHK cells which survive
the infection exhibit altered growth properties characteristic of
transformation (Strohl er al., 1970), but the majority of infected cells
show extensive chromosome pulverization with concomitant degra-
dation of the host cell DNA, and these cells finally die (Strohl,
1969a,b).

In BHK cells arrested in the G1 phase of the growth cycle, Ad 12
induces cellular DNA synthesis (Strohl, 1969a,b) with a concurrent ac-
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tivation of the enzymes involved in DNA replication. This occurs im-
mediately after infection and prior to the lytic effect on the cells (Zim-
merman et al., 1970). The stimulation of DNA synthesis caused by Ad
12 under these conditions appears to be blocked by the addition of
cyclic AMP, which also suppresses the synthesis of T antigen (Zim-
merman and Raska, 1972). Thus the hamster cells offer an abortive
system with regard to Ad 12 DNA replication, but other serotypes like
Ad 2 and Ad 5 can utilize the same cell permissively.

7.2. Abortive Translation

Abortive infection has been observed also in monkey cells with
several human adenoviruses (Rabson er al., 1964b). The virus particles
enter the cells and the early phase of the infection appears to proceed
normally (Feldman er al., 1966; Friedman er al., 1970). In contrast to
the situation in the abortive infection described above, in this case the
viral genome does replicate (Rabson et al., 1964b; Reich et al., 1966),
but still very few progeny virions are produced. Recently results have
been presented suggesting that also the late-phase mRNA is produced
and that most of the late sequences are present in the cytoplasm (Baum
et al., 1968; Fox and Baum, 1972; Lucas and Ginsberg, 1972a). Since
capsid proteins cannot be detected (Friedman et al.. 1970; Baum et al..
1972), however, the translation of the late mRNA appears to be im-
paired. The nonpermissiveness, therefore, might reside in the
mechanism governing the switch from translation of host mRNA to
translation of viral mRNA. The further elucidation of the mechanism
of the block obviously requires more detailed investigations concerning
the properties of the mRNA present in the cytoplasm under nonper-
missive conditions.

It was discovered many years ago that the block in the replication
of adenovirus in monkey cells can be overcome by coinfection with
SV40 virus (O’Conor et al., 1963; Rabson et al., 1964b). Since then it
has been shown that other viruses like the simian adenoviruses
(Naegele and Rapp, 1967; Altstein and Dodonova, 1968), adeno-SV40
hybrid viruses (Rowe and Baum, 1965), and the unidentified agent
MAC can also act as helper viruses (Butel and Rapp, 1967).

In the presence of SV40 as a helper virus, the normally abortive
adenovirus infection in monkey cells is converted to an efficient lytic,
replicative cycle, where the yield of the the adenovirus is increased by
2-3 orders of magnitude. Since the helper SV40 virus under these con-
ditions is unable to replicate its own DNA, it appears likely that an
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early SV40 function aids the translation of late adenovirus mRNA
(Friedman er al., 1970).

7.3. Adeno-SV40 Hybrid Viruses

The adenovirus-SV40 hybrid viruses consist of all or part of the
SV40 genome plus an intact or partially deleted adenovirus genome en-
closed in an adenovirus capsid. Such hybrid viruses were originally
isolated when adenovirus 7 vaccine strains were propagated in monkey
cells. The stocks of adenoviruses used to produce vaccines were
adapted to grow in rhesus monkey kidney cells for the Ad 1-5 and Ad
7 serotypes (Hartley er al., 1956). The monkey cells were found to be
contaminated with SV40 virus, and, when the adenoviruses were pu-
rified from the contaminant with the use of SV40 antiserum, they still
gave rise to productive infection. The first isolated strain with these
characteristics, designated E46~ or PARA virus (particles aiding
replication of adenovirus), contained particles with both SV40 and
adenovirus genetic material enclosed in an adenovirus capsid. The
original PARA Ad 7 strain was found to contain two types of parti-
cles: wild-type Ad 7 and PARA particles consisting of a hybrid
genome containing SV40 and Ad 7 (Rowe and Baum, 1964, 1965). The
SV40 and adeno DNAs present in the PARA particles are covalently
linked since they both band at the density of adenovirus DNA after
sedimentation in alkaline CsCl (Baum er al., 1966). Kelly and Rose
(1971) showed that the hybrid DNA contains about 75% of the SV40
DNA inserted into the adeno DNA at 0.05 fractional length from one
end of the hybrid DNA. The adeno 7 DNA was found to be deleted in
approximately 10% of these hybrid particles (Kelly and Rose, 1971).
The PARA Ad 7 plaque with two-hit kinetics on monkey cells, sug-
gesting that both particles are necessary for successful infection. The
progeny of such plaques on AGMK cells still consist of a mixture of
Ad 7 and hybrid virus. On human cells on the other hand, the Ad 7
helper is selected for, and the hybrid is lost. In monkey cells, again, the
T and U antigens of SV40 are still induced, but no SV40 capsid pro-
teins are synthesized. The hybrid genome can be transferred to the
capsid of a different adenovirus serotype (transcapsidation) when the
cells are coinfected with PARA Ad 7 and an excess of another
adenovirus distinct from Ad 7 (Rapp er al.. 1965; Rowe, 1965). The
transcapsidants are insensitive to antisera against Ad 7, but induce Ad
7 T antigen in infected cells (Rowe and Pugh, 1966). Transcapsidation
between PARA Ad 7 and adeno 1, 2, 5, 6, and 12 has been reported
(Rowe, 1965; Rapp et al., 1968).
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Recently adeno-SV40 hybrids have been obtained also from a
strain of Ad 2, propagated in monkey cells. The original strain (Ad
2**) gave rise to wild-type Ad 2, complete SV40 virions, and a mixed
population of hybrids between SV40 and Ad 2 (Lewis er al.. 1969).
Stable hybrids have been isolated from this strain on AGMK cells and
two such segregants, Ad2*HEY and Ad2"LEY, obviously contain the
complete SV40 genome in covalent linkage to a defective adenovirus
genome (Lewis and Rowe, 1970; Crumpacker er al., 1970). These
strains plaque with two-hit kinetics on AGMK cells with a requirement
for Ad 2 helper functions. Lewis and co-workers (1969) isolated from
these strains a second type of hybrid viruses which were nondefective
(ND) on both human and monkey cells. The first strain, Ad2-ND,,
plaques with one-hit kinetics on both cell types and yields almost equal
titers on both cells (Lewis et al., 1969). This strain contains only a
small fragment of SV40 DNA, which remains stable during replication
in human cell lines. The two genomes in Ad2-ND, are covalently
linked (Levin et al.., 1971) and the insertion corresponding to 18% of
the complete SV40 DNA has been mapped at a fractional distance of
0.14 from one end of the adenovirus DNA. The Ad DNA apparently is
deleted at the SV40 insertion and the size of the missing fragment is
about 1.3 x 10° daltons (Kelly and Lewis, 1973). The only SV40
product found in cells infected with Ad2-ND, is the U antigen, which
ressembles the SV40 T antigen but is more heat stable and can be de-
tected with antisera from hamsters carrying SV40-induced tumors
(Lewis and Rowe, 1971). Four additional nondefective Ad 2-SV40 hy-
brids designated Ad2-ND,-Ad2-ND; have been isolated (Lewis et al.,
1973), and the following general characteristics of these strains have
been reported:

1. Each nondefective hybrid contains a piece of SV40 DNA and
a deletion of adenovirus DNA.

2. In all the hybrids, SV40 DNA sequences begin at the same
position in the Ad 2 DNA molecules, namely 14% of the
distance from one end of the adenovirus DNA molecule
(Kelly and Lewis, 1973). Recent sequence studies of the SV40
RNA transcribed by E. coli polymerase from these hybrids
(Weissman, personal communication) has established that this
region is 14% of the distance from the 5° end of the light
DNA strand of the hybrid after separation with ribopolymers
(Patch et al., 1972).

3. The SV40 DNA insertions are overlapping (Henry er al.,
1973) for the different nondefective hybrids, as shown in Table
5. In mapping the early SV40 functions (Kelly and Lewis,
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TABLE 5

Properties and Characteristics of Nondefective Adeno-SV40 Hybrid Viruses

SV40 DNA segment

Deletion of

Strain % of Ad 2 Permissive  SV40 antigens
designation  Size, daltons® genomeb genome, 9, in AGMK- induced?
Ad2*ND; 4.8 X 10¢ 7 5.3 - None
Ad2+ND, 2.4 X 105 18 5.4 =+ U

Ad2*ND; 5.3 X 108 28 7.1 - None
Ad2+ND, 6.2 X 10° 32 6.1 + U, TSTA
Ad2*ND, 8.4 X 108 43 4.5 + U, TSTA, T

¢ Amount of SV40 DNA estimated by hybridization of SV40 ¢cRNA (RNA transcribed
in vitro with E. coli polymerase) to hybrid virus DNA (Henry et al., 1973). The non-
defective adeno-SV40 hybrids are listed according to the size of the integrated SV40
fragment.

® Estimated by heteroduplex mapping (Kelly and Lewis, 1973) and refer to the size of the
integrated fragment relative to intact SV40 DNA.

¢ Permissiveness refers to comparable yields of hybrid virus in human and African green
monkey cells (AGMK).

4 The terminology and the characteristics of the U and T antigens have been described
(Lewis et al., 1973). They are all early products of the SV40 virus infection. TSTA refers
to SV40-specific transplantation antigen.

1973) the only anomaly is that Ad2"ND,, which contains all
the SV40 DNA sequences in Ad2-ND,, nevertheless does not
induce SV40-specific U antigen (Lewis er al., 1973).

4. The site for initiation of RNA transcription on SV40 DNA
with E. coli polymerase is present in the light strand of the
DNA of all hybrid viruses (Zain et al., 1973).

Adeno-SV40 hybrids have been described also for Ad 4 (Easton
and Hiatt, 1965; Beardmore er al., 1965), Ad 5 (Lewis et al., 1966),
and Ad 12 (Schell ez al., 1966).

The hybrid viruses, Ad2"ND,_;, have already proved useful for the
physical characterization of the SV40 genome, and have led to a map
of the early functions of the SV40 genome. Most certainly these hybrid
viruses will serve as excellent tools also in the genetic analysis of the
adenovirus genome.

8. CELL TRANSFORMATION

The human adenoviruses have been divided into highly oncogenic,
weakly oncogenic, and nononcogenic serotypes, corresponding to the
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subgroups A, B, C, and D, respectively. This grouping was originally
based on the frequency with which hamsters develop tumors after
inoculation with virus. The tumor cytology appears, however, to be
similar, irrespective of the types or the groups used to induce the tumors.
The present discussion will primarily be concerned with the
transformation observed in in vitro cell cultures. A general conclusion
for human adenoviruses and several types from other species is that in
vitro transformation has been induced most frequently in cells nonper-
missive for virus replication.

8.1. Cell Transformation by Different Adenoviruses

The group A adenoviruses were first shown to transform newborn
hamster kidney cells (McBride and Wiener, 1964). Freeman et al.
(1967a) subsequently reported transformation of rat embryo fibroblasts
with Ad 12. Both hamster and rat cells are nonpermissive for Ad 12
replication. Rat cells are also nonpermissive for group C viruses, and,
accordingly, transformation is seen with Ad 2 and Ad 1 in rat embryo
cells in vitro (Freeman et al., 1967b; McAllister et al., 1969a). Even the
nononcogenic adenovirus group D can transform rat and hamster cells
in vitro (McAllister et al., 1969b). Further support for the hypothesis
that transformation requires nonpermissive conditions has recently
been obtained with 75 mutants and fragmented adenovirus DNA.
Williams (1973) could transform hamster cells with ts mutants of Ad 5,
and Graham and Van der Eb (1973b) could transform rat cells with
fragmented Ad 5 DNA with the same efficiency as observed for induc-
tion of the productive cycle with intact DNA. Fragmented DNA from
simian adenovirus 7 may also induce tumor in hamsters (Mayne et al.,
1971).

Cell transformation with adenoviruses requires high multiplicities
of infection, and the frequency of transformation is low. The
transformed cells which can be selected because of their “‘infinite’”
growth potential have a characteristic morphology and Ad 12-
transformed BHK21 cells can be distinguished from the same cells
transformed by polyoma virus (Strohl er al., 1967). The cells grow to
higher saturation densities than untransformed cells; they grow in
disoriented arrays and have an altered plasma membrane. Infectious
virus cannot be detected in transformed cells, but the cells can be
identified since they synthesize T antigen which can be detected with
sera from tumor-bearing animals (Huebner er al., 1964). In contrast to
the papovaviruses, infectious virus has never been induced from
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adenovirus-transformed cells either by forming heterokaryons with
permissive cells or by treating the cells with physical or chemical
agents which can induce virion production for SV40 and polyoma virus
(Gerber, 1966; Burns and Black, 1969; Fogel and Sachs, 1969, 1970).
In spite of the failure to rescue virus production, several lines of evi-
dence indicate, as discussed below, that at least parts of the adenovirus
genome persist in transformed cells.

8.2. Viral DNA in Transformed Cells

Some evidence has been obtained that Ad 12 DNA may be in-
tegrated into host DNA in nonpermissive hamster cells (Doerfler,
1970), but there is no direct experimental evidence that the viral DNA
is integrated into the host cell DNA of adenovirus-transformed cells.
Viral DNA has, however, been detected in transformed cells utilizing
the capacity of RNA transcribed in vitro (cCRNA) from adenovirus
DNA by E. coli RNA polymerase to hybridize to viral DNA. Such
cRNA can specifically hybridize to DNA extracted from cells
transformed with the homologous adenovirus (Green et al.. 1970). A
hybridization technique was used which utilizes filter-bound DNA.
When standardized with known amounts of viral DNA and DNA from
transformed cells, this technique gave 14-37 copies of viral DNA in
transformed Ad 2 rat cells, and 22 and 97 copies of viral DNA in
hamster cells transformed by Ad 12 and Ad 7, respectively. With the
same technique Doerfler (1970) found 5-60 adeno DNA equivalents in
Ad 12 hamster cells after nonpermissive infection at 30-40 hours after
infection. The assay with filter-bound DNA may give inaccurate
results mainly because this method must be calibrated by reconstruc-
tion experiments in which some of the viral DNA may be lost from the
filters (Haas er al., 1972). However, when the rate of renaturation of
32Pp-labeled viral DNA was followed in the presence and absence of
DNA from transformed cells with a less ambiguous method involving
liquid hybridization and hydroxyapatite chromatography to score for
duplex DNA, Pettersson and Sambrook (1973) found one copy of viral
DNA per diploid quantity of cell DNA in Ad 2-transformed rat cells.
More detailed analysis of the Ad 2 DNA present in the transformed
cells with restriction endonuclease fragments of Ad 2 DNA (Pettersson
et al., 1973) indicated that only 45% of the viral genome, mainly
derived from the fragments A, C, D, and E were present in the
transformed cells (Sambrook er al., 1974). It has not yet been es-
tablished that the same fragments of the adenovirus genome are
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present in other lines of Ad 2-transformed cells. The finding suggesting
that the adeno genome is deleted in transformed cells may explain the
failure to rescue adenovirus production from transformed cells.

In conclusion, adenovirus-transformed rat cells and possibly also
other adenovirus-transformed cells may contain single copies and
possibly only fractions of the viral DNA, probably integrated into the
cellular genome. The latter conclusion is primarily based on results ob-
tained from studies on transciption of viral genes in transformed cells.

8.3. Transcription

Since only single copies and possibly only fractions of single
copies of the adenovirus genome are present in transformed cells, the
viral transcripts would be expected to constitute only a minute fraction
of the total RNA in the cells. In contrast, Fujinaga and Green (1966)
found that as much as 2% of the mRNA in the cytoplasm or in the
polysomes from Ad 12-transformed hamster cells was of viral origin.
This probably infers that the viral DNA is preferentially transcribed in
transformed cells. The sequences transcribed in Ad 2-transformed rat
cells have been reported to correspond to 50% of the sequences
transcribed early during the productive cycle which according to Green
et al. (1970) and Fujinaga and Green (1970) correspond to 5-10% of
the genome and, according to Tibbetts et al. (1974) would correspond
to 20-30%. In Ad 7-transformed hamster cells approximately 50% of
the adenovirus genome is expressed corresponding to all the sequences
present early in productive infection (Green er al., 1970). Although the
morphology of cells transformed by different types are similar and
their oncogenic potential once transformed is similar except for group
C viruses (Gallimore, 1972), the viral RNA transcribed from cells
transformed with viruses from subgroups A, B, and C adenoviruses is
homologous with the DNA from viruses within the subgroup, but
heterologous to the viral RNA transcribed in cells transformed with
viruses from other subgroups (Fujinaga and Green 1967,a,h, 1968;
Fujinaga er al., 1969). Thus, in spite of the fact that the different
human adenovirus subsgroups share between 10% and 30% of their
DNA sequences, the sequences transcribed in transformed cells appear
to be transcribed from portions of the adenovirus DNA which are
subgroup-specific. This infers that if a “transforming gene” common
to all adenoviruses exists, it has been exposed to considerable genetic
drift. In view of recent findings with regard to the lack of homology
between different histone mRNAs and different hemoglobin mRNAs,
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although the proteins have almost identical sequences, the mediator of
transformation might still be almost identical at the protein level. The
base composition of the viral mRNA in transformed cells shows that
the sequences transcribed in transformed cells have a G+C content of
47-51% although the DNA from members of the different groups show
a great variation in base composition (Fujinaga and Green, 1968).

In conclusion, it appears that only part of the genome is
expressed, but is preferentially transcribed, in adenovirus transformed
cells, and that the sequences of RNA transcribed in cells transformed
by adenoviruses are different by hybridization between the three
subgroups A, B, and C.

The original transcript containing viral RNA in transformed cells
appears to be confined to HnRNA species similar in size to the
HnRNA in uninfected cells (Green et al., 1970; Wall er al., 1973; Tseui
et al., 1972). By selecting large HnRNA molecules from Ad 2-
transformed rat cells on adenovirus DNA and selecting for poly(A)-
containing molecules, R. Wall (unpublished) provided evidence that
the virus-specific sequences are located at the 3" terminus of the
HnRNA and that some of the sequences at the 5° end are probably of
cellular origin. HnRNA selected by hybridization to adenovirus DNA
will hybridize to cellular DNA to the same extent as unselected
HnRNA, which suggests that the integrated genomes are transcribed
together with cellular DNA sequences (Tseui et al., 1972; Wall et al.,
1973). In the cytoplasm of the transformed cells the viral RNA se-
quences are confined to species sedimenting at 10-25 S, and the viral
mRNA pattern on SDS-polyacrylamide gels and sucrose gradients is
very similar to the viral mRNA pattern observed in early productive
infection (Wall ef al.. 1973; Lindberg er al.. 1972). Since the size of the
mRNA in the cytoplasm is distinctly smaller than the size of the
largest HnRNA-containing virus-specific RNA in the nucleus, it ap-
pears that the viral mRNA in transformed cells is subjected to the
same processing mechanism as HnRNA in uninfected cells (Wall er
al., 1973). As a complement to the productively infected cells, where
integration might not occur, the transformed cells appear useful for the
elucidation of the detailed mechanism of processing of mRNA in
eukaryotic cells.

8.4. Phenotype of the Transformed Cells

Originally, Ad 12-transformed cells were noted as foci of
epithelial-like cuboidal elements which tended to pile up on top of each
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other (McBride and Wiener, 1964). Similar findings were reported by
others for both transformed rat and hamster cells (Pope and Rowe,
1964; Strohl er al., 1966; Freeman et al., 1967a,b; Kusano and Ya-
mane, 1967; Rafajko, 1967). The frequency of unrestrained growth
transformation, defined as the absence of a post-logarithmic resting
phase which is observed in normal cells with a concurrent lack of cell
cycle inhibition (Pontén, 1971), is extremely low and transformation
only occurs unpredictably during the course of many months. The
growth state of the cells at infection, the multiplicity of infection, as
well as the composition of the medium influence the ability of the
virus-transformed cells to survive (Schell and Schmidt, 1968; Schell et
al., 1968a,b). Under optimal conditions, colonies composed of tightly
packed small polygonal cells can usually be identified 2-3 weeks post-
inoculation. The cells have an increased content of DNA, which can be
used for identification with Feulgen staining (Kusano and Yamane,
1967). Transformed cells further show an increased amount of
membrane-bound mucopolysaccharides similar to what has been found
after transformation by papovaviruses (Martinéz-Palomo and
Brailovsky, 1968). One transforming unit corresponds to about 10* in-
fectious units as measured by end-point titrations on human embryonic
kidney cultures. It appears that normal levels of calcium are essential
for primary transformation, but the establishment of cell lines require
a reduction of the calcium concentration to 0.1 mM (Schell er al..
1968a; Van der Noorda, 1968a.,b). In order to assay the frequency of
transformation Strohl et al. (1967) infected cloned established BHK21
cells with high multiplicity of purified Ad 12 and assayed for colony
growth in soft agar; after three weeks 0.1-1% of the cells had formed
visible colonies. McAllister and Macpherson (1968), on the other hand,
reported a transformation frequency of 0.002% with Ad 12 in another
established hamster cell line, Nil-2, but they failed to transform the
BHK21. Human adenovirus belonging to subgroup C has been reported
to cause unrestrained and infinite growth transformation of rat embryo
cells (Freeman er al., 1967a,b; Van der Noorda, 1968b, McAllister et
al., 1969a), and also in this case the transformation was reproducible
only when the calcium content of the medium was low. A simian
adenovirus, SA7, can cause transformation of hamster cells in the
same way as human Ad 12 (Riggs and Lennette, 1967; Casto, 1968;
Whitcutt and Gear, 1968; Alstein er al.. 1967). Simian adenovirus
SA1l can also transform hamster cells (Casto, 1969). Bovine
adenovirus type 3 has also been shown to be oncogenic and able to
transform cells (Darbyshire, 1966; Gilden er al., 1967; Tsukamoto and
Sugino, 1972).
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The adenoviruses obviously can induce specific cell morphology
and specific growth characteristics in transformed cells, but it has not
been unequivocally proven that the adenovirus is responsible for this
effect. Transformation occurs only at low frequencies, but the unique
morphology observed both in vitro and in vivo (Kusano and Yamane,
1967) has not been seen in spontaneously transformed rodent cells or in
cells transformed by other viruses.

The adenovirus-induced products found in the transformed cells
are the adenovirus-specific T antigens. They can be detected in cells
transformed by human adenoviruses of all three groups (Huebner et
al., 1963; Pope and Rowe, 1964; Huebner, 1967), and in the productive
infection this product belongs to the early phase (Hoggan et al.. 1965).
There is no antigenic cross-reaction with T antigen found in
papovavirus-transformed or -infected cells. There is also subgroup
specificity with regard to the T antigens in that the T antigens from
human adenovirus subgroups A, B, and C differ immunologically
between the groups. In spite of numerous attempts to purify the T
antigens (Tavitian er al., 1967; Gilead and Ginsberg, 1968a.h; Tock-
stein et al., 1968), these antigens have not yet been biochemically
characterized. In addition to the T antigen, a tumor-specific trans-
plantation antigen (TSTA), which appears to be responsible for trans-
plantation rejection, appears on the surface of cells transformed by
adenovirus (Sjogren et al., 1967). Although surface changes have been
reported for the productive infections (Salzberg and Raskas, 1972), it
is not yet established that the TSTA antigen is present during produc-
tive infection. At present there is no direct evidence that either T
antigen or TSTA is coded for by the viral genome.

9. ADENOVIRUS GENETICS

The first adenovirus mutants described were a number of cytocidal
(cyt) mutants of Ad 12 (Takemori et al., 1968). They were spon-
taneously encountered in frequencies of 0.01%, but UV irradiation
increased the frequency about five-fold. The mutants can be distin-
guished from wild-type virus because they show an enhanced cyto-
pathic effect and produce large clear plaques in comparison to wild-
type Ad 12, which produces small fuzzy-edged plaques on human em-
bryonic kidney cells. These cy? mutants are furthermore less oncogenic
than wild type for newborn hamster, and they have lost the ability to
transform hamster cells in vitro (Takemori et al., 1968). True recom-
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binants, which produce wild-type plaques and which have regained
their oncogenicity, have been obtained (Takemori, 1972).

Isolation of temperature-sensitive (rs) mutants of adenoviruses
was not reported until 1971, but at present there is a rapid accu-
mulation of such 7s mutants and a new nomenclature has recently been
introduced (Ginsberg et al., 1973). However, functional studies are
only slowly being accumulated. Williams er al. (1971) and Ensinger
and Ginsberg (1972) described a battery of rs mutants of Ad 5.
Williams et al. (1971) isolated mutants after mutagenesis with nitrous
acid, nitrosoguanidine, hydroxylamine, and bromodeoxyuridine. Mu-
tation frequencies were in the range of 0.6-9.6%, and the mutants
showed comparatively little leakiness. The reversion frequencies were
of the order of 107°-10-¢. Complementation analysis has revealed at
least 14 complementation groups (Williams and Ustacelebi, 1971;
Wilkie er al., 1973; Russell er al.. 1972a). In addition, recombination
experiments appear to indicate that recombinants to wild type can only
be obtained at frequencies in the range of 0.05-9.0% (Williams and
Ustacelebi, 1971; Williams, personal communication). Ensinger and
Ginsberg (1972) reported the isolation of 8 rs mutants of Ad 5 obtained
in a similar way. Again, the reversion frequencies were low and these
mutants were separated into three complementation groups. Recom-
bination to wild type including reciprocal recombination could also be
observed at frequencies of 0.1-15%. Temperature-sensitive mutants
have also been described for Ad 12 by Lundholm and Doerfler (1971)
and Shiroki et al. (1972). The latter group isolated 88 s mutants. They
found 13 complementation groups for the Ad 12 genome, which should
be compared with the 14 groups for the Ad 5 genome (Williams and
Ustacelebi, 1971). More recent data appear to indicate that there are
at least 17 complementation groups for the Ad 5 genome (Williams,
personal communication). The isolation of ¢s mutants of adenovirus
type 31 (Suzuki and Shimojo, 1971) and of an avian adenovirus
(celo) (Ishibashi, 1970) has also been reported. Ishibashi (1971)
isolated 49 mutants of the avian celo virus which were grouped ac-
cording to their capacity to transport virus antigen from the cytoplasm
to the nucleus of infected cells at nonpermissive temperature. Several
mutants which failed to carry out proper transport were encountered.
However, there is probably a considerable variation in the sites of
antigen accumulation with several different ts mutants, depending on
the time of harvesting of the cells.

The Ad 12 s mutants of Shiroki er al. (1972) and the Ad 5 s
mutants of Williams er al. (1971) have been most extensively mapped
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for functional defects, but this work has only begun. The 13 comple-
mentation groups of Ad 12 virus fall into four classes. The first
contains the complementation groups A-D, where the mutants are
unable to synthesize all major capsid proteins, hexon, penton base,
and fiber at the nonpermissive temperature. The second class consists
of the mutants in the 3 complementation groups E-G which are de-
fective in production of 2 capsid polypeptides, whereas the third class
comprises mutants in the complementation groups H-J, which are
unable to produce either hexon (H), fiber (I), or penton base (J). The
mutants in the fourth class, covering the remaining 3 complementation
groups K-M, produce capsid proteins in normal amounts but are
unable to assemble virions at the nonpermissive temperature. None of
these Ad 12 mutants are defective in synthesis of viral DNA, and all
the mutants induce T antigen and are oncogenic for hamsters. The Ad
5 mutants have also been classified into four serological classes
(Russell er al.. 1972a) based on the identification of the defects with
immunological tests for virion proteins. The largest class, class 4,
comprising at least 50% of the mutants, shows a defect in the produc-
tion of hexon antigen and this class can, with the aid of fluorescent an-
tibodies, be subdivided into two subclasses. Class 4 A mutants exhibit
abnormal synthesis of the hexon polypeptide and class 4 B mutants ap-
pear to have a defect in the transport of hexon antigen to the nucleus.
Fifty percent of the mutants of Ensinger and Ginsberg (1972) were also
defective in hexon synthesis. It is of interest that the serological class 4
consists of at least 6 different complementation groups, which
strengthens the notion that hexon synthesis is a highly controlled event
in virus reproduction. Although intracistronic complementation cannot
be excluded, it appears that at least 4 and possibly 6 adenovirus genes
are involved in controlling or specifying hexon antigen. The class 3
mutants comprising 3 complementation groups are all defective in fiber
antigen production. The class 2 mutants only comprise one comple-
mentation group (Wilkie er al., 1973) and they are defective in viral
DNA synthesis at nonpermissive conditions, but they can still make
the early form of the P antigen. The serological class 1 mutants, fi-
nally, comprising two complementation groups, correspond to the third
complementation group of Ensinger and Ginsberg (1972). Both the
DNA and the capsid proteins of the virions are made in normal
amounts with these mutants but they fail to assemble intact virions.
Two mutants of Ad 5 which complement each other fail to induce in-
terferon in chick embryo cells (Ustacelebi and Williams, 1972). The
results up till now only allow a crude classification of the ts mutants,
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which illustrates the limitations of immunological techniques for
assessing the defectiveness of the mutants. A more careful analysis, re-
lating the mutants to all the 22-25 virus-induced polypeptides late in
infection (Anderson er al.. 1973), might specifically characterize the
gene products affected in these mutants.

10. CONCLUSIONS AND PROSPECTS FOR THE FUTURE

This description of adenovirus reproduction has emphasized the
presence of similarities between the expression of viral genes and the
expression of host genes. Since the adenoviruses probably do not carry
their own enzymes for the synthesis of either RNA or DNA, and since
they do not appear to induce the synthesis of virus-specific polymerases
after infection, it is implied that the virus relies almost entirely on the
enzyme machinery of the host cell for expressing and replicating its
genome. If this is true, the efficiency of the virus reproduction indicates
that adenovirus has acquired functions by which it can when needed
redirect the enzymes of the host cell to replicate preferentially viral
DNA, to express mostly viral genes, and finally to take over almost the
entire protein-synthesizing machinery of the host cell for synthesis of
viral proteins. Examples of this kind are well known from studies in
prokaryotic systems. The switch of these regulatory functions in favor
of the virus would result in an interference with the synthesis of cor-
responding host cell products. A variety of such effects are seen in the
interplay between adenovirus and its host cell, especially during the
transition from the early to the late phase of the infection. An under-
standing of these regulatory mechanisms might inform us about the
corresponding control mechanisms of the host cell or eukaryotic cells
in general.

The ultimate result of the expression of the early genes is the trig-
gering of viral DNA replication, and this in turn is crucial for the
switch from early- to late-phase gene expression. The early viral
product(s) necessary for the initiation of viral DNA synthesis has not
been identified. It appears to be proteinaceous and synthesized com-
paratively late in the early phase. Furthermore, this proteinaceous
product apparently does not need to be synthesized continuously since
viral DNA replication, once it has begun, becomes insensitive to in-
hibition of protein synthesis. The isolation of s mutants of adenovirus,
which are blocked in viral DNA replication at nonpermissive tempera-
tures, and the development of an in vitro system of isolated nuclei from
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infected cells, where viral DNA synthesis can be studied under a va-
riety of conditions, are the two important advances, which soon might
lead to the identification of the factor(s) involved in the replication of
the viral DNA.

With respect to transcription and translation, several important
questions remain to be answered especially with regard to the
mechanisms controlling the switch from early to late gene transcrip-
tion. It is known that if viral DNA replication is prevented, the mRNA
of the late phase is not made, and, although all s mutants have not as
yet been fully characterized, there is no indication that viral DNA can
be replicated without concurrent late mRNA production. This could
suggest that the decision of whether or not late mRNA shall be made
is inherent in the structure of the progeny DNA; or, expressed in
another way, if the appropriate DNA template is provided through the
replication of the viral DNA, the synthesis of late mRNA can occur.

Another important aspect pertains to the almost complete take-
over by the virus of the protein-synthesizing machinery of the cell.
Recent data seem to suggest that this effect is governed by control
mechanisms functioning both in the nucleus and in the cytoplasm.
First, there seems to be a virus-controlled function exerting its action
at the post-transcriptional level, ensuring that viral mRNA is
preferentially exported to the cytoplasm in the late phase. Second,
there seems to be a mechanism operating at the translational level
causing the replacement in the polysome fraction of the host mRNA
by viral mRNA. Since the host mRNA is long-lived and no degra-
dation of host mRNA has been observed, the latter effect may involve
initiation of translation. It is possible that both of these effects are due
to a property of the mRNA itself, but the evidence seems to favor the
theory that they are caused by specific factors produced by the virus.
Actually, a simple protein factor could.be responsible for both these
events, and a likely candidate for such a function is the extra
polypeptide found on adenovirus mRNP as compared to mRNP from
uninfected cells. A most interesting observation with respect to the
control of the expression of the late adenovirus genes has been made on
monkey cells, which normally are nonpermissive to adenovirus in-
fection. These cells do allow the synthesis of viral DNA and also late
viral mRNA. However, the late viral mRNA appearing in the cyto-
plasm cannot be used for translation in these cells unless at least a part
of SV40 DNA is concurrently expressed. The SV40 DNA may be in-
troduced as a separate helper virus or as a hybrid DNA integrated in
the adenovirus DNA. The studies on nondefective adeno-SV40 hybrids
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suggest in fact that the early U antigen induced by SV40 DNA may be
a regulatory protein (Table 5) enabling adenovirus translation. An at-
tempt to identify the SV40 gene product in infection with adeno-SV40
hybrid virus (Ad 2°ND,) has already been published (Lopez-Revilla
and Walter, 1973). Further experimentation on this problem should
provide valuable information regarding the regulatory mechanisms of
adenoviruses.
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CHAPTER 4

The Replication of
Herpesviruses

Bernard Roizman* and Deirdre Furlong
Department of Microbiology
The University of Chicago
Chicago, Illinois 60637

1. OBJECTIVES AND SCOPE
1.1 Objectives

This chapter deals with the structure and replication of
herpesviruses in susceptible cells. Having stated its scope, we shall take
license to say what what we think of it.

Reviews such as this generally have an objective. A plausible, but
not credible objective of writing a review in a rapidly expanding scien-
tific field is to bring order. But what is order? A recital of established
“facts’’? The expert all too frequently has an inflexible view of his
universe and for him another expert’s order is anathema. The beginner
might be more susceptible to expert incantations, but alas, even the most
fluent summation of credible data frequently makes dull reading, and
too much order, like too little entropy in chemical reactions, is not a
suitable environment on which to nurture the urge to discover. We can-
not claim either good reading or too much order. Our excuse, if one need
be offered, is the veritable flood of information on herpesviruses which
has erupted from just about every corner of the world in recent years.
Whereas an earlier review from this laboratory (Roizman, 1969) took
six weeks to write, this one took over eight months, even though it is

* Also in the Department of Biophysics
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230 Chapter 4

much more limited in scope. With deep regret we left out the many
scores of papers on abortive infections, latency, and the mushrooming
field of herpesvirus genetics, all of which we hope will be covered in a
subsequent volume of this series. Also, once again we feel compelled to
make the trite apology for the failure to do justice, or injustice, as the
case may be, to the many hundreds of papers published on herpesviruses
each year, or to the many thousand papers published on herpesviruses
since the first of the members of the family was experimentally transmit-
ted to a heterologous host more than half a century ago (Griiter, 1924).

1.2. The Herpesviruses

The reader interested in the derivation of the name ‘‘herpes” and
other historical tidbits should look up Beswick (1962), Roizman (1969,
1971a), and Nahmias and Dowdle (1968).

Herpesviruses are defined as having DNA as their genetic ma-
terial, an icosahedral capsid containing 162 capsomers, and an en-
velope; no one has ever reported counting all 162 capsomers. The most
frequent identification of a virus as a putative herpesvirus or, more
frequently, as a herpes-type virus, is based on the presence of particles
approximately 100 nm in diameter budding through the inner nuclear
membrane. Based on this identification, herpesviruses have been
reported in nearly every eukaryotic species examined in detail, from
fungi (Kazama and Schornstein, 1972) to man. The list includes
oysters (Farley et al., 1972), fish (Wolf and Darlington, 1971), frogs,
birds, and a variety of domestic and wild animals. Are they all
herpesviruses? Must enveloped DNA viruses budding through the nu-
clear membrane necessarily be related? What should be criteria for re-
latedness in the face of (1) the fact that there is apparently little
DNA-DNA homology among herpesviruses other than herpes simplex
1 and 2 and the possibility that the common antigens reported at length
might well be host or serum contaminants? From the point of view of
this paper, the questions are academic, particularly since of the 2 or 3
score herpesviruses reported to date only a handful, i.e., herpes simplex
(HSV), pseudorabies, the Epstein-Barr virus (EBV), equine herpes-
viruses, and some cytomegaloviruses, have been studied in some detail.

Although we do not wish to discuss any classification of
herpesviruses, some comments concerning the nomenclature of
herpesviruses should be made. The extent of variation in the current
naming of herpesviruses is exemplified by herpesviruses infecting man
which are named after the host (herpesvirus hominis), after the disease
(varicella-zoster) or histological manifestation (cytomegaloviruses)
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with which they are associated, or after the names of their discoverers
(Epstein-Barr virus). This is obviously not a very satisfactory state of
affairs, but permanent alternatives are not readily acceptible since suf-
ficient information is as yet unavailable concerning the phylogenetic
relationships of the herpesviruses to one another to permit the
assembly of a binomial nomenclature related to an hierarchical system
of classification. Until the time when such a nomenclature can be insti-
tuted, the ICNV Herpesvirus Study Group proposed (Roizman er al.,
1973b) a provisional system for the labeling of herpesviruses based on
the following rules: (1) the label for each herpesvirus would be in an
anglicized form, (2) each herpesvirus would be named after the
taxonomic unit, the family, to which its primary natural host belongs,
and (3) the herpesviruses within each group would be given arabic
numbers. The number would not be preceded by the word “type.”” New
herpesviruses would receive the next available numbers.

To facilitate reading of this chapter, the common names now in use
rather than the proposed new designation will be used throughout the
text. Table 1 however lists both the new and the common names, the
few abbreviations used in the text, as well as the pertinent properties of
viral DNAs reported to date. As a further concession to the
observation that herpesvirus strains passaged in the laboratory differ
from isolates passaged a limited number of times in cell culture (Heine
et al., 1974), we included wherever desirable the name of the virus
strain in parentheses after the virus designation or its abbreviation.

2. THE HERPESVIRION

2.1.  Architectural Components

The large virion consists of four major architectural components,
the centrally located core being surrounded by three concentric struc-
tures: the capsid, the tegument, and the envelope (Fig. 1).

2.1.1. The Core

In thin sections of extracellular virions or virions in infected cells,
the core has the appearance of an electron-dense ring surrounding an
electron-translucent center (Fig. 1E) or of an electron-dense bar (Fig.
2A, B). These two images are compatible with the hypothesis that the
core is an electron-dense toroid with a less-dense plug or spool filling
the hole (Fig. 1H). Indeed, many, although not all, pictures of the core
could be accounted for in terms of the angle of the plane in which the
section is cut (Fig. 1D). Two lines of evidence have led to the con-
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Fig. 1. The structure of the herpesvirus capsid and virion. (A, B, C) Negatively
stained preparations of HSV-1 capsids. (A and B) Capsids were stained with phos-
photungstic acid and show 3- and 2-fold symmetry, respectively. (C) Capsids
penetrated by uranyl acetate, bringing into relief threadlike structures showing periodic
striations on the surface of the core. (D) Negative-stain preparation of purified HSV-1
virions. Intact virions are impermeable to negative stain and appear as white blobs
with tails. The irregular shape and tailing probably result from stretching of the en-
velope during centrifugation. (E) Ruptured HSV-1 virion penetrated by negative stain.
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clusion that the core contains DNA. First, numerous investigators
(Epstein, 1962a; Zambernard and Vatter, 1966; Chopra er al.. 1970;
Cook and Stevens, 1970; Trung and Lardemer, 1972) have shown that
the central region of the virion is sensitive to DNase but not to RNase
or to proteolytic enzymes, though there is little of the virion left to be
recognized after proteolysis. Although enzymatic digestion showed that
the DNA is in the core, it was not immediately clear whether the DNA
was contained in the electron-dense area, the electron-translucent area,
or both areas. Recent studies (Furlong er al., 1972) have taken ad-
vantage of a technique developed by Bernhard (1969) to show that the
DNA is contained in the electron-dense region making up the toroid
(Fig. 2). The technique is based on the observation that EDTA
treatment of thin sections, fixed with glutaraldehyde only, and stained
with uranyl acetate, selectively removed uranyl ions bound te DNA.
The appearance of the plug was unaltered by this treatment and
nothing is known of its structure. Strandberg and Carmichael (1965)
reported that the core of the canine herpesvirion had a helical ap-
pearance. Herpes simplex capsids negatively stained with uranyl
acetate showed coiled threadlike structures on the surface of the core
(Fig. 2C). The threadlike structures were 4.0-5.0 nm wide and showed
some indications of a periodic superstructure (coils?) along the thread.
We suspect, but have no proof, that these structures are the spooled
DNA.

2.1.2. The Capsid

In thin sections the capsid appears as a moderately electron-dense
hexagon or ring separated from the core by an electron-translucent
shell. The outer dimensions of the capsid reported to date (Wolf and
Darlington, 1971; Stackpole and Mizell, 1968; Strandberg and Car-
michael, 1965; Wildy er al.. 1960; Nazerian et al.. 1971; Abodeely er
al.. 1970; McCombs et al., 1971; Nayak, 1971; Nazerian and Witter,
1970) vary considerably, but in general fall between 85 and 110 nm. It
is not clear whether the variability of dimensions reported to date
reflects artifacts of manipulation or inherent structural differences
among herpesviruses. The morphologic subunits of the capsid, the

Note the outlines of the capsomers and of the membrane with spikes on its outer sur-
face and tegument on its inner surface. (F) Intact HSV-1 virion impermeable to
negative stain shown at same magnification as E and G. (G) HSV-1 virion showing
loss of membrane from one side. Note tegument adhering to capsid. (H, I, J) Thin sec-
tions of HSV-1, MDV, and Tree shrew herpesvirus virions, respectively. Note ex-
tensive tegument in I and J and densely staining membrane with spikes on the outer
surface in H and J. Bar in this and all subsequent figures = 100 nm.
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Fig. 2. The structure of the core of the herpesvirion. (A) Electron micrographs
of thin sections of HSV-1 virions showing the core cut at various angles. (B)
Three selected views of the core shown at high magnification. The material
shown in A and B was fixed with glutaraldehyde, and post-fixed with osmium te-
troxide. Sections were stained with uranyl acetate and lead citrate. All thin sec-
tions shown in this chapter were fixed and stained in this way unless otherwise
indicated. (C) Electron micrograph of glutaraldehyde-fixed thin sections of
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capsomers, are readily visible in negatively stained preparations (Fig.
1A,B). The capsomer arrangement shows 2-, 3-, and 5-fold symmetry.
From the number of capsomers (five) along the side of the triangular
face and the axis of symmetry, Wildy et al., (1960) concluded that the
capsid is made of 162 capsomers arranged in the form of an icosadelta-
hedron. The number of capsomers has not been confirmed by actual
count. Icosadeltahedral arrangement requires pentameric as well as
hexameric capsomers. Hexameric capsomers are commonly seen in
negatively stained preparations. Pentagonal capsomers have been
reported (Wildy er al., 1960), but pictures showing clearly resolved
pentamers and hexamers have not been published. One explanation is
that herpesvirion pentamers may be unstable under conditions of
negative staining. It would be expected that the predicted 12 pentamers
and the 150 hexamers would differ with respect to structural subunits.
However, the composition and molar ratios of the capsid proteins
(Sect. 2.6.3) do not readily permit assignment of proteins to
pentameric and hexameric structures. The hexameric capsomer ap-
pears to be 12.5 nm long. The end projecting outside the capsid has a
diameter of 8.0-9.0 nm (Wildy et al., 1960). A hole, 4.0 nm in
diameter, runs through the long axis of the capsomer. The negative
stain completely fills the capsomers broken off the capsid during the
staining processing in a manner which suggests that the canal runs all
the way through the hexamer. However, in the intact capsid, the hole
fills only partly with negative stain, suggesting that in the intact capsid
the hole is blocked at the proximal end. The electron-translucent space
between the core and the capsid, the pericore, is not empty. The core
remains in the center of the capsid even after prolonged centrifugation
and pelleting (Gibson and Roizman, 1972). If the space were empty, it
would be predicted that the core would be displaced toward one side.
In some negatively stained capsids this space is filled with stain (Toplin
and Shidlovsky, 1966). Also, in capsids treated with the nonionic de-
tergent NP-40 for 30 minutes, the core loses its shape and can be seen
lying next to the capsid which itself does not appear to be morphologi-
cally altered by the treatment (Abodeely er al., 1970). Cook and
Stevens (1970) report that after DNase digestion of thin sections, there
is some dense material adhering to the inside of the capsid. The nature
of the material in the pericore regions is unclear. Comparison of the
protein composition of empty and full capsids suggests that, if this ma-

virions in the cytoplasm of HSV-I-infected cell. The sections were treated with
EDTA to selectively remove the uranyl binding to DNA according to the
procedure of Bernhard (1969).
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terial is protein, it is probably a structural component of the capsid, ar-
ranged differently in empty capsids and in capsids containing DNA.

2.1.3. The Tegument

The tegument is defined as the structure located between the
capsid and the envelope. A structure corresponding to the tegument
was recognized by numerous authors (Morgan er al., 1968; Wildy et
al., 1960; Schwartz and Roizman, 19694) as a fibrous coat around the
capsid. In some publications (Shipkey er al.. 1967; Heine et al., 1971;
Roizman, 1969) it was designated as an inner membrane, a misnomer
since the tegument does not have a trilaminar unit-membrane struc-
ture. In thin section it appears as a layer of amorphous material (Fig.
2B,C), and in negatively stained virions it has a fibrous appearance
(Fig. 1E,F). Although the amount of this material is variable, when the
layer is complete the material is slightly denser than either the adjacent
capsid or inner lamella of the envelope. This is true of unstained ma-
terial as well as of sections stained with uranyl acetate or lead citrate,
or both. The material comprising the tegument seems to be present in
most virions, but the amount seen is variable from virion to virion,
even in the same cell. Fong er al. (1973) recently reported that the
tegument is absent in guinea pig herpes virions in the perinuclear space
but is present in virions in cytoplasmic vacuoles or in the extracellular
space in infected cultured guinea pig cells. The width of the layer varies
considerably among the herpesviruses (Kazama and Schoenstein, 1973;
Nayak, 1971; Strandberg and Carmichael, 1965); for example, in
herpes simplex the layer is frequently interrupted (Nii et al.. 1968a)
and in virions from Lucké adenocarcinoma the layer is generally com-
plete (Stackpole and Mizell, 1968). In virions from Marek’s disease
virus (Nazerian and Witter, 1970) or from the herpesvirus of tree
shrews (McCombs er al., 1971), there is enough of this material to
extend the size of enveloped particles to 250 or 260 nm in diameter
(Fig. 11J). The extent of this layer may be determined by the virus
strain. Herpes simplex grown in tree shrew fibroblasts does not show
enlarged virions. However, the tree shrew herpesvirus produces
enlarged virions in both human embryonic fibroblasts and rabbit
kidney cells, indicating that the structure of the tegument is controlled
at least in part by the virus.

2.1.4. The Envelope

The outermost structure of the herpesvirion is the envelope (Sie-
gert and Falke, 1966; Falke er al.. 1959; Morgan er al., 1954; Chopra
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et al., 1970; Darlington and Moss, 1969; McCombs et al.. 1971)
consisting of a trilaminar membrane with spikes projecting from its
outer surface (Fong et al., 1973; McCraken and Clarke, 1971; Wildy et
al., 1960). The envelope is impermeable to negative stain (Fig. 1D,F),
but becomes permeable if damaged (Watson, 1968) (Fig. 1E,F). The
virion envelope seems to be especially fragile (Cook and Stevens,
1970). Envelopes of virions are seen to be broken in thin sections of
cells where the cellular membranes are well preserved. Manipulation of
the virion results in striking alterations of the envelope, and ‘‘tailing™
frequently results (Fong er al., 1973; Nayak, 1971; Spear and
Roizman, 1972) (Fig. 1D). The efficiency of envelopment as well as the
stability of the envelope varies considerably among the herpesviruses
(Nazerian and Witter, 1970; Schwartz and Roizman, 19694; Under-
wood, 1972; Witter er al.. 1972; Gershon et al., 1973). In the case of
cytomegalovirus infection, intact enveloped particles are rarely seen.

2.2. Purification and Fractionation of Herpesviruses
2.2.1. General Considerations

Analyses of chemical and some biologic properties of
herpesviruses requires purified virions. For many years the purification
of herpesviruses presented difficulties which were surmounted in part
only in recent years. Before discussing the purification of herpesviruses,
it seems worthwhile to discuss the problems involved.

(1) The source of virus for purification is either the infected cell in
which the bulk of the virus accumulates or the extracellular fluid into
which a fraction of the virus is released as a consequence of autolysis of
the cell and of active transport of the virus to the cell surface (Sect. 3).
By definition, pure preparations are free of cellular and extracellular
contaminants, both host and viral. Neither the fact that the virus bands
in a gradient nor the observation that all its proteins label post-infection
is evidence that the preparation is pure. Purity is never absolute; it must
be defined with respect to a specific contaminant, i.e., host proteins, host
DNA, or even viral proteins.

(2) Homogeneity is an important but usually ill-defined property
of herpesvirus preparations. The problem stems from two considera-
tions. First, the virion is structurally as well as functionally labile.
Many preparations of “‘purified virus” which had been analyzed in
great detail with respect to protein and amino acid composition
consisted of undetermined mixtures of enveloped and unenveloped
virus or of empty and full capsids. The second problem is more com-
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plex and less amenable to solution. Under rare, and usually well-de-
fined, conditions the particle-to-infectivity ratio approaches a limit of
10 or less. Usually, however, the particle-to-infectivity ratio for large
batches is at least one order of magnitude higher. The question, ob-
viously, is whether the composition of purified, homogeneous particles
in such preparations reflects the composition of the infectious particles.
This is a general problem encountered with all biologically active
macromolecules but which acquires very special significance for
viruses.

2.2.2. Virus Purification

The major contaminants encountered in the course of purification
of the virus and its components are (1) host DNA, (2) host proteins
and particulate structures such as ribosomes and mitochondria, and (3)
membrane vesicles carrying both viral and cellular constituents. In
general, purification of virions, subviral structures, and viral DNA
with respect to host DNA presents no serious problem. The general
procedures for purification of virions and subviral particles with
respect to host proteins yield preparations free of host DNA. From the
point of view of maximum recovery, viral DNA is best prepared from
nucleocapsids (Kieff er al.. 1971). These can be obtained in two ways:
following lysis of infected cell nuclei with deoxycholate and partial
digestion of host DNA with DNase, or following NP-40,
deoxycholate, and urea treatment of cytoplasmic or of extracellular
virions (Gibson and Roizman, 1972). Consistently good preparations
were obtained by banding the DNA released from purified
nucleocapsids with sodium dodecyl sulfate (SDS) and sarkosyl in suc-
rose density gradients prepared in buffer at neutral pH (Kieff er al..
1971).

The purification of herpesvirions presents several problems
resulting from the presence of the envelope and the site of maturation
and accumulation of the virus. Briefly, as discussed in Sect. 4,
herpesviruses acquire an envelope predominantly from the inner
lamella of the nuclear membrane, and accumulate in the perinuclear
space and in the cisternae of the endoplasmic reticulum. Virus release
from infected cells is inefficient and acquires momentum only after the
infected cell disintegrates, spilling both virus and debris. In our hands,
extracellular virions from cells in culture frequently contained a
damaged envelope (permeable to negative stain), and it was not always
a satisfactory source of virus for analysis. In addition, separation of in-
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tracellular virus from cellular organelles and particularly from
membrane vesicles generated during the disruption of the cell presents
special problems. The difficulty is compounded by the fact that the
membranes of infected cells carry virus-specific proteins. Another
problem is that infected cells contain not only virions, but also naked
nucleocapsids in ratios which differ greatly from one cell line to
another.

The procedure for the preparation of purified virions which has
been most successful to date consists of three steps (Spear and
Roizman, 1972). The particular object of this purification procedure is
to separate enveloped nucleocapsids in the cytoplasm from cellular
organelles and from membrane vesicles generated during cell disrup-
tion. Of the various contaminants, membrane vesicles are the most
prominent and the most difficult to deal with. The first step consists of
disruption of the cell and the separation of the cytoplasm from nuclei.
Careful preparation of cytoplasm is essential and isotonic sucrose solu-
tions are used to stabilize the nuclei and prevent leakage of
nucleocapsids and nucleoproteins which tend to aggregate membranous
structures. In general, if the nuclei are broken, the purification scheme
will not be effective and the preparation is best discarded. The second
step consists of rate zonal centrifugation of the cytoplasmic extract on
Dextran 10 gradients. The centrifugation effectively separates virions
from soluble proteins and most cellular membrane vesicles, which
remain near the top of the gradient, and from aggregates of virions, cy-
toplasmic organelles, and large debris, which pellet. Dextran specifi-
cally is used here because of its low osmolarity; presumably, intact
membrane vesicles stay distended rather than collapse and sediment
more slowly than the virion which has a high density core. After centri-
fugation, virions are found in a diffuse, light-scattering band just above
the middle of the tube. This band contains partially purified, largely
enveloped virus and will be referred to in the text as “‘Dextran 10
virus.” The purpose of the third step in the purification procedure is to
separate the virions from the remaining contaminants, i.e., membrane
fragments and small amounts of unenveloped nucleocapsids. There are
several variations of the third step. The procedure which gives the
purest virus is flotation of the partially purified virus through a dis-
continuous sucrose gradient. Membrane-containing contaminants float
to a lower density and a higher position in the tube than the virions,
whereas nucleocapsids, because of their high density, will pellet. Al-
though this procedure yields almost exclusively enveloped virus, free of
membrane contaminants, many of the particles exhibit damaged en-
velopes. The second variation of the last step is to centrifuge Dextran
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10 virus through a potassium tartrate gradient instead of the dis-
continuous sucrose gradient. In this way the normal morphology of the
virion is better maintained. A third procedure is to reband the Dextran
gradient. It should be pointed out that the first two alternatives yield
equivalent results in terms of protein recovered in the final product.
The third procedure results in a reduction in the extent of contami-
nation of virions with nucleocapsids but probably does not significantly
lower the contamination of the preparation with membrane vesicles.

2.2.3. Monitoring the Purification Procedure

The most common techniques for monitoring the purification of
herpesvirons are the determination of the extent of purification of
some specific activity (infectivity, a capsid protein, etc.) relative to
total protein mass, or the determination of the extent of purification of
virus from either an artificial mixture of virus and labeled host de-
bris or from infected cells which had been labeled with radioactive
amino acids before infection. These techniques will obviously reflect
the extent of purity of the virus relative to host proteins but not relative
to other viral products, and in particular they are not absolute. There
are no satisfactory techniques for monitoring the presence of traces of
unique host DNA sequences, particularly if they are covalently linked
to viral DNA.

The second comment stems from the fact that purity is not
synonymous with homogeneity. Electron microscopy is useful in moni-
toring qualitative but not quantitative aspects of homogeneity. In
general, intact virions are not permeable to negative stain and, hence,
the presence of substantial amounts of particles penetrated by negative
stain indicates that the procedures employed damage the envelope. The
presence of collapsed membrane vesicles either empty or flooded with
negative stain is a good indiction of contamination by cellular
membranes. Their absence is less meaningful. The usefulness of
negative stain in determining the presence of empty and full
nucleocapsids is questionable since negative stain permeates both.
Negative stain does not differentiate between the B and C forms of
nucleocapsids, even though C capsids in our hands almost invariably
contain substantial amounts of glycoproteins and yet lack a major pro-
tein of the B capsid.

Monitoring homogeneity of capsids presents numerous problems
arising from the fact that, although at least 3 types of capsids are
readily separated from infected cells, the three forms which differ in



The Replication of Herpesviruses 245

protein composition cannot be readily differentiated by examination
following negative staining. Forms A and B correspond to full and
empty capsids and are prepared from infected cell nuclei by the tech-
nique described by Gibson and Roizman (1972). Form C is derived by
stripping the envelope off the virions. Forms A and B are readily dif-
ferentiated by differences in the sedimentation rates in sucrose density
gradients. Detergent treatment followed by fractionation of whole
infected cells separates A capsids from B and C capsids, but not B
capsids from C capsids.

2.3. Herpesvirus DNA

Although it has been long suspected that herpesviruses contain
DNA, definitive evidence did not emerge until some 12 years ago
(Russell, 1962; Ben-Porat and Kaplan, 1962). The literature on
herpesvirus DNA has steadily increased in recent years, with some
notable and striking observations. We shall consider the herpesvirus
DNA from the points of view of composition, structure, and genetic re-
latedness.

2.3.1. Composition

Cumulative catalogues of the base composition of herpesviruses
are shown in Table | (Roizman, 1969; Bachenheimer er al.. 1972;
Plummer et al., 1969; Goodheart and Plummer, 1974; Ludwig, 1972).
There is basic agreement that herpesvirus DNA varies in base com-
position from 33 to 74 G+C (guanine plus cytosine) moles percent and
three comments should be made in this connection. First, most studies
have been done by equilibrium centrifugation of the DNA in CsCl so-
lutions in a preparative ultracentrifuge, and, therefore, the obtained
bouyant densities should be considered as approximate but not
absolute values. Densities obtained by centrifugation in the analytical
centrifuge with known standards, and suitably corrected for the condi-
tions of centrifugation, are more reliable. However, many determina-
tions made in the analytical centrifuge use DNA extracted from whole
infected cells rather than DNA extracted from purified virus. This
procedure will not generate much error in the case of DNAs of high
G+C content from viruses producing large yields in the infected cells.
However, these data are less convincing for the DNAs whose density
approaches host DNA and for poorly growing viruses.
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The second comment concerns the interpretation of the density
measurements, and several recent findings significantly bear on this
point. First, the presence of labeled markers, and in particular "*C,
may significantly increase the density of the DNA due to the difference
in atomic weights of the substituted isotopes. Indeed, Cassai and
Bachenheimer (1973) readily demonstrated differences in the buoyant
density of HSV-1 and HSV-2 due to incorporation of *H- or **C-thy-
midine. Second, isopycnic centrifugation of some herpesvirus DNASs
yields more than one band differing in density (Plummer et al., 1969).
Mosmann and Hudson (1973) reported that the double band observed
for murine cytomegalovirus DNA is a consequence of extensive
heterogeneity in the distribution of A-T and G-C base pairs in the DNA
molecule which on fragmentation forms 2 populations differing in base
composition.

Third, determinations of base composition on the basis of buoyant
density assumes the absence of significant amounts of unusual bases
which might throw such calculations off. In several instances (Kieff et
al., 1971; Graham er al., 1972) the determinations of the base com-
position from buoyant-density determinations (Fig. 3) have been con-
firmed by determinations based on melting profiles of the DNA (Fig.
4).

The final comment concerns the significance of the observation
that the base composition of herpesviruses exceeds by a wide margin
the range of any other family of DNA viruses known. It has been sug-
gested that because of the redundancy in the genetic code, the same
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Fig. 3. Buoyant-density determinations of HSV-1 (F1)
and HSV-2 (G) DNAs. The buoyant densities of these
DNAs were determined by cocentrifugation with SPOI
DNA or with both SPOI1 and micrococcal DNA in the
1\ usvaa+spor Spinco Model E centrifuge. The UV-absorption
photographs were scanned with a Joyce Loebl mi-
crodensitometer. Data from Kieff e al. (1971).
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Fig. 4. UV-absorbance-thermal-denatu- %
ration profile of HSV-1 (F1) and HSV-2 §0-230
(G) DNAs in 0.015 M sodium chloride and @
0.015 M sodium citrate, measured in a <
Gilford Model 2000 spectrophotometer
equipped with an automatic temperature
and absorbance recorder. Data from Kieff 0.210° —0- ) 90 100
et al. (1971). Temperature (°C !

protein could be readily specified by DNAs of both high and low G+C
content (Goodheart, 1970). This does not of course explain the range.
Differences in the base composition of the host DNAs also do not
explain the range, particularly since there is no great variation in the
base composition among animal cells and also because the base com-
position of human herpesviruses alone varies from 45 to 69 G+C
moles percent. The main question facing us is whether herpesviruses
have unique properties which permit base substitutions to fit unusual
requirements of the cells in which they are grown. It is noteworthy that
Cassai (unpublished data) found significant differences in the base
composition of 2 HSV-1 strains, i.e., between the DNAs of the F strain
which is maintained at a maximum of 4 passages in HEp-2 cells from
its isolation, and the Schooler strain which has been passaged an inde-
terminate number of times in numerous cell lines. HSV-1 and HSV-2
DNAs which are closely related (see below) differ in their base com-
position by 2 G+C moles percent, corresponding to the substitution of
3500 adenosines or thymidines in HSV-1 or by cytosine or guanosine
in HSV-2. Although in nature both HSV-1 and HSV-2 cause occa-
sional generalized infections, the most frequent habitats of these two
viruses are the face, including oral mucosa, and the urogenital tract,
respectively. Do the base composition of herpesviruses reflect some pe-
culiar characteristic of the differentiated cell in which they grow? The
answer is unavailable, but potentially interesting.
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2.3.2. Structure, Size, and Conformation

It is now generally agreed that herpesvirus DNAs are linear,
double-stranded molecules, the strands of which fragment on heat or
alkaline denaturation. Each of the points requires further amplifi-
cation.

The evidence for the linearity of herpes simplex DNA is based on
electron microscopic data (Becker et al.. 1968). The published sizes of
the DNASs of herpesvirus as catalogued and annotated in Table 1 vary
considerably, so much, in fact, that a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>