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Introduction 3

I. Introduction

In his biography “Arrow in the Blue” the author Arthur Koestler suggests
ironically that the fate of an individual may be predicted by examining the
content of the newspapers at birth. Adenoviruses were discovered in 1953 (RowE
et al., 1953; HrLLEMaN and WERNER, 1954). At this time the Salk poliomyelitis
vaccine was developed (SALK et al., 1954) and in the same year the discovery of
the double helical structure of DNA (Watrsox and Crick, 1953) and the plaque
assay for one animal virus (DuLBEcco and VoarT, 1953) was announced. Thus,
this new group of viruses was born with great hopes for progress in molecular
biology and for the control of animal virus infections. In the short interval be-
tween 1953 and 1956 the adenoviruses were discovered, methods for laboratory
diagnosis and serotyping were established, the epidemiology was clarified and
a highly effective vaccine was developed and approved (for a review see HILLE-
MAN, 1966). Succeeding years showed, however, that the vaccines were contami-
nated with the oncogenic SV40 virus and that the adenoviruses themselves were
tumorigenic.

Since the discovery of adenoviruses animal virology was developed into a
quantitative science offering explanation for viral functions at the molecular level.
Precise biochemical tools to characterize the genome and its transcription products
as well as the structural proteins of these viruses are now available. Many of
the pathways involved in control of the host cell and the viral genome during
Iytic infection with adenoviruses as well as the properties of the structural and
the non-structural polypeptides synthesized during early and late productive in-
fection are currently investigated. The dissection of the virion itself and its com-
ponent parts has been rewarding since most of the structural proteins are soluble
under non-denaturing conditions and available in sufficient quantities for struc-
tural, immunological and functional studies.

The name adenovirus was coined in 1956 (ENDERS et al., 1956) to designate
this group of viruses isolated from the respiratory tracts of man and other ani-
mals. The adenoviruses are non-enveloped icosahedral viruses with genomes
which are larger than those of papovaviruses, but less overwhelming than those
of the T-even bacteriophages, the pox and the herpes viruses. The adenovirus
chromosome has a molecular weight of about 23 x 106 and could thus code for
25—50 average sized polypeptides. Today more than 80 different adenovirus
serotypes have been isolated from a variety of animal species (WILNER, 1969;
WapEgLL, 1970) and all except the avian and some bovine adenoviruses seem to
share one antigenic determinant. It was recognized early that the different adeno-
virus serotypes possess a high degree of individuality with regard to a number
of attributes such as cytopathology, host range, hemagglutination properties,
neutralization kinetics and oncogenicity. 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 (HUEB-
NER, 1967). Each subgroup contains several serotypes characterized by type spe-
cific antigens present in their capsids, as revealed by hemagglutination inhibition
or neutralization tests.

1*



4 Introduction

In humans, adenoviruses cause primarily mild respiratory diseases, but con-
junctivitis, myocarditis, enteritis, and lymph node involvement have also been
reported (SOHIER ef al., 1965). The epidemic 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 biological aspect of the adenoviruses, which has received much attention
during the last ten years, is their oncogenicity. In 1962 TRENTIN et al. (1962),
discovered that human adenovirus type 12 (ad12) induces tumors in newborn
hamsters and HUEBNER et al. (1962), reported that ad18 also has this property.
Subsequently, a series of reports have confirmed the oncogenicity of human ad 12
and also described the oncogenicity of several other human and non-human
adenoviruses for hamsters and other rodents (HUEBNER ef al., 1963; RABSON ef
al., 1964a; YABE et al., 1964 ; PEREIRA et al., 1965 ; HUEBNER ef al., 1965; GIRARDI
et al., 1964 ; HULL et al., 1965 ; DARBYSHIRE, 1966 ; SARMA ef al., 1965). The tumors
usually have the characteristics of undifferentiated sarcomas, although malignant
lymphomas have occasionally been observed (LARSON et al., 1965).

Transformation of in vitro cultured cells by an adenovirus was first demon-
strated by McBRIDE and WIENER (1964), who showed that the oncogenic human
ad12 could transform newborn hamster kidney cells. Subsequently, the trans-
formation of rat embryo fibroblasts by the same adenovirus type was reported
by FREEMAN ef al., (1967a) Since then, several adenovirus types have been shown
to cause in vitro transformation of rodent cells (FREEMAN ef al., 1967b and c;
vAN DER NOORDA, 1968a and b; MCALLISTER et al., 1969a and b; Rices and
LENETTE, 1967; Casto, 1969), and the tumorigenic properties of the in witro
transformed cells have been established. The biochemical studies of cells trans-
formed by oncogenic viruses in vitro have progressed rapidly during recent years
and much of our basic knowledge concerning growth regulation and tumorigenesis
has been derived from studies on such in vitro systems (for a review see PONTEN,
1971).

In addition to providing an insight about the changes involved in trans-
formation of normally growing cells to tumor cells, the adenoviruses have be-
come important in providing a convenient model system for studies of regulation
of gene expression in eukaryotic cells. In the transformed cells, viral genes are
apparently integrated in the host cell genome (GrEEN, 1970), and results of
studies on the expression of these viral genes would thus reflect the mechanisms
used by the host cell in expressing its own genes. Recent developments in the
analysis of adenoviruses reproduction indicate that productively infected cells also
could serve as a convenient model system for studies on the synthesis of macro-
molecules in the eukaryotic cell. Several observations suggest that also under
these conditions the adenoviruses mimic the host cell in its gene expression. After
the infection 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 tran-
scribed into large RNA molecules (GREEN et al., 1970; WALL et al., 1972; MCGUIRE
et al., 1972), which by posttranscriptional events are cleaved into smaller mRNA
molecules found associated with 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 nRNA. Messenger ribonucleoprotein particles
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(mRNP) isolated from polysomes during virus infection contain five major la-
beled polypeptides, four of which are identical in size to those found in the mRNP
from uninfected cells (LINDBERG and SunDQUIST, 1974).

Conditional lethal mutants of adenoviruses have recently been isolated. A
large number of temperature-sensitive mutants of serotype 5 and 12 and CELO
virus have already been described (WiLL1AMS et al., 1971 ; LunpHOLM and DOERF-
LER, 1971 ; ENSINGER and GINSBERG, 1971 ; SHIROKI et al., 1972; IsaiBAsHI, 1970,
1971). More than 50 ad5 ts-mutants distributed between at least 17 complemen-
tation groups have been isolated and are currently undergoing biochemical and
genetic analysis (WILLiams and USTACELEBI, 1971 ; RUSSELL ¢t al., 1972a; WILKIE
et al., 1973; WILLiaMS, personal communication). A genetic map of the virus
chromosome based on two-factor crosses has already appeared (WILL1AMS ef al.,
1974).

During recent years new physical-chemical techniques have been developed
which allow mapping of loci for specific functions on viral chromosomes. Thus,
studies of adenovirus DNA utilizing liquid phase hybridization, restriction en-
zyme fragments and electron microscopic mapping are in progress. Adenovirus
DNA of several types has been cleaved by restriction endonucleases into unique
sets of fragments, which can be separated (PETTERSsON et al., 1973; MULDER
et al., 1974). The DNA strands of at least three adenovirus types have been
separated (LANDGRAF-LEURS and GREEN, 1971; ParcH ef al., 1972), and in
the case of ad 2 strand separation can be achieved also with isolated DNA
fragments generated by restriction endonucleases (TIBBETTS and PETTERSSON,
1974 ; SHARP et al., 1974a). Hopefully, with the aid of these techniques we will
soon learn how the expression of the viral genome is controlled both in productive
infection and also in cells transformed by adenoviruses.

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), SCHLESINGER (1969), GINSBERG
(1969), GREEN (1970), ToozE (1973) and PurLipsoN and LinpBERG (1974). The
characteristics of the structural proteins (PaILIPSON and PETTERSSON, 1973) and
the biological properties of the capsid components (NORRBY, 1968, 1971) have
also been reviewed. Reviews on the oncogenic and transforming capacity of adeno-
viruses have also appeared (GREEN, 1970; HOMBURGER, 1973; ToozEg, 1973).

II. The Architecture of the Virion

The adenoviruses are nonenveloped viruses with a diameter of 65—80 nm. The
capsid is composed of 252 capsomeres arranged into an icosahedron with 20 tri-
angular facets and 12 vertices as originally shown in the classical electron micro-
graphs of HORNE et al. (1959). Figure 1 A shows a schematic drawing of the virion
with the major components of the capsid indicated. Figures 1B and C show
electron micrographs which reveal the vertex region and the triangular facets of
the virion, respectively. 240 out of the 252 capsomeres have six neighbours and
are called hexons (GINSBERG et al., 1966) whereas the 12 capsomeres at the vertices
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Fig. 1. Structure of the adenovirus capsid.
A. Schematic drawing showing the icosahedral outline of the adenovirus capsid and
the location of various components. Reprinted from PHILIPSON and PETTERSSON (1973)
B. Electronmicrograph showing the ad 5 virion contrasted with sodium silicotungstate
(VALENTINE and PEREIRA, 1965). Note the antenna-like fiber protruding from each
vertex. This figure was kindly provided by Dr. Pereira
C. Electron micrograph of ad 5 virus contrasted with sodium silicotungstate showing
the regular icosahedral symmetry of adenoviruses (HORNE et al., 1959)
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have five neighbours and are called pentons (GINSBERG ef al., 1966). Each penton
unit consists of a penton base anchored in the capsid and a projection (VALENTINE
and PEREIRA, 1965; NoRRBY, 1966). The latter consists of a rod like portion with
a knob attached at the distal end and is referred to as the fiber. Two types of
hexons may be defined: (i) Those located in juxtaposition with the pentons, peri-
pentonal hexons, which differ topologically from the remaining hexons since they
have the penton base as one of their six neighbours; (ii) Those 180 which form the
triangular facets and the edges of the icosahedron. The latter hexons may be re-
leased from the virions in aggregates of nine hexons (ninemers) which form a defined
structure with 3-fold rotational symmetry as shownin Figure 1 A (SMiTH et al.,1965;
RUSSELL et al., 1967b; MAIZEL et al., 1968b; PRAGE et al., 1970; CROWTHER and
FrANKLIN, 1972; IsH1BASHI and MAI1zEL, 1974 a). Inside the capsid there is a core,
which contains the DNA and additional proteins as originally revealed by electron
microscopy of thin sections of particles stained with uranyl acetate. This core has
a diameter of 40—45 nm and its structure is destroyed by both DNase and trypsin
(EpsTEIN 1959 ; EPSTEIN ef al., 1960 ; BERNHARD et al., 1961). Isolated core structures
have also been studied in the electron microscope by negative staining after disinte-
gration of the virus with heat (RUSSELL ef al., 1967b) or formamide (STASNY et al.,
1968); a mesh-like unorganized morphology has usually been observed (RUSSELL
et al., 1967b; STASNY et al., 1968; LAVER ef al., 1968). The core contains all the
DNA and about 20 per cent of the total protein of the virion. Acid extraction
(PRAGE et al., 1968, 1970; RUSSELL et al., 1968), treatment with 6 M lithium
iodide (NEURATH et al., 1970b) or SDS (MAI1ZEL et al., 1968a) releases all the core
proteins from the DNA. RoBINSON et al. (1973) have reported that a circular
protein-DNA complex is released after degradation of virus particles with guan-
idine-HCl. Subsequent phenol extraction linearized the DNA, which suggests
that inside the virus particle the two termini of the adenovirus DNA are linked
to each other with a protein.

III. The Composition of the Virion

The ad2 virion which has been studied in detail, has an estimated particle
weight of 175 106 daltons (GREEN et al., 1967a). It contains 13 per cent DNA
corresponding to 23 x 106 daltons of DNA (GREEN ef al., 1967b; VAN DER EB
et al., 1969) and the adenovirion is composed only of DNA and protein. Unlike
most other viruses the adenoviruses have capsid units which are soluble in non-
denaturing solvents. This has greatly facilitated the purification and characteriza-
tion of the virus components and made it possible to develop methods for se-
quential disintegration of the virion (MAIZEL ef al., 1968b; LAVER et al., 1969;
PraGE et al., 1970; EVERITT ef al., 1973). The pentons alone or together with
peripentonal hexons can be selectively removed by dialysis against distilled
water (LAVER ef al., 1969) or Tris-maleate buffer pH 6.0—6.5 (PRAGE et al., 1970).
The release of pentons is accompanied by the release of additional antigens prob-
ably located in the peripentonal region. After treatment of the virus particle with
SDS, urea or pyridine (SMITH ef al., 1965 ; MAIZEL ef al., 1968b; PRAGE et al., 1970)
the capsid is disrupted and the hexons from the triangular facets are released as
groups of nine hexons or ninemers (Fig. 1A).
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The polypeptide composition of adenoviruses has been studied by SDS poly-
acrylamide electrophoresis. MA1zEL et al. (1968a, b) showed that the virion of
adenovirus types 2, 7 and 12 contains a minimum of 9 polypeptides which range

Fig. 2. Virion and virus-induced polypeptides in adenovirus infected cells.
SDS-polyacrylamide gel autoradiograms of 35S-methionine-labeled purified virus (b)
and an extract of infected cells (c). The gel contained 15 per cent acrylamide and
0.08 per cent bisacrylamide. The extract was obtained from cells which were labeled
for 1 hour with 35S-methionine 18 hours after infection and then chased for 12 hours
with 30 pg/ml of unlabeled methionine. Frames a and d are drawings which indicate
all virion polypeptides (a) and all 22 virus-induced polypeptides (d). The nomen-
clature of EVERITT et al. (1973) and ANDERSON et al. (1973) is used to designate poly-
peptide bands. The non-structural polypeptides in the cell extract are designated by
their molecular weight X 10-3 (K). P VII has been shown to be a precursor of virion
polypeptide VII (ANDERSON et al., 1973). The virus induced polypeptide 27 K appears
to be the precursor to virion polypeptide VI (ANDERSON et al., 1973; OBERG et al.,
1975), and polypeptide 26 K is probably the precursor to virion polypeptide VIII

(OBERG et al., 1975). Reprinted by permission from ANDERSON et al., (1973)

in size from 7,500 to 120,000 daltons. With a high resolving SDS polyacrylamide
gel technique as many as 15 polypeptides have been resolved from ad2 virions
(Mai1zEL, 1971; EVERITT ef al., 1973 ; ANDERSON et al., 1973) as shown in Figure 2.
Some polypeptides may be generated by proteolytic degradation (PEREIRA and
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SKEHEL, 1971), and some may be precursor polypeptides (IsHrBasHT and MA1zEL,
1974a) but 8 of the polypeptides have so far been shown to be antigenically dis-
tinct and reside in different structures after sequential degradation of the virion
(EVERITT ef al., 1973; EvERITT and Priripson, 1974). Five of the polypeptides
are integral parts of the capsomeres or the core. Thus, polypeptide IT is the only

Polypeptide SDS-gel Structural Unit

Fig. 3. A tentative model of the location of different proteins in the ad 2 virion.
The core protein V may be located inside at the vertices since it is partially released
with the peripentonal region (EVERITT ef al., 1973). It has been estimated that protein
VII may neutralize about 50 per cent of all phosphate residues in the DNA (PracE and
PETTERSSON, 1971). The molar ratio between polypeptide VI and the hexon polypeptide
is about 2 and the native protein VT exists as a dimer (EvERrITT and PHILIPSON, 1974).
ProteinVIisnotiodinated by lactoperoxidase (EVERITT, personal communication), which
suggests that protein VI is located at the inner surface of the hexons. Peripentonal
hexons also possess this protein. Protein IX appears to be the cementing substance
between hexons from the facets, since it is associated with groups of nine hexons
(EVERITT et al., 1973). Protein VIII is also associated with the hexons and may reside
at the inner surface of the triangular facets since it is not enzymatically iodinated in
intact virions (EVERITT, unpublished). Polypeptide IIIa has been proposed to be
located at the peripentonal region. The localization of protein X is unknown. The
polypeptide composition of the virion proteins as identified in a stained exponential
(10—16 per cent) SDS-polyacrylamide gel are also shown. This figure was kindly

provided by Dr. E. Everitt

polypeptide which is detected in purified hexons from infected cells. Polypeptide
IIT resides in the penton base, IV in the fiber and polypeptides V and VII are
associated with the core. The remaining polypeptides have been tentatively lo-
cated in the virion as indicated in Figure 3. Polypeptide VI can be demonstrated
in all fractions from disintegrated virus which contain hexons and sediments with
hexons in sucrose gradients at low salt concentration irrespective of whether the
hexons are obtained after disintegration of virions by freezing and thawing or
pyridine treatment (EVERITT ef al., 1973). Polypeptide VI is therefore probably
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associated with the hexons in the virion. Polypeptide VI cannot be iodinated by
lactoperoxidase when intact virions are labeled (unpublished), which may suggest
that it is located internal in the capsid as indicated in Figure 3. There appear to
be about two molecules of polypeptide VI per molecule of hexon and this poly-
peptide seems to occur as a dimer in the native state (EVERITT and PHILIPSON,
1974). Polypeptide VIII is recovered in association with hexons after freezing
and thawing but not after degradation with pyridine. Thus, it is possible that this
polypeptide is associated with hexons in the capsid but that pyridine dissociates
the complex (MAIZEL et al., 1968b; EVERITT ef al., 1973). Polypeptide IX is pres-
ent in ninemers of hexons (MAIZEL et al., 1968b; EVERITT et al., 1973) but is not
recovered in association with hexons when the capsid is disintegrated into single
capsomeres by freezing and thawing. Polypeptide IIla is released from the
virion together with the peripentonal hexons after dialysis against Tris-
maleate buffer, pH 6.3 or after pyridine treatment, and may therefore be
located in the peripentonal region (EVERITT ef al., 1973). The origin of the
smallest polypeptide X is not yet established and this band has been resolved
into 3 components — X, XI and XII (Fig. 2) (ANDERSON ef al., 1973). In
addition to the polypeptides discussed above several minor components (poly-
peptides IVa;, IVag, Va, Vb, VIa, VIb and VIIIa), which each constitute less
than 0.1 per cent of the total mass of protein in the virion, can be observed in
preparations of purified virions (EvERITT et al., 1973 ; ANDERSON et al., 1973 ; ISHI-
BASHI and Ma1zeL, 1974a; see also Fig. 2). They are present in amounts which
would correspond to only a few copies per virus particle and may not represent
polypeptides in the mature virion (EVERITT et al., 1973). IsurBasHI and MAIZEL
(1974 a) have proposed that purified preparations of adenovirus contain two pop-
ulations of particles with the same buoyant density. One consists of mature
virions and the other of so called young virions. “Young virions” contain five
polypeptides (Va, Vb, VIa, VIb, VIIIa), which are absent in mature particles.
During virus maturation these five polypeptides are presumed to be cleaved into
stable polypeptides. It has been possible to demonstrate polypeptide cleavage
i vitro after incubation of pulse-labeled virions with extracts from infected cells
(IsarBasHI and Ma1zEL, 1974a). Finally, it should be pointed out that we so far
lack positive evidence that all polypeptides of mature virions have unique pri-
mary structures.

Several reports describe virus-specific antigens of unknown origin from dis-
rupted virions or in extracts from adenovirus infected cells. BERMAN and ROWE
(1965) described a “D” antigen in cells infected with ad12. It is possible that
this antigen is identical to the free penton bases which later have been shown to
be present in cells infected with ad12 (NorrBY and ANKERST, 1969). PEDERSEN
and GINSBERG (1967) identified by immunoelectrophoresis an antigen from dis-
integrated ad5 virions which was shown to be distinct from the capsid antigens.
RUSSELL ef al. (1967a) reported on the presence of another antigen, the P-anti-
gen. This antigen was detected by antisera prepared against extracts of infected
cells in which DNA synthesis was inhibited with cytosine arabinoside. It is pro-
duced both early and late after infection with ad5 and RusseLn and K~NiGHT
(1967) showed that disrupted virions in contrast to intact virus particles reacted
with antisera against the P-antigen. This suggests that one of the P-antigen
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components is an internal protein of the virion. Since the P-antigen is heat labile
and accumulates in the nucleus without requirement for DNA synthesis, it has
also been claimed to be related to the adenovirus T-antigen (see section V:G:1;
RusseLL and KxN16HT, 1967; Havasar and RusseLr, 1968). Thus, it seems likely
that P-antisera react with several antigens including T-antigen and an internal
component of the virion.

IV. The Adenovirus Genome

A. Physical-Chemical Properties

The adenovirion contains one linear molecule of duplex DNA which has no
single strand breaks. The molecular weight of DNA from different human sero-
types has been determined to be 20 to 23 X 106 (GREEN ef al., 1967b; VAN DER EB
et al., 1969). The partial denaturation maps of DNA from ad2, ad5 and ad12
are unique (DOERFLER and KrerNscEMIDT, 1970; DOERFLER ef al., 1972; ELLENS
et al., 1974) but the maps of the former two viruses are similar. In addition it has
been shown that terminal fragments of adenovirus DNA are unique (MURRAY
and GREEN, 1973) which together with the partial denaturation patterns show that
the adenovirus DNA is not circularly permuted. Digestion of the adenovirus DNA
with exonuclease III does not generate circular molecules (GREEN ef al., 1967 b) in-
dicating that adenovirus DN'A lacks terminal redundancies. Instead, the adenovirus
DNA has a novel property in that denaturation and renaturation of intact DNA
molecules at low concentrations generates single stranded circles (GARON et al., 1972;
Worrson and DRESSLER, 1972). Since the majority of unit length single strands
can be recovered as rings, both strands must be able to form circles. The circles
are opened by digestion with exonuclease III which shows that they are main-
tained by hydrogen bonds. The most likely interpretation of these findings is that
each strand of the adenovirus DNA contains inverted terminal repetitions, which
form a circle which is held together by a panhandle-like structure. A terminal
inverted repetition has so far only been observed in double stranded adenovirus
DNA and in the single stranded DNA from adenovirus associated virus (AAV) —
a member of the parvovirus group (Koczor et al., 1973). The function of this
inverted terminal repetition is unclear. Since a protein seems to circularize double
stranded adenovirus DNA (RoBINSON ef al., 1973) it is conceivable that the identical
sequences at the two ends of the viral DNA are recognition sites for this protein.

Usually single stranded DNA is not retained by hydroxylapatite in 0.12 m
phosphate at 65° C. However, denatured adenovirus DNA is retained by hydro-
xylapatite under the same conditions (TIBBETTS et al., 1973). The retention is
dependent on the extent of fragmentation of the adenovirus DNA and the frac-
tion retained decreases slowly until the length is reduced to about 10 per cent of
the intact DNA. With more extensive degradation the fraction retained decreases
drastically. The formation of single strand circles may contribute to the retention
of intact single stranded adenovirus DNA by hydroxylapatite, but the described
behaviour of the fragmented DNA points at an additional feature of adenovirus
DNA. Presumably several short complementary or partially complementary se-
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quences are- dispersed throughout the single strands of the adenovirus DNA.
Figure 4 shows schematically these structures in adenovirus DNA.

The complementary strands of adenovirus DNA have been separated by den-
sity gradient centrifugation in the presence of ribocopolymers such as poly (I, C)
and poly (U, G) (KuBIiNskl and RosE, 1967; LANDGRAF-LEURS and GREEN,
1971; PaTCH et al., 1972), but the separation has proved difficult in practice. Not
only do the conditions for the copolymer binding seem to be important but also
the quality of the copolymer used. It is the experience of several investigators
that many commercially available preparations of polymers are inefficient in

cb'a' abce
cba * ab'd
c'b'a Ad2 ~ ND, abc
cba 'albncl

— b
b

> bl
abe

Fig. 4. Schematic drawing of some characteristic structures of ad 2 DNA.
The adenovirus DNA contains an inverted terminal repetition (top figure, WoLFsoN
and DRESSLER, 1972; GARON et al., 1972). The genome of the non-defective adeno-
SV 40 hybrid virus, ad 2+tNDj, which has been used to map several restriction endo-
nuclease fragments, is also shown. About 240,000 daltons of SV 40 DNA is inserted
near the right hand end of the hybrid DNA where about 1.3 X 106 daltons of ad 2 DNA
has been deleted (KeLLy and LEwis, 1973, see Table 6 and Fig. 17). The circles of the
single stranded adenovirus DNA which are formed because of the inverted terminal
repetition are illustrated for both the 1- and h-strand at the bottom of the figure. The
single strands appear to contain regions with intramolecular complementarity and

there appear to be 4—8 such regions per genome (TIBBETTS et al., 1973)

separating the adenovirus strands, but that occasional batches can give repro-
ducible and near complete separation (TIBBETTS ef al., 1974). The reason for this
variability is not known. Separated adenovirus strands have been used for the
characterization of RNA synthesis and processing in productive infection as will
be discussed in a separate section V: D.

After controlled shearing of ad2 DNA, double stranded half molecules can be
separated by mercury-CsCl gradient centrifugation (KimeEs and GREEN, 1970;
DoxrrrLER and KLEINscHMIDT, 1970). Endonuclease EcoRI (a restriction enzyme
from E. coli carrying a drug resistant transfer factor RTF-I), cleaves ad2 DNA
into six unique double stranded fragments which can be separated by gel electro-
phoresis (PETTERSSON et al., 1973). They have been designated A-F and their
order has been found to be A B F D E C. The ordering of the fragments was
achieved by electron microscopic analyses of partially denatured fragments
(DEL1US, personal communication) and of heteroduplex molecules formed be-
tween KcoRI fragment strands and strands from other adenoviruses (SHARP
et al., 1974b). The A fragment which accounts for 59 per cent of the genome
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can be further cleaved into five fragments by one restriction endonuclease from
H. parainfluenzae (Hpal) (SHARP et al., 1973; GALLIMORE et al.; 1974). The EcoRI
fragments have already proved useful for the mapping of early and late genes
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Fig. 5. Cleavage sites on ad 2 DNA of two different bacterial restriction endonucleases.
The endo R. EcoRI enzyme is obtained from a strain of E. coli (RY 13) carrying the
drug resistance transfer factor RTF-1. The size of the fragments was determined by
polyacrylamide gel electrophoresis and electron microscopy (PETTERSSON, et al. 1973,
and Table 1) and the order of the fragments was determined by electron microscopy
(MULDER et al., 1974 b). The endo R. Hpa 1 is one of two enzymes isolated from
Hemophilus parainfluenzae (SHARP et al., 1973). The size and the order of the fragments
was determined by MULDER et al., 1974 b

Table 1. Molecular Weights (Megadaltons) of endo R - Eco RI Fragments of DNA of
Various Adenoviruses?

Intact A B C D E F
Ad 2 22.9 13.6 2.8 2.3 1.7 1.4 1.1
Ad 2+ND; 22.2 13.5 2.8 2.4 2.5(C) — 1.1
Ad 5 22.9 17.6 3.7 1.7
Ad 3 22.5 19.2 2.9 0.4
Ad 7 (E 46-LL) 22.6 19.3 2.9 0.3
Ad 7 (cl 19) 22.3 19.4 3.0 —
Ad 12 21.5 1.7 5.7 3.5 2.6 1.6 0.4

a  The values in this table were estimated by electron microscopy and gel electro-

phoresis. Data from MULDER et al., 1974 a.
b This fragment, referred to as C’, contains the portion of SV 40 DNA which is included
in the hybrid DNA.

on the viral chromosome (TiBBETTS and PETTERSSON, 1974; PETTERSSON and
Parmrpson, 1974 ; PETTERSSON et al., 1975; SHARP ef al., 1974a). Ad5, ad3 and
ad7 (clone E46-LL) are cleaved in 3 and ad12 in 6 fragments by the EcoRI
endonuclease (Table 1, MULDER et al., 1974 a). Figure 5 shows schematically the
structure of ad 2 DNA and the cleavage sites for different restriction endonucleases.

B. Homology between DNA from Different Serotypes

Based on oncogenicity the human adenoviruses have been divided into four
subgroups A, B, C and D (HUEBNER, 1967; MCALLISTER et al., 1969Db). For the
human adenoviruses a correlation has been established between oncogenicity and
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content of guanosine and cytosine in the DNA (Pi¥a and GREEN, 1965). The
highly oncogenic adenoviruses (subgroup A) have a GC content of 48—49 per cent,
the weakly oncogenic adenoviruses (subgroup B) have a GC content of 49—52 per
cent, and the so called non-oncogenic viruses (subgroups C and D) have a GC
content of 57—59 per cent (P1NA and GREEN, 1965; GREEN, 1970). Simian adeno-
viruses do not follow this rule, since for instance, the highly oncogenic SA7 has
a GC content of around 60 per cent (PINa and GREEN, 1968; GOODHEART, 1971).
It has been shown by reciprocal DNA-DNA and DNA-RNA hybridizations that
the members of one subgroup are more closely related to each other than to

Table 2. Homology between Different Adenovirus DN As as Estimated by Filter Hybri-
dization and Electron Microscopical Heteroduplex Mapping

Subgroups Homology by

represented Filter hybridization? Heteroduplex mapping?
in DNA pairs Per cent Serotypes Per cent Serotypes

AXA 80 (ad 12, ad 18, ad 31) 15 (ad 12, ad 31)
Bx B 85 (ad 3, ad 7, ad 11, ad 14, ad 16)| 88 (ad 3, ad 7)
CxC 90 (ad 1, ad 2, ad 5, ad 6) 85 (ad 1, ad 2, ad 5)
AxB 10—25 (all crosses) —

AxC 10—25 (ad 12 x ad 1,ad 2, ad 5, ad 6) ——

BxC 25 (ad 7 x ad 1, ad 2, ad 5, ad 6) | 10 (ad 7 X ad 2)
Simian X A | 10 (SA 7 x Ad 12) —

Simian X B | 20 (SA7xAd"T7) —

Simian x C | 23 (SA 7 x Ad 2) —

a  Modified from GREEN, 1970. Data from FUJINAGA et al., 1969; Lacy and GREEN,
1964, 1965, 1967; P1¥a and GREEN, 1968.

b Data from GARON et al., 1973. Heteroduplex molecules were examined by electron
microscopy after spreading DNA at 85 per cent formamide. At 50 per cent formamide
the cross within subgroup A showed 85 per cent homology.

members of the other groups (Table 2 and for a review see GREEN, 1970). A recent
report (GARON ef al., 1973) describes electron microscopic analysis of hetero-
duplexes between DNAs from different adenoviruses. This analysis has confirmed
the existence of extensive homologies between DNAs from viruses within the
same subgroup. Heteroduplexes formed between DNAs from serotypes which
both belong to subgroups B or C contained around 85 per cent homologous se-
quences when the DNA was analyzed in the presence of 85 per cent
formamide. Figure 6 shows the heteroduplexes formed between adl and ad5
at different concentrations of formamide. Analysis at lower formamide con-
centrations shows that the unmatched regions consist of both heterologous
sequences and sequences that are partially homologous. Heteroduplexes
formed with DNA from members of the highly oncogenic subgroup A (ad12,
ad18 and ad31) contain more pronounced heterologies and at 85 per cent
formamide only 15 per cent of the heteroduplex of ad 12 and ad31 DNA is homo-
logous. The heteroduplexes formed between DNAs from subgroup B viruses (ad3,
ad7 and ad21) and subgroup C viruses (ad1, ad2 and ad5) all exhibit relatively
simple patterns with two short regions, which are not base-paired. These regions
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Fig. 6. Electron micrographs of heteroduplex molecules between DNA from ad 1 and
ad 5.
The DNA was mounted by the formamide isodenaturing technique. Panels show
heteroduplex molecules spread at formamide concentrations of (A) 50 per cent, (B)
60 per cent, (C) 70 per cent, and (D) 85 per cent. A similar heteroduplex between ad 1
and ad 2 was published by GARON et al. (1973) Bar represents 1 pm. This figure was
kindly provided by Dr. C. F. GArRON

appear limited to two areas of the molecules which with minor variations are
located at 0.08 —0.22 and 0.35—0.50 fractional lengths from one end of the molecule.
The inserted piece of SV40 DNA in the ad7-SV40 hybrid DNA (E46+) (see sec-
tion VII) is located at one of these regions (GARON ef al., 1973). Quite complex
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patterns of unmatched regions are observed for heteroduplexes formed between
different group A viruses, but at low formamide concentration the most pro-
nounced heterologies always appear at the two positions indicated above. As
pointed out by GARON et al. (1973), this would imply that there are two specific
regions in adenovirus DNA, which are especially prone to genetic “drift”’, and it
is possible that the sequences in these two regions correspond to the same genes
in all serotypes. Heteroduplex molecules between DNA from different subgroups
finally appear to contain only about 10 per cent homologous sequences.

C. Infectivity of Adenovirus DNA

Several years ago, DNA from simian adenovirus 7 (SA7) was reported to be
infectious and tumorigenic (BURNETT and HARRINGTON, 1968a and b). Using
the DEAE dextran technique NicorLsoNn and McALLISTER (1972) were able to
show that human ad1l DNA also is infectious but the infectivity was extremely
low. Recently GRaHAM and VAN DER EB (1973a and b) introduced a new tech-
nique to assay infectivity and transforming activity of adenovirus DNAs. The
method utilizes the adsorbtion of the DNA to calcium phosphate precipitates,
which facilitates the uptake of infectious DNA by the cell. The technique is
efficient and reproducible and it was demonstrated that 1—10 plaque forming
units and about one transformed focus can be observed per pg of ad5 DNA.

V. The Productive Infection

The Lytic cycle of adenoviruses has primarily been studied in suspension cul-
tures of KB and HeLa cells. The time course of the infection with ad2 is shown
in Figure 7. When the cells are infected at high multiplicities (50—100 PFU/cell)
a synchronous response is observed, where two functionally different phases can
be distinguished : an early phase, which precedes viral DNA replication and a late
phase beginning with the onset of viral DNA synthesis around 6 hours after in-
fection. During the early phase about 40 per cent of the viral genome is expressed
(T1BBETTS etal., 1974) and the so called T- and P-antigens are synthesized (GILEAD
and GINSBERG, 1968a and b; RusserL and Kw~icHT, 1967). Between 8 and 12
hours after infection, there is a dramatic change in the production of viral mRNA.
About 90 per cent of the genome is now expressed (FusiNaca and GREEN, 1970;
TIBBETTS ef al., 1974) and the amount of viral RN A made increases about 10-fold.
The viral mRNA accumulates in the cytoplasm and at 14 hours post infection
the synthesis of host cell proteins is to a large extent replaced by synthesis of
viral products — mostly viral structural proteins (BELLo and GINSBERG, 1967;
WHITE et al., 1969; RussELL and SKEHEL, 1972). New virus particles begin to
appear at 15 hours and the infectious cycle for ad2 and ad5, both members of
subgroup C, is completed within 20—25 hours. Similar time courses have been
obtained with other serotypes (GREEN et al., 1970; SUNDQUIST et al., 1973Db).
However, the growth cycle of the highly oncogenic group A viruses is somewhat
longer than for ad2 (Mak and GREEN, 1968) and when primary cells are
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used the growth cycle is prolonged at least 12— 15 hours also for group C viruses
(LEDINKO, 1970).

A. Early Interaction hetween Virus and Cell

The adenovirus eclipse has been studied primarily with ad2 and ad5. Two
different techniques have been employed: (i) electron microscopy of thin sections
of infected cells (DALEs, 1962; MORGAN et al., 1969; CHARDONNET and DALES,
1970a and b; CHARDONNET and DALES, 1972) and (ii) analysis of the fate of radio-
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Fig. 7. Growth curve of ad 2 in suspension culture of KB cells.
(o —e) intracellular virus measured as fluorescent focus forming units per 106 cells;
(o— o) Hexon antigen monitored by complement fixation; (a a) Synthesis
of viral DNA from GREEN et al. (1970); (——————— ) Virus specific RNA during the
infectious cycle measured as radioactivity exhaustively hybridizing to ad 2 DNA on
filters. Reprinted from PHILIPSON and LINDBERG (1974)

actively labeled virus (LAWRENCE and GINSBERG, 1967; PHILIPSON, 1967; Sus-
SENBACH, 1967; PHILIPSON ef al., 1968; LonBErRG-HoLM and PHiLrpson, 1969).
The ratio of particles to infectious units for serotypes ad2 and ad5 is in the order
of 10—30, but 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 there-
fore that the methods used for studying the early interaction only reveal the fate
of the majority of the particles and that this might not reflect the true infectious
pathway. In any case it appears that the virions are adsorbed to specific re-
ceptors of the cell surface. There are about 104 such receptors per KB cell (PuI-
LIPSON et al., 1968). Uncoating of the virus occurs rapidly after infection and
seems to involve three steps. The first step gives rise to particles, whose DNA is
partially accessible to DNase digestion and biochemical evidence suggests that

Virol. Monogr. 14 2
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these particles are devoid of penton capsomeres (SUSSENBACH, 1967). This event
occurs within a few minutes after attachment of the virus to the cell surface
(SussEnBACH, 1967; LoNnBERG-HoLM and PHILIPSON, 1969; MORGAN et al., 1969;
Browx and BurrniNeHAM, 1973). Whether the uptake of the virus is brought
about mainly by pinocytosis (DALES, 1962; CHARDONNET and DALEs, 1970a and
b) or by direct penetration of the plasma membrane (LoNBERG-Horm and PHI-
LIPSON, 1969; MORGAN et al., 1969; BRowN and BURLINGHAM, 1973) is unresolved,
and exactly where this first step of uncoating takes place is not known. It has
been suggested that microtubules are engaged in the transfer of virions from the
plasma membrane to the nuclear pores (CHARDONNET and Dares, 1972). The

nucleus

Fig. 8. Diagram of events during the first two hours of infection with adenovirus type 2.

Intact virions (A) and particles attached to the plasma membrane (B) are shown.

Particles which lack the peripentonal region (C) enter the cytoplasm and the cores

are expelled in the nuclei (D) and finally converted in free DNA (E). Only DNA

containing components are shown. Modified from LonsBErG-HoLM and PHILIPSON
(1969)

second step results in removal of the hexon capsomeres from the DNA-protein
core. As expected, this intermediate is even more sensitive to DNase. Electron
microscopy has shown that cores enter into the nucleus apparently leaving the
capsid structure behind (MorGaN et al., 1969; CHARDONNET and DarEs, 1972).
It has been suggested that the transfer of the cores into the nucleus is an ATP-
dependent process (DALES and CHARDONNET, 1973). 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 and the final product of uncoating appears to be DNA,
still intact, but free of virion proteins (LoNBERG-HorLm and PaILIPSON 1969).
Figure 8 shows a schematic pathway for the uncoating events of ad2. 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 (LoNBErRG-HoLM
and PaILIPSON, 1969). The mechanism and cell structures involved in the different
steps are unknown, but it should be pointed out that the three intermediates
seen during the ¢n vivo uncoating resemble structures which may be obtained by
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sequential disintegration of the virus (PRAGE et al., 1970). The uncoating proceeds
normally in the presence of inhibitors of protein and nucleic acid synthesis, so it
has to be brought about by preexisting enzymes either present in the cell or in
the infecting virus (LAWRENCE and GINSBERG, 1967 ; ParLIPson, 1967).

B. Early RNA Synthesis

Production of viral RNA starts immediately after the viral genome has
reached the nucleus and at 5 hours after infection around 10—15 per cent of the
newly synthesized mRNA associated with polyribosomes appears to be virus-
coded (LINDBERG et al., 1972). The pattern of early viral mRNA is unchanged
until the onset of viral DNA synthesis (Parsons and GREEN, 1971; Lucas and
GINSBERG, 1971; WALL et al., 1972; LINDBERG et al., 1972).

The viral RNA molecules in the nucleus are as heterogenous as nuclear RNA
(HnRNA) in uninfected cells and the largest viral RNA molecules appear to be
between 5 and 10 X 106 in molecular weight (PArRsoxs and GREEN, 1971; WaLL
et al., 1972). However, viral RNA associated with the polyribosomes is smaller,
and distinet mRNA peaks can be resolved by gel electrophoresis (PArRsoNs and
GREEN, 1971; LiNDBERG ef al., 1972). These observations have led to the idea
that adenovirus mRNA may be generated from high molecular weight precur-
sors in the nucleus.

The viral RNA appears to be polyadenylated in the nucleus and since, poly (A)
does not hybridize significantly toadenovirus DNA, itis concluded that polyadenyla-
tion is a posttranscriptional event (PuIiripsox et al., 1971). Poly (A) segments
recovered from RNA, which has been selected by hybridization to virus DNA,
has the same size as the poly (A) in mRNA from uninfected cells, ¢.e. 180—200
nucleotides (PHILIPSON ef al., 1971). Because of its poly (A) content, polyribosomal
RNA from adenovirus-infected cells has been fractionated by affinity chromato-
graphy on poly (U)-Sepharose or oligo (dT) cellulose (LINDBERG et al., 1972). The
results of such experiments indicate that most if not all of early viral mRNA
species contain poly (A). As in the uninfected cell, the adenosine analogue cordy-
cepin (3’-deoxyadenosine) inhibits polyadenylation and in the presence of this
drug no viral mRNA is transported to the cytoplasm (PHILIPSON ef al., 1971).
Thus, it has been concluded that polyadenylation is necessary for proper pro-
cessing and transport of adenovirus mRNA to the cytoplasm (DARNELL et al.,
1971 D).

Three major size classes of early viral mRNA have been found (PArRsons and
GREEN, 1971; LINDBERG et al., 1972): one class sediments at around 15S and has
an approximate molecular weight of 0.3—0.4x 108, a second class sediments at
around 208 with an approximate molecular weight of 0.8 106, and a third
heterogenous population ranges from 20—408 (molecular weight 1.0—3.5x 108)
(Fig. 9). Each of these three classes may contain several species of mRNA and it
has recently been established that the 208 class contains at least two different
species of mRNA derived from the h- and 1-strands of the viral DNA, respectively
(CraA1G et al., 1974 ; PHILIPSON et al., 1974). The fraction of the viral genome which is
expressed early and late after infection will be discussed in a separate section
(section V:D).
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The transcription of the adenovirus genome early after infection is not sen-
sitive to inhibitors of protein synthesis (PaArsoxNs and GREEN, 1971; WALL et al.,
1972). Since no RNA polymerase activity has been detected in adenovirions, this
suggests that early viral RNA is synthesized by a cellular enzyme. In accordance
with this, several investigators (LEDINKO, 1971; PrICE and PENMAN, 1972a;
WaLLace and Katges, 1972; CHARDONNET ef al., 1971) have found that viral
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Fig. 9. Size distribution of early and late adenovirus mRNA.
Early and late polyribosomal RNA was fractionated by poly(U) Sepharose-chromato-
graphy. RNA lacking poly (A) (PUS I) and the fraction retained by the column
(PUS II) was analyzed by gel electrophoresis (LINDBERG et al., 1972).

Panel A and C: early and late PUS I RNA, respectively.

Panel B and D: early and late PUS IT RNA, respectively.
Total 3H-cpm. e e, 3H-cpm in viral mRNA before o———o, and after a—————, A

RNase digestion of hybrids. Reprinted from LINDBERG et al. (1972)

RNA is transcribed by an enzyme which resembles one of the RNA poly-
merases of the host cell [polymerase II according to RoEDpErR and RUTTER
(1970) which corresponds to polymerase B according to the nomenclature of
CHAMBON et al. (1970)]. Itisinhibited by «-amanitine and stimulated by increasing
ionic strength. The same enzyme seems to be responsible for the major part of
the adenovirus transcription both early and late after the infection. In the un-
infected cell this enzyme appears to be responsible for the synthesis of hetero-
geneous nuclear RNA (HnRNA) (ZyLBER and PENMAN, 1971).
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C. Late RNA Synthesis

The switch from early to late gene expression of the virus encompasses both
a quantitative and a qualitative change in the synthesis of viral mRNA. Large
amounts of viral mRNA accumulate in the cytoplasm: about 10 times more than
in the early phase (GREEN et al., 1970; PHILIPSON ef al., 1973). At 14 hours after
infection newly synthesized mRNA exported to the cytoplasm is almost ex-
clusively virus-specific and new classes of viral mRNA can be detected by gel
electrophoresis or sucrose gradient centrifugation. Apparently a large part of the
host mRNA on the polysomes is replaced by viral mRNA since the major part
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Fig. 10. Polyacrylamide gel electrophoresis of nuclear RNA late in adenovirus infection.

KB cells infected with ad 2 were labeled with 3H-uridine between 14— 16 hours after

infection. The nuclear RNA was extracted by phenol according to Hormes and

BoxNER (1973) and fractionated on oligo (dT) cellulose according to Aviv and LEDER

(1972). Panel A shows the total radioactivity in the fraction not retained by oligo (dT)

cellulose and Panel B shows the virus specific RNA both in fractions with (OII) and
without (OI) poly (A)

of protein synthesis now gives rise to what appears to be virus-coded proteins
(BELLo and GINSBERG, 1967; WHITE et al., 1969; RUSSELL and SKEHEL, 1972).
The transition to the late phase is prevented both by inhibitors of protein (GREEN
et al., 1970) and DNA synthesis (FLANAGAN and GINSBERG, 1962).

Also late after adenovirus infection, a fraction of viral RNA in the nucleus is
recovered as large RNA molecules with molecular weights between 5—10x 106
(GREEN et al., 1970; McGUIRE et al., 1972; WALL et al., 1972). Like in the early
phase, much larger viral RNA molecules are found in the nucleus than are re-
covered from the cytoplasm, implying that also late viral mRNA is derived by
cleavage from larger precursors in the nucleus (Fig. 10). Evidence in favor of this
interpretation was obtained by the use of the drug toyocamycin (an adenosine
analogue) (MCGUIRE et al., 1972). When this compound is applied to adenovirus-
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infected cells at moderate concentrations (1.75 pg/ml), giant viral RNA accumu-
lates in the nucleus whereas no messenger RNA can be detected in the cyto-
plasm. The drug has an analogous effect on the synthesis of ribosomal RNA
(TAVITIAN et al., 1968). Here the 458 precursor to ribosomal RNA is made, but
fails to undergo cleavage to 28 and 18S ribosomal RNA.

Analysis of nuclear RNA purified by hybridization to viral DNA has demon-
strated that also in the late phase viral RNA molecules goes through a step of
posttranscriptional polyadenylation (PHILIPSON ef al., 1971). Analysis of the
late polyribosomal RNA after fractionation on poly (U) Sepharose has demon-
strated that most if not all the viral mRNA contains poly (A) (LINDBERG
et al., 1972) and that polysomal mRNA separates into two major viral
mRNA classes; one class sediments at 22S and the other at 26S with ap-
proximate molecular weights of 0.9 X 106 and 1.5 X 108, respectively. In addition,
several minor mRNA peaks of higher and lower molecular weight (LINDBERG
et al., 1972; BHADURI et al., 1972) can be detected (Fig. 9).

In addition to viral mRNA a small molecular weight virus-specific RNA is
synthesized in large amounts late after lytic infection. This RNA which sediments
at 5.5S RNA is known as the “virus-associated RNA” (VA RNA). It contains
156 nucleotides and its sequence has been determined (OHE and WEISsMAN, 1971 ;
O=HE et al., 1969). It is synthesized in larger amounts than any viral mRNA and
apparently by an enzyme which is different from that which is involved in mRNA
synthesis (PricE and PExmaN, 1972b). VA RNA is transcribed from the adeno-
virus DNA and there seems to be only one gene for VA RNA in the adenovirus
chromosome (OHE, 1972). No functional role has as yet been ascribed to this
RNA, although kinetic experiments suggest that VA RNA is intermittently as-
sociated with polyribosomes shortly after transport to the cytoplasm (Baum and
Fox, 1974; PamLipsoN unpublished).

D. Mapping of Early and Late Viral RNA on Adenovirus DNA

The complementary strands of adenovirus DNA can be separated with the
ribocopolymer binding technique of SzZyBALSKI ef al. (1971). This was first shown
by KusinskI and RosE (1967) and LaANDGRAF-LEURS and GREEN (1971) who
separated the complementary strands of several adenovirus serotypes by CsCl
gradient centrifugation in the presence of poly (I, C) or poly (U, G). LANDGRAF-
Lrurs and GrREEN (1973) and PATcH ef al. (1972) used this method to prepare
separated strands which were immobilized on filters for hybridization studies.
The results show that most of the RNA synthesized late in infection hybridizes
to the l-strand (defined as the strand which has a lower buoyant density in CsCI
when complexed to poly [U, G]) and that early RNA hybridizes to both the com-
plementary strands (LANDGRAF-LEURS and GREEN, 1973; PatrcH ef al., 1972).
Recently, TIBBETTS ef al. (1974) used separated strands of ad2 DNA in liquid
phase hybridization experiments to determine the fraction of each strand which
hybridizes to messenger RNA early and late after infection. The results showed
that early messenger RNA hybridizes to 25—30 per cent of the l-strand and
10—15 per cent of the h-strand. Late messenger RN A was found to be derived from
65—70 per cent of the l-strand and 25 per cent of the h-strand, and all sequences
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present in early messenger RNA could also be detected late after infection (T1B-
BETTS et al., 1974). This does not necessarily mean that all early sequences are
synthesized late, and Lucas and GinSBERG (1971) have indeed furnished evidence
by competitive filter hybridization that some early mRNA is not synthesized
late.

In order to localize the regions on the adenovirus genome which specifically
hybridize to early and late RNA, hybridization experiments have been performed
with the six endo R. Eco RI fragments of ad2 DNA. SAMBROOK et al., (1974)
have performed experiments designed to indicate whether individual cleavage
fragments of ad2 DNA contained regions of one or both complements represented
in late mRNA. The results showed that late mRNA is derived from both strands
of fragments A, B and C but only from one strand of fragments D, E and F.
TiBBETTS and PETTERSSON (1974) and SHARP ef al. (1974a) separated the com-
plementary strands of all six endo R. Eco RI fragments of ad2 DNA and hybrid-
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Fig. 11. Distribution of late viral mRNA sequences on ad 2 DNA.
Late cytoplasmic RNA was hybridized to separated strands of the six Hco RI frag-
ments of ad 2 DNA (Table 3). The data were used to construct maps for the distribu-
tion of late mRNA sequences with reference to the complementary strands at the
cleavage sites of endonuclease Eco RI. The data do not distinguish between the two
possible alternatives A and B. The assignment of the 5’ and 3’ ends of each comple-
ment results from knowledge of the orientation of the integrated portion of SV 40 in
ad 2+ND; DNA (Morrow and BERG, 1972) and the polarity of transcription of SV 40
with respect to endo R. Hin and endo R. Hpa cleavage maps (KHOURY et al., 1973;
SAMBROOK et al., 1973) as well as a direct approach to determine the polarity (SHARP

et al., 1974 a). Reprinted from TiBBETTS and PETTERSSON (1974)

ization experiments were performed with early and late messenger RNA in RNA
excess. The results showed, like those of SAMBROOK et al. (1974), that late messenger
RNA was derived from both strands of fragments A, B and C and predominantly
from the l-strand of fragments D, E and F (Table 3). Knowing the order of the
endo R. Bco RI fragments (SHARP ef al., 1974b) it is possible to construct maps
which show the regions on the two strands which are complementary to late
messenger RNA. The least complicated map, which could be constructed with
available data, indicates that late messenger RNA is derived from at least two
separate regions on each of the complementary strands (Fig. 11). Comparisons
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Table 3. Hybridization of Early and Late Messenger RN A and Late Nuclear RN A with
32 P-Labeled Complement Specific DN A from the Six Endo R. Eco RI Cleavage Fragments

of ad 2 DNA
Per cent DNA probe in hybrid with
Fragment
strand Early messenger? | Late messengera Late nuclear?
RNA RNA RNA
RI-Ah 9 15 13
RI-Al 21 71 84
RI-Bh 42 40 15
RI-Bl 7 52 88
RI-Ch 60 50 19
RI-Cl 9 31 87
RI-Dh 3 5 3
RI-DI 72 82 91
RI-Eh 4 12 3
RI-El 40 89 88
RI-Fh 13 11 7
RI-F1 23 84 87

Data from PETTERSSON et al., 1975.
b  Data from PETTERsSsON and PHILIPSON, 1974.
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Fig. 12. A map of the early and late regions on the ad 2 chromosome.
Cytoplasmic poly (A) containing RNA was hybridized to separated strands of the six
endo R. Eco RI fragments and the results are summarized in Table 3. Knowing the
order of the fragments (SHARP et al., 1974b), the least complicated maps for early and
late mRNA were constructed as shown in Fig. 11. The maps do not take into account
the small fractions of fragments Eco RI-Bl and Eco RI-Cl, which hybridize to early

cytoplasmic RNA (Table 3).
In order to further resolve the left and right hand part of the map, hybridization
experiments were performed with late cytoplasmic RNA and separated strands of
endo R. Hpa I fragments and endo R Hind III fragments. The late mRNA map is
represented by white and black bars and the early regions are represented by the
black bars. There may still be some uncertainty concerning the RNA sequences in
the Hind ITI B and C fragments. The map of the endo R Hind III fragments was kindly
provided by Dr. R. J. Roberts of the Cold Spring Harbor Laboratory, New York.
Reprinted from PETTERSSON et al., 1975

of hybridization experiments with separated strands of the endo R. Eco RI
fragments and early and late messenger RNA (SHARP et al., 1974 a; PHILIPSON
et al., 1974 ; PETTERSSON et al., 1975) have shown that messenger RNA sequences
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which are present exclusively late are predominantly derived from the l-strand
of fragments A, C, B and F and the h-strand of fragment A (Table 3). Additional
fragments were obtained by a restriction endonuclease from Hemophilus para-
influenzae (Hpal) which generates 5 fragments from the large A fragment from
endo R. Eco RI cleavage (Fig. 5). When these fragments were used to map early
and late mRNA, a more detailed map of early and late mRNA sequences was
established (SHARP et al., 1974 a; PHILIPSON ef al., 1974 ; PETTERSSON et al., 1975)
(Fig. 12). As indicated in Figure 12, early and late genes seem to be scattered in
several locations on both complementary strands.

Several investigators have shown by hybridization competition experiments
that some RNA sequences which are present in the nucleus never enter the cyto-
plasm (WALL et al., 1972; McGUIRE et al., 1972; Lucas and GINSBERG, 1972a).
Hybridization studies with separated strands indicate that late nuclear RNA
hybridizes to about 85 per cent of the l-strand, whereas late cytoplasmic RNA is
derived from only 65—70 per cent of the l-strand (PETTERSsON and PHILIPSON,
1974). Further hybridization studies with separated strands of the six endo R.
Eco RI fragments indicate that late nuclear RNA hybridizes to 85—90 per cent
of the l-strand of all these fragments. Since late messenger RNA is complementary
to 40—50 per cent of the h-strand of both fragments B and C, this finding indi-
cates that certain regions of the adenovirus chromosome are transcribed into com-
plementary RNA sequences. Recently it has been established that isolated double
stranded RNA late in adenovirus infection contains sequences complementary
to at least 60 per cent of the h- and l-strand of ad2 DNA (PerTERSSON and
ParLipson, 1974).

Studies on RNA synthesis in adenovirus-infected cells leave many problems
unsolved. Nothing is yet known about initiation and termination of RNA syn-
thesis in vivo. Experiments in vitro with E. coli RNA polymerase and ad2 DNA
have shown that this enzyme initiates RNA synthesis at 5—10 preferred sites
(PETTERSSON ¢f al., 1974). On the other hand, nuclear RNA from adenovirus in-
fected cells seems to contain RNA species which correspond in length to 50 per
cent or more of one adenovirus DNA strand (PuILIPSON ef al., 1974). This would
indicate that the adenovirus DNA is transcribed into giant RNA molecules which
are processed to messenger RNA. At least parts of the genome is symmetrically
transcribed since complementary RNA sequences can be detected during adeno-
virus infection. Also, there is no clue to how the switch from early to late tran-
scription is accomplished. Several alternatives seem conceivable: 1) The histone-
like core proteins may impose restrictions on transcription early after infection.
2) The RNA polymerase may change its specificity during infection because of
virus-induced control elements. 3) The adenovirus DNA may become integrated
into the host cell genome even during productive infection and thereby gain
access to additional promotor- and termination sites. 4) The switch to late tran-
scription could be caused by changes in enzymes which process RNA.

Available information does not permit a choice between these alternatives but
the findings that nuclear RNA both early and late after infection contains large
RNA molecules, the size of which correspond to at least half of one strand (Mc-
GUIRE et al., 1972; WALL et al., 1972) favour the last alternative.
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E. A Comparison between Cellular and Viral mRNA Production

In comparing recent results concerning the manufacturing of mRNA in mam-
malian cells in general with the corresponding findings in the adenovirus system,
clear similarities as well as differences stand out. There is 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 nuclear RNA, HnRNA. For
a more detailed discussion of the experimental data concerning these conclusions
see the papers by DARNELL ef al. (1971b, 1973). Evidence for the presence of
high molecular weight precursors to mRNA has come from experiments with
cells transformed by SV40 (LinpBERG and DARNELL, 1970; ToNEGAWA ef al.,
1970), where the virus genome apparently is covalently linked to host cell DNA
(reviewed by GREEN, 1970). These cells produce high molecular weight HnRNA

Table 4. Adenovirus Specific Nuclear RN A Late in Virus Infection

RNAa Total cpm x 106 | Per cent of total | Fraction virusspecific
Not polyadenylated? 1.68 62 0.19
Polyadenylated 1.03 38 0.78

o Infected cells were labeled from 14— 16 hours after infection with 3H-uridine and
nuclear RNA extracted according to HoLmMEs and BoNNER (1973). The RNA was
selected on oligo (dT) cellulose (Aviv and LEDER, 1972) and the fraction of adeno-
virus RNA was determined by exhaustive hybridization (LINDBERG et al., 1972).

b This refers to the fraction not retained by oligo (dT) cellulose of which ribosomal
precursor RNA was estimated to constitute at least 60 per cent.

molecules with virus-specific sequences, while at the same time much smaller
virus-specific nRNAs are found in protein synthesizing polysomes.

During the last years, further evidence suggesting the processing of HnRNA
into mRNA has been collected. Polyribosomal mRNA as well as HnRNA contain
poly (A) at the 3'terminus (EpMONDS and CARAMELA, 1969; KaTES, 1970; DAR-
NELL ef al., 1971a and b; EpMmonNDSs et al., 1971 ; LEE et al., 1971 ; PHILIPSON et al.,
1971; MENDECKI ef al., 1972; MoLLoyY et al., 1972). A substantial fraction of
HnRNA molecules of all size classes is polyadenylated and a significant fraction
of poly (A) synthesized in the nucleus is eventually transported to the cytoplasm
as part of mRNA molecules (JELINEK ef al., 1973). All together, this supports the
idea of HnRNA being a precursor of mRNA. The addition of poly (A) to nuclear
RNA appears to be a prerequisite for the appearance of mRNA on polyribosomes
(DARNELL et al., 1971b). In all these respects the adenovirus system resembles
the host cell.

In the animal cell the major part of the HnRNA seems to turn over in the
nucleus, leaving 10—20 per cent to be transported to the cytoplasm as mRNA
(SOIERO et al., 1968; PENMAN ef al., 1968). Late in adenovirus infection the major
part of the nuclear nonribosomal RNA appears to be virus-specific (Table 4), and
of the viral nuclear RNA sequences at least 75—80 per cent are preserved as
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mRNA. Kinetic evidence suggests, however, that only 20 per cent of the amount
of viral RN A synthesized in the nucleus is transported to the cytoplasm late in the in-
fectious cycle (PHILIPSON ef al., 1974). Taken together, these two findings suggest
either that only one of five viral transcripts are processed into mRNA or that
each transcript is functionally monocistronic and processed into a single mRNA
species. In both cases it appears that the major controls are at a posttranscriptional
level. The former alternative suggests that the high molecular weight viral RNA
found in the nucleus represents polycistronic precursors. Eight out of ten pre-
cursors become degraded whereas two out of ten molecules are cleaved into a
number of specific fragments, which become polyadenylated and transported as
mature mRNA to the cytoplasm. In the latter case one transcript is made for each
mRNA species and the major part of the transcript turns over and only a small
mRNA region is preserved. The latter model appears to operate for HnRNA in
uninfected cells, but it has not been excluded that some cellular HnRNA molecules
are processed and utilized to the large extent required for the former alternative
(DARNELL et al., 1973).

The polysomal mRNA molecules of eukaryotic cells appear to have proteins
associated with them (SpirRIN and NEMER, 1965; PERRY and KELLEY, 1968;
Hensmaw, 1968; KuMAr and LINDBERG, 1972; LEBLEU ef 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 ef al., 1968; PERRY and KELLEY, 1968;
PepERsoN, 1974). The possible association of proteins with adenovirus nuclear
RNA has not yet been investigated, but polysomal mRNP particles from
uninfected and adenovirus infected cells appear to have several major poly-
peptides in common. In addition to the common polypeptides, mRNP from in-
fected cells harvested late in the infectious cycle appears to have one extra,
possibly virus-specific polypeptide (LINDBERG and SuNxDQUIST, 1974). The ab-
solute specificity for the mRNA and the functional role of these polypeptides
remain to be established.

In the animal cell 30—40 per cent of the total poly (A) containing RNA in
the cytoplasm is not present in polyribosomes but instead in ribonucleoprotein
particles sedimenting slower than polysomes (LINDBERG and PErssow, 1972;
JELINEK et al., 1973). It has been suggested that this non-polysomal poly (A)
containing RNA in fact is mRNA on its way to be engaged in translation
(ScHOCHETMAN and PERRY, 1972), but it has been difficult to obtain proof for
this assumption. In adenovirus-infected cells in the late phase 40—70 per cent
of the cytoplasmic virus-specific RNA is found in the non-polysomal pool (RASKAS
and OkUBo, 1971 ; PHILIPSON ef al., 1973). The amount of viral RNA in this region
depends on the supply of amino acids in the medium. The richer the supply of
amino acids the more of the mRNA is engaged in protein synthesis. The non-
polyribosomal pool has been shown to contain the same pattern of major viral
RNAs as the polysomes (PHILIPSON ef al., 1973) (Fig. 13), and kinetic experiments
suggest that the labeled viral RNA molecules appear more rapidly in the non-
polyribosomal pools than in the polyribosomal fraction (PHILIPSON et al., 1973).
These data together suggest that the non-polysomal pool of RNP particles con-
tains mRNA en route to translation.
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Fig. 13. Analysis of late viral RNA from polyribosomes and late viral cytoplasmic

RNA not associated with polyribosomes.
Cells were labeled with 3H-uridine from 14—16 hours after adenovirus infection and
the cytoplasm was fractionated on a 7—47 per cent sucrose gradient (LINDBERG and
PERssON, 1972). The top panel shows the optical density ( ) and the acid preci-
pitable radioactivity (o————o0). RNA from four indicated regions was deproteinized
and the poly (A) containing RNA isolated by poly (U) Sepharose chromatography.
After ethanol precipitation the RNA was analyzed on polyacrylamide gels and the
electropherograms are shown in the lower frames.
e Total radioactivity; o———o Radioactivity in viral RNA
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F. Adenovirus DNA Replication

During one step growth conditions viral DNA synthesis begins in the nucleus
6—8 hours after infection. With ad2 and ad5 the maximum rate of viral DNA
synthesis is reached about 13 hours after infection, and at this time host cell DNA
synthesis is suppressed so that 90 per cent or more of newly synthesized DNA is
viral (GINSBERG et al., 1967; P1¥a and GrREEN, 1969). No information is available
about the enzymes involved in synthesis of adenovirus DNA and no virus-spe-
cific DNA polymerase has so far been identified. VAN DER VLIET and LEVINE
(1973) have searched for DNA-binding proteins in adenovirus infected cells. Two
polypeptides with molecular weights of 72,000 and 48,000 have been identified.
Both have a strong preference for single stranded DNA and may thus be associated
with the exposed single strands of adenovirus DNA during replication (see below).
The temperature-sensitive mutant ts 125 (section VIII) of ENSINGER and GINSBERG
(1972) which fails to synthesize DNA at the nonpermissive temperature does not
make these proteins. There is a difference between host cell and viral DNA
synthesis with regard to the requirement for protein synthesis; HorwiTz ef al.
(1973) demonstrated that after viral DNA synthesis has begun it is no longer
sensitive to cycloheximide, whereas continued host cell DNA synthesis requires
simultaneous protein synthesis.

Most studies on adenovirus DNA synthesis have been carried out with the
group C viruses mainly because the buoyant densities of their DNAs allow sepa-
ration from host cell DNA by equilibrium centrifugation in CsCl (P1¥a and
GREEN, 1969) or by chromatography on methylated albumin-kieselguhr (Gins-
BERG et al., 1967).

1. Characteristies of Adenovirus DNA during in vivo Replication

Replicating DNA has been isolated from nuclei of infected cells usually 12 to
13 hours after infection when the maximum rate of viral DNA synthesis is ob-
served. DNA which is pulse-labeled with radioactive thymidine has been analyzed
by equilibrium centrifugation in CsCl. Several investigators have noticed that
short pulses of thymidine are incorporated into DNA which has a 5—10 mg/ml
higher buoyant density than mature viral DNA (PEArRsoN and HanawaLT, 1971;
SUSSENBACH et al., 1972; VAN pErR EB, 1973; PErTERSSON, 1973). After long
pulses or after short pulses followed by a chase with unlabeled thymidine the
radioactivity is incorporated in structures which have the same density as mature
viral DNA. Thus, intermediates in adenovirus DNA replication appear to have
a greater buoyant density than mature DNA. The density difference can be
eliminated after digestion with nucleases which are specific for single stranded
nucleic acids but not after digestion with RNase (PETTERSsoN, 1973) and it has
been estimated that replicating intermediates contain 20—30 per cent single
stranded DNA (PerTERssoN, 1973). Replicating DNA from CELO virus has
been found to have similar properties (BELLETT and YOUNGHUSBAND, 1972). Be-
cause of their single stranded character, replicating intermediates can be selected
by chromatography on benzoylated-naphtoylated-DEAE (BND)-cellulose (Sus-
SENBACH et al., 1972; BELLETT and YOUNGHUSBAND, 1972; Vax DER EB, 1973).
In neutral sucrose gradients, replicating intermediates sediment faster than ma-
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ture DNA (35—808) whereas under denaturing conditions replicating DNA
seems to consist of unit length and shorter DNA (Horwirz, 1971; VAN pER EB,
1973; BeLLETT and YoUNGHUSBAND, 1972). Horwitz (1971) analyzed replica-
ting DNA by alkaline sucrose gradient centrifugation after pulse-labeling for very
short time periods. No distinct class of short fragments could be detected and
thus no evidence could be obtained for discontinuous replication of adenovirus
DNA. On the other hand BELLETT and YOoUNGHUSBAND (1972) analyzed repli-
cating CELO DNA under similar conditions and observed a peak of DNA frag-
ments sedimenting at about 128 after labeling for short times. Pulse-chase ex-
periments indicate that these fragments are intermediates in replication. It is
conceivable that “Okazaki-like”” fragments (OKAZAKI ef al., 1968) of adenovirus
DNA are shortlived and therefore difficult to detect, because synthesis of ad2
DNA is more rapid than that of CELO virus DNA (BELLETT and YOUNGHUSBAND,
1972). In fact, SUSSENBACH and coworkers (personal communication) have de-
tected “‘Okazaki-like” fragments after pulse-labeling of infected cells which had
been arrested with hydroxyurea. WINNACKER (1975) has also shown that ad2
DNA replicates with ““Okazaki-like” fragments as intermediates in isolated nuclei.

Vax pER EB (1973) analyzed replicating DNA from adenovirus infected cells
in the electron microscope. Two types of intermediates were observed: (i) Y-
shaped molecules with an arm consisting of single stranded or partially single
stranded DNA; (ii) Linear molecules of unit length which were either single
stranded or consisted of duplex DNA with single stranded gaps. These observa-
tions are compatible with the model for adenovirus DNA replication which has
been proposed by SUSSENBACH et al. (1972) and which is discussed below (Fig. 14).

Several investigators have looked for circular intermediates in adenovirus
DNA replication by performing dye-buoyant density gradient centrifugation
(DOERFLER et al., 1973; BELLETT and YOUNGHUSBAND, 1972). However, no co-
valently closed circular intermediates have so far been detected by this method
or by electron microscopy (BELLETT and YOUNGHUSBAND, 1972). On the other
hand, RoBINSON et al. (1973) have reported that a circular form of viral DNA
can be isolated from virions. A protein appears to link the termini of the DNA
and a similar protein may be involved in viral DNA replication to create circular
intermediates. Such structures would, however, be difficult to detect since they
would be linearized after deproteination of the DNA.

By following the fate of parental DNA or by continuous labeling in vive, BUR-
LINGHAM and DOERFLER (1971) demonstrated three different classes of intra-
cellular viral DNA from ad2 and ad 12 by neutral surcrose gradient centrifuga-
tion; one larger than viral DNA, viral DNA, and a third class smaller than viral
DNA. The fast sedimenting component may represent viral DNA integrated in
cellular DNA or DNA undergoing transcription (DOERFLER et al., 1973). A com-
plex of viral RNA and DNA was isolated by CsCl-propidium iodide gradient
centrifugation (DOERFLER et al., 1973) in which the RNA was of a size similar
to mRNA and susceptible to RNase. The relationship of this complex to the
rapidly sedimenting parental DNA is, however, unclear. BURGER et al. (1974)
have extended these studies and provided evidence that the fast sedimen-
ting component may represent adenovirus DNA integrated in the host chro-
mosome. The slowly sedimenting population of DNA has an average sedimenta-
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tion coefficient of 12S. The studies of BurLiNGHAM and DOERFLER (1972) infer
that the small viral DNA could be degradation products of the virion-associated
endonuclease. SUSSENBACH (1971), on the other hand, has reported that fragment
molecules of ad 12 DNA may replicate independently.

2. Replication of Adenovirus DNA in Isolated Nuclei

Isolated nuclei have the advantage, compared to intact cells, in that they are
able to incorporate externally supplied nucleoside triphosphates into nucleic
acids (FRIEDMANN and MUELLER, 1968; WINNACKER et al., 1971). In addition,
pulse-chase experiments are facilitated in these systems and they allow the use
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Fig. 14. Model for replication of ad 5 DNA.
Parental strands are drawn as solid lines and newly synthesized DNA is indicated with
dashed lines. The black bars in the upper panel represent the three AT-rich areas as
defined by the electron microscopical denaturation map (ELLENS ef al., 1974). The
complementary strand with low and high buoyant density in alkaline CsCl are designat-
ed as L and H (SUSSENBACH et al., 1973)1.
DNA replication starts at the right hand end and the newly synthesized DNA displaces
the H-strand. After prolonged displacement synthesis two types of intermediates arise,
one containing a single stranded DNA arm on which complementary strand synthesis
has started and another with a single stranded arm where no complementary strand
synthesis has been initiated. After completion of the displacement synthesis both
intermediates will yield one mature double stranded molecule and one new inter-
mediate which is either entirely single stranded or double stranded with single stranded
gaps.
The latter intermediate are completed by discontinuous replication. Recent evidence
suggests that the displacement synthesis on the L-strand may also be discontinuous
(SUSSENBACH, personal communication.) Redrawn from ELLENS et al. (1974)

1 The L-strand has a higher buoyant density than the H-strand in neutral CsCl
in the presence of ribopoly (U, G). Thus, the L-strand corresponds to the h-strand as
defined by TiBBETTS et al. (1974) and as indicated in Figs. 11 and 12. Thus, the maps
which are illustrated in Figs. 11 and 12 are oriented in the same way as the parental
DNA in this Figure.
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of inhibitors of macromolecular synthesis, which do not penetrate the plasma
membrane. In these nuclear preparations already initiated adenovirus DNA
molecules appear to be elongated at a slow rate but initiation of new rounds of
DNA synthesis does not seem to occur (VAN DER VLIET and SUSSENBACH, 1972).

An extensive characterization of replicating DNA in isolated nuclei from cells
infected with ad5 has been carried out by SusseNBacH and coworkers (Sus-
SENBACH and VAN DER VLIET, 1972; VAN DER VLIET and SUSSENBACH, 1972;
SUSSENBACH ef al., 1972; SUSSENBACH et al., 1973; ELLENS et al., 1973 ; SUSSEN-
BACH and VAN DER VLIET, 1973). The replication of adenovirus DNA in the iso-
lated nuclei is semiconservative (VAN DER VLIET and SUSSENBACH, 1972) as has
also been shown to be the case in vivo for CELO virus DNA (BELLETT and YOUNG-
HUSBAND, 1972). Replicating DN A has been selected by BND-cellulose chromato-
graphy and characterized by electron microscopy. Three classes of replicating
molecules resembling those described by Vax pEr EB (1973) have been observed
(SussSENBACH et al., 1972): The first class consists of linear Y-shaped molecules
with an arm of single stranded or partially single stranded DNA. The second class
consisted of unbranched linear molecules, partly double stranded and partly
single stranded, with varying ratios of double stranded to single stranded regions.
The third class also contained unbranched linear molecules, some of which were
purely double stranded and some purely single stranded. On the basis of these
studies, SUSSENBACH ef al. (1972) have suggested a model for the replication of
adenovirus DNA (Fig. 14). Replication starts from one end, and one of the pa-
rental strands is displaced by the growing strand giving rise to Y-shaped struc-
tures. At a later stage, synthesis is initiated on the displaced strand which be-
comes detached from the replicating structure. The displaced strand is converted
to duplex DNA by discontinuous synthesis (Fig. 14). This model is compatible with
data obtained in wvivo for CELO, ad2 and ad5 DNA replication (BELLETT and
YouNcHUSBAND, 1972; vaN DER EB, 1973; PETTERSSON, 1973). Recently,
SUSSENBACH ef al. (1973) have also presented evidence that replication starts at
one specific end and only the strand which bands at a higher density in alkaline
CsCl gradients seems to be displaced. In the ad2 system this strand corresponds
to the l-strand as defined by buoyant density in CsCl after binding to poly (U, G)
(T1BBETTS et al., 1974). Further evidence corroborating this notion has been ob-
tained by electron microscopic investigations of partially denatured replicating
molecules (SUSSENBACH et al., 1973). In this study, the end where replication
starts (¢.e. the end containing the 5’ terminus of the displaced heavy strand)
was found to correspond to the AT-rich end of ad5 DNA. This is the molecular
right end as defined in the denaturation map of the ad5 DNA (ELLENS et al., 1974).

Although these data appear 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 probably no reinitiation takes place. Only
10 per cent of the parental DNA, which is present in the nucleus, appears to be
active in elongation. This means that there are some important factor(s) missing
in this system and the structures observed could differ from those present in vivo.
At present, no information is available with regard to the initiation of adenovirus
DNA replication. If DNA synthesis is primed with RNA as seems to be the case
in several other systems (BRUTLAG et al., 1972; SuciNo et al., 1972; WICKNER
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et al., 1972; MAGNUSSON et al., 1973), the problem arises how to complete the 5’
end of the daughter strand after digestion of the primer. As pointed out by
BELLETT and YOUNGHUSBAND (1972), it is difficult to conceive how a linear du-
plex DNA-like adenovirus DNA is able to prime repair synthesis at the 5’ end
of the daughter strand. There is no terminal redundancy in adenovirus DNA
and concatemers like those existing during replication of bacteriophage T 7 DNA
cannot form. Thus, the completion of the newly synthesized strands cannot take
place according to the model proposed for this phage (Watson, 1972), which also
replicates with linear intermediates. BELLETT and YoUuNGHUSBAND (1972) have
suggested that the completion of the 5 ends of nascent molecules involves for-
mation of concatemers with staggered nicks in both strands at genome intervals.
Possibly the protein which can circularize adenovirus DNA (RoBINSON et al.,
1973) may facilitate formation of the proposed concatemers.

G. Translation

The adenoviruses are assembled in the nucleus, but all the proteins appear
to be synthesized in the cytoplasm (THoMAs and GREEN, 1966; VELICER and
GINSBERG, 1968). Adenovirus specific mRNA and newly synthesized viral poly-
peptides are predominantly found in association with non-membrane bound poly-
ribosomes (THOMAS and GREEN, 1966; VELICER and GINSBERG, 1968; HorRwITZ
et al., 1969). Shortly after synthesis, the polypeptides are assembled into viral
structural proteins in the cytoplasm and then rapidly transported to the nucleus
for assembly of virions (VELICER and GINSBERG, 1970). Since some temperature
sensitive mutants accumulate viral proteins in the cytoplasm, the transport may
require a virus-coded function (IsHiBasHI, 1970; RUSSELL et al., 1972a).

1. Early Proteins

The majority of the proteins synthesized early after infection are host pro-
teins, which makes it difficult to identify early viral polypeptides. However,
utilizing sera from hamsters with adenovirus-induced tumors, virus-specific anti-
gens have been detected early after infection by complement fixation and im-
munofluorescence. The T-antigen, where T stands for tumor, is one of the few
early viral products which so far has been identified (ROUSE and SCHLESINGER,
1967; RUSSELL et al., 1967a; PoPE and RowE, 1964; SHiM0JO ef al., 1967). This
antigen reacts with sera from tumor-bearing animals and seems to be present in
adenovirus-induced tumors as well as early during lytic infection. In contrast to
the papova virus system, where T-antigen has been detected only in the nucleus,
the adenovirus T-antigen is found both in the nucleus and in the cytoplasm.
T-antigen is synthesized also in the presence of inhibitors of DNA synthesis
(GILEAD and GINSBERG, 1965; FELDMAN and RaPp, 1966) and is therefore to be
considered as a true early product. GILEAD and GINSBERG (1968a and b) have
purified adenovirus 12 T-antigen and described a single component which sedi-
ments at 2.6S. Other investigators have claimed that the adenovirus T-antigen
consists of several polypeptides (TOCKSTEIN et al., 1968). Another antigen, the
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P-antigen, has also been detected early after infection (RUsSELL and K~IGHT,
1967). This antigen appears to constitute a mixture of T-antigen and one of the
viral core proteins (RUSSELL and SKEHEL, 1972).

RusserLL and SKEHEL (1972) have analyzed the virus-induced proteins in 35S-
methionine labeled extracts from infected cells by SDS-polyacrylamide gel elec-
trophoresis. Five polypeptide bands could be detected which were different from
the virion polypeptides. They were specific for infected cells and at least one of
these polypeptides seems to be an early product. The early polypeptides have also
been studied when host cell protein synthesis was suppressed by a concomitant
poliovirus infection in the presence of guanidine (BABLANIAN and RUSSELL, 1974).
A polypeptide with a molecular weight of 64,000 was found to be synthesized
early in infection. This polypeptide appears to be the major component of the
P-antigen. WALTER and Ma1zEL (1974) have reported on a similar study; infected
cells were labeled with 35S-methionine and analyzed by high resolving SDS-poly-
acrylamide gels. These investigators were able to detect three early virus-induced
polypeptides. These polypeptides which were designated E;, E2 and E3 have mole-
cular weights of 70,000, 19,000 and 10,000, respectively. Polypeptides E; and Eg
are preferentially found in the cytoplasm whereas E3 appears to be a nuclear
protein. Polypeptide Eg has been found to be a glycoprotein (IsmiBasui and
MaizeL, 1974b). Polypeptide E; is probably identical with the polypeptide
detected by RusseLL and SKEHEL (1972) and a similar polypeptide has been
identified by ANDERSON et al. (1973).

In growth arrested human embryo kidney cells or monkey kidney cells, adeno-
virus infection causes an increase in the synthesis of at least two of the enzymes
(thymidine kinase and DNA-polymerase) involved in DNA synthesis early after
infection (TARKAHASHI ef al., 1966; LEpINKO, 1967; KIT ef al., 1967; BRESNICK
and Rarp, 1968; Ocino and TarauasHI, 1969). The increase is concurrent 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. VAN DER VLIET and LEVINE (1973) have isolated
two early polypeptides with molecular weights of 48,000 and 72,000 which have
strong affinity for single stranded DNA. These proteins are presumably involved
in adenovirus DNA replication and were described in a previous section (V:F).
No virus-specific enzyme has been identified early in infection, although there
are genetic evidence for the presence of genes coding for catalytic functions. There
are several adenovirus mutants which in mixed infection with wild type give rise
to the normal wild type yields independent of large variations in the ratio between
the multiplicities of infection of mutant and wild type (WiLLiams, personal
communication).

2. Late Proteins

The shift from early to late viral gene expression occurs at around 8 —10 hours
after a synchronized infection in suspension cultures of KB or HeLa cells. At
this time the first capsid proteins can be detected and 2—3 hours later the first
progeny virus appears (WiLcox and GINSBERG, 1963 ¢; PoLasa and GREEN, 1965;
RuUSSELL et al., 1967b; EVERITT et al., 1971; RUSSELL and SKEHEL, 1972). The
synthesis of the late proteins requires concomitant viral DNA synthesis and no
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late proteins can be observed in the presence of inhibitors like cytosine arabinoside,
hydroxyurea or 5-fluorodeoxyuridine (GREEN, 1962a; FLANAGAN and GINSBERG,
1962; WiLcox and GINSBERG, 1963c¢). The major capsid units, hexon, penton
and fiber, are synthesized in large excess (for a review see PHILIPSON and PETTERS-
SoN, 1973), while the synthesis of some of the smaller proteins including the core
proteins appear to be less extensive (WHITE et al., 1969; EvERITT et al., 1971).
Only 5—20 per cent of the viral capsid proteins synthesized during the infectious
cycle become incorporated into mature virions (GREEN, 1962b; WHITE et al.,
1969 ; Horwirz et al., 1969). After synthesis of the polypeptides, the viral proteins
are rapidly assembled into structural units, which within a few minutes after
completion are transported to the nucleus (VELICER and GINsBERG, 1970; Hor-
WITZ et al., 1969).

Earlier results gave no indications that the structural proteins were produced
by cleavage of larger precursors (HorRWITZ et al., 1969; WHITE et al., 1969; Rus-
SELL and SKEHEL, 1972). Recent results, however, suggest that minor cleavage
of precursor polypeptides occurs shortly after synthesis or during assembly (AN-
DERSON et al., 1973). The polypeptide VII, which is the major arginine-rich core
protein (molecular weight 18,000) (LAVER, 1970; PRAGE and PETTERSSON, 1971),
appears to be generated from a 21,000 molecular weight precursor (PVII in Fig. 2).
One of five methionine containing tryptic peptides in the precursor is missing
in the mature polypeptide VII (ANDERSON et al., 1973). The hexon-associated
polypeptides VI (molecular weight 23,000) and VIII (molecular weight 13,000)
have been proposed to be generated in a similar way (Fig. 2) (ANDERSON et al.,
1973 ; EvErITT and PHILIPSON, 1974 ; IsHIBASHT and MA1zEL, 1974 a; OBERG et al.,
1975).

In addition to the polypeptides, which form structural units of the virion, at
least 5 but possibly as many as 7 polypeptides can be detected late after infection
in 35S-methionine labeled cytoplasmic extracts (RUSSELL and SKEHEL, 1972;
ANDERSON et al., 1973). These are absent or present in lower amounts in unin-
fected cells. One of the induced polypeptides is identical in size to the 100,000
molecular weight polypeptide which is found in messenger ribonucleoprotein par-
ticles in infected cells (LINDBERG and SuxDQuUisT, 1974). The others have been
claimed to be precursors to other polypeptides which are present in mature virions
(WALTER and MA1zEL, 1974 ; IsHIBASHI and MA1ZEL, 1974a).

Late in infection large amounts of viral proteins accumulate in the nucleus,
where assembly of the virions takes place. As a reflection of this large crystalline
structures, so called paracrystals, appear in the nucleus of the infected cell (KJEL-
LEN et al., 1955; MORGAN et al., 1957). The paracrystalline structures may be of
different kinds and there is no general agreement on their nature. Crystalline
areas of partially assembled virus (BOULANGER et al., 1973) and large crystalline
areas of structural proteins, probably hexons or pentons (BOULANGER et al., 1970),
have been observed. Crystalline structures have also been described which ac-
cumulate after the peak of viral synthesis in the productive cycle and may con-
tain the major core protein (MARUSYK et al., 1972). WiLLS ef al. (1973) recently
showed that the paracrystals in ad5 did not appear at the non-permissive tem-
perature in cells infected with a ¢s mutant defective in fiber synthesis.

3*
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In addition to complete particles and structural proteins several other ag-
gregated virus structures may be found in extracts of infected cells. Pentons,
which have assembled into star-like structures with 12 pentons, so called dodecons,
have been recovered from cells after infection with subgroup B and D adeno-
viruses (NORRBY, 1966, 1969b; LieMm et al., 1971). Empty capsids and incomplete
particles, which contain no DNA or reduced amounts of viral DNA, are synthesized
preferentially in cells infected with group A and B viruses (Mak, 1971; PRAGE
et al., 1972; WADELL ef al., 1973). The empty capsids lack the two core proteins,
polypeptides V and VII (MAIZEL et al., 1968b; PRAGE ef al., 1972; SUNDQUIST et
al., 1973b; WADELL ef al., 1973), and contain polypeptides (Fig. 2) which have
been proposed to be precursors of polypeptides which are present in complete
virions (SUNDQUIST ef al., 1973b). The empty capsids are further discussed in
section V: 1.

3. Modification of Viral Polypeptides

There is evidence suggesting that the fiber polypeptide is both phosphorylated
(RUSSELL et al., 1972b) and glucosylated (IsarBasar and Maizer, 1974b), and
that the modification of the polypeptide probably occurs subsequent to transla-
tion. Only N-acetyl-glucosamine has been found associated with the fiber and
there appears to be two residues of sugar per fiber polypeptide. One early virus
specific non-structural polypeptide (Es) has also been found to be labeled with
3H-glucosamine (IsHiBASHI and MA1zEL, 1974b). Two or three other virus-in-
duced non-structural polypeptides appear to be phosphorylated and the poly-
peptide of molecular weight 64,000 (RUSSELL and SKEHEL, 1972) is the major
phosphorylated component (RUSSELL et al., 1972b) late in the infectious cycle.
This polypeptide may correspond to the 71 K polypeptide band of ANDERSON et al.
(1973, see Fig. 2).

%4. Translation of Adenovirus mRNA in vitro

In wvitro synthesis of adenovirus polypeptides has been studied in crude ex-
tracts from adenovirus infected cells which contain polyribosomes (CAFFIER and
GREEN, 1971; CAFFIER ef al., 1971; OxUBO and Raskas, 1972; WiLHELM and
GINSBERG, 1972). Polypeptide synthesis appears to be initiated with methionine
tRNA and most of the polypeptides of the virion can be detected after in wvitro
synthesis. WILHELM and GINSBERG (1972) also reported that capsomere assembly
occurs in such systems; hexon and fiber polypeptides were assembled into ma-
ture proteins but no assembly of pentons could be detected. OKUBO and Raskas
(1972) used a reconstituted ¢n vitro system from adenovirus infected cells still
dependent on endogeneous messenger RNA. Supernatant fractions from infected
and uninfected cells were analyzed in mixtures with the polyribosome prepara-
tions from infected cells. No difference in translation could be detected when
enzyme fractions from infected and uninfected cells were exchanged.

In order to study control mechanisms operating in translation, it is desirable
to have n vitro systems which depend on exogeneous messenger RNA. Recently
it has been possible to translate isolated messenger RNA from adenovirus in-
fected cells into structural proteins using in vitro systems which are dependent
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on external messenger RNA. ERON et al. (1974a) demonstrated that late mRNA
selected on oligo (dT) cellulose can direct the synthesis of hexon, penton base,
IITa and fiber polypeptides in an in vitro system derived from ascites cells. The

Fig. 15. SDS-polyacrylamide gel autoradiogram of the in witro synthesized poly-
peptides which were programmed by fractionated ad 2 mRNA.
RNA was fractionated on formamide-containing sucrose gradients (ANDERSON et al.,
1974). RNA was melted in 90 per cent formamide and layered on a 5—20 per cent
linear sucrose gradient in 50 per cent formamide. Each fraction was precipitated with
ethanol and dissolved in water. A mammalian cell-free system was programmed with
RNA from each fraction and the products were analyzed on SDS polyacrylamide gels.
The gel pattern is aligned with the optical density profile of the sucrose gradient.
Fraction numbers are given at the bottom of the Figure. Polypeptides programmed
by unfractionated cytoplasmic ad 2 mRNA (column T) and an n vivo labeled sample
of polypeptides from ad 2-infected HeLa cells (column A) are shown for comparison.
Reprinted from ANDERSON et al. (1974)

products which range in molecular weights from 20,000 to 120,000 daltons were
shown to be identical with the polypeptides of the structural proteins by SDS gel
electrophoresis and by mapping of tryptic peptides. Furthermore, the in wvitro
synthesized polypeptides had the same antigenic specificity as the structural
proteins and could be precipitated with specific antisera (ErRON ef al., 1974a and b;
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OBERG et al., 1975). In a separate study it was found that core polypeptide V
as well as the precursor to the major core protein, P VII (ANDERSON et al., 1973)
(see Fig. 2) also were synthesized in vitro (ERON ef al., 1974b). Erox and WEST-
PHAL (1974) also developed a reversible hybridization technique by which viral
specific RNA could be selected. Such RNA directs the synthesis of several capsid
proteins demonstrating that they are specified by the viral genome.

ANDERSON et al. (1974) demonstrated with a purified in vitro system, similar to
that described by SCHREIER and STAEHELIN (1973), that late viral RNA directs
the synthesis of all the major structural polypeptides with a very low background.
The major class of late viral mRNA with a sedimentation constant of around
268 may code for several polypeptides, the hexon (II) and penton base (III) as
well as the virus-induced 100K and 27K polypeptides (Fig. 2). The 19—228
area seemed to code preferentially for the polypeptides IV (fiber), V, 26K and
the precursor to polypeptide VII. The 9S RNA almost exclusively codes for poly-
peptide IX during in vitro synthesis (Fig. 15) (ANDERSON et al., 1974; OBERG
et al., 1975). The hexon polypeptide is less efficiently synthesized in the wheat
germ system (ANDERSON et al., 1974; OBERG ef al., 1975), than in the ascites cell
(ErON et al., 1974a) and the purified system (ANDERSON et al., 1974). The com-
ponents in the cell-free system must work with considerable accuracy to achieve
faithful synthesis of the hexon polypeptide which contains 900—1000 peptide
bonds (MAIZEL ef al., 1968a; JORNVALL et al., 1974 D).

In witro systems for protein synthesis will hopefully be of help to identify
products which are coded by individual RNAs. These systems will also provide
tools to study control mechanisms operating in translation of viral messenger RNA.
It has been proposed that such mechanisms exist in vivo with regard to the pre-
ferential synthesis of viral over cell proteins and also with regard to the prefer-
ential synthesis of hexon polypeptides over other virion polypeptides (PERLMAN
et al., 1972) as will be discussed in section V:I:2. The fact that the large 26S
mRNA class is deficient in its association with polyribosomes in translation de-
fective monkey cells infected with ad2 (HasHIMOTO et al., 1973) suggests a spe-
cific control for initiation of hexon translation (see section V:1:2).

H. Host Cell Macromolecular Synthesis

Both primary cells in monolayer and established cell lines in suspension fail
to divide after infection with adenoviruses. This effect can probably be ascribed
to the generalized interference with the synthesis of host cell macromolecules
in the late phase of infection. In growth arrested monolayer cultures adenovirus
infection, like SV40 and polyoma virus infection, results in early stimulation of
cell DNA synthesis as well as of the proteins involved in DNA replication (LE-
DINKO, 1967, 1970). No such effect is seen after infection of cells grown in sus-
pension cultures. Synthesis of ribosomal RNA is increased during the early phase
of the infection in primary cells (LEDINKO, 1972), and possibly also in suspension
cultures (Raskas et al., 1970). During the late phase, on the other hand, the syn-
thesis of host cell macromolecules is drastically inhibited.
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At 6—8 hours after infection with adenovirus, the synthesis of cellular DNA
begins to decline and by 10—13 hours post infection about 90 per cent of the
newly synthesized DNA is viral (GINSBERG ef al., 1967; Pi¥a and GREEN, 1969).
HobpgE and ScHARFF (1969) have investigated the effect of adenovirus infection
on host cell DNA synthesis in synchronized HeLa cells. When viral DNA syn-
thesis occurs during the G 1 phase of the growth cycle, cellular DNA replication
is not induced in the subsequent S phase or later. When viral DNA synthesis is
timed tc begin during the S phase, the cellular DNA synthesis starts but the
round of cellular DNA replication fails to go to completion. These results imply
that already initiated cell DNA synthesis can continue, but that the initiation
of cellular DNA synthesis is inhibited.

Host cell protein synthesis declines at about the same time as cell DNA syn-
thesis (GINSBERG et al., 1967). Pulse-labeling experiments with radioactive amino
acids have shown that the label almost exclusively enters virus-coded or induced
proteins already 12 hours after infection (RUSSELL and SKEHEL, 1972; ANDERSON
et al., 1973). Some host cell mRNA appears to be translated also late in the in-
fectious cycle. For instance, the protein moiety of the messenger ribonucleoprotein
particles (mnRNP) is synthesized late in infection at the same rate as in uninfected
cells (LINDBERG and SUNDQUIST, 1974).

Concurrent with the reduction in host protein synthesis, the accumulation of
newly synthesized ribosomal RNA in the cytoplasm is suppressed. At around
12 hours after infection only 10—12 per cent of the normal amount of ribosomal
RNA is transported to the cytoplasm (RaAskas et al., 1970; PHILIPSON ef al.,
1973). Since a significant amount of the 45S precursor to ribosomal RNA is still
synthesized (RASKAS et al., 1970; LEDINKO, 1972), the interference with ribosome
synthesis appears to effect primarily the cleavage of the ribosomal precursor RNA,
but a suppression of synthesis of the 458 precursor has also been observed (EL1-
OERI, 1973). It is not clear whether the interference with the processing of ribo-
somal RNA is a result of the inhibition of host cell protein synthesis or whether
there is some specific inhibitory mechanism. It is, however, known that conditions
which suppress host cell protein synthesis in uninfected cells also effects the ma-
turation of ribosomal RNA (MADEN et al., 1969; WILLEMS ef al., 1969). Synthesis
of cellular transfer RNA (tRNA) occurs unabatedly throughout the infectious
cycle (GINSBERG et al., 1967; Mak and GREEN, 1968) and no virus-specific tRNA
has been recognized (RAska et al., 1970; KLINE et al., 1972).

It has been suggested that the structural proteins of the virus are involved in
the inhibition of host macromolecular synthesis. LEVINE and GINSBERG (1967,
1968) reported that the fiber protein inhibits RNA and DNA polymerases in
vitro. It was also found that high concentrations of purified fiber could suppress
the macromolecular synthesis in uninfected cells. However, very high concentra-
tions were required and the inhibition of host cell macromolecular synthesis du-
ring infection with adenoviruses usually starts before large amounts of fiber pro-
tein have accumulated. Furthermore, ts-mutants which have a defect in synthesis
of fiber protein or viral DNA still inhibit host cell DNA synthesis at non-per-
missive temperatures (WILKIE et al., 1973).
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I. Control Mechanisms

As discussed in a previous section, no information is yet available on the
mechanisms controlling the switch from early to late phase during productive in-
fection. The key event for the transition to the late phase is the triggering of viral
DNA replication. If this is prevented, there is no switch from early to late ex-
pression of the viral genome. Concomitant to the increase in viral DNA synthesis,
host cell DNA synthesis starts to decline. The appearance of increasing amounts
of late messenger RNA coincides in time with a decreased production of mature
ribosomes and host mRNA. In all these steps specific control mechanisms are
implied. In addition, there is evidence for regulation at the level of translation.

1. RNA Synthesis and Processing

As outlined above, the adenovirus genome appears to be transcribed into large
viral RNA molecules found in the nucleus. These mRNA precursors may be
polycistronic and cleaved at specific points along the polynucleotide chains to
give rise to the mature mRNA. Alternatively, only a single mRNA molecule is
generated from each transcript and most of the RNA becomes degraded.

More than 90 per cent of the RNA, which is synthesized and transported to
the cytoplasm late in the infection, is adenovirus-specific (LINDBERG et al., 1972;
PHILIPSON et al., 1973) which suggests a preferential transcription of viral DNA or
preferential processing and transport of viral transcripts. In the nucleus only
10—20 per cent of the newly synthesized non-ribosomal RNA has been claimed
to be virus-specific (PricE and PENMAN, 1972a; McGUIRE et al., 1972), which
would infer a virus-controlled event leading to preferential selection of viral mRNA
for transport to the cytoplasm. Recent results in our laboratory, however, suggest
that a larger fraction of nuclear RNA is of viral origin (Table 4) emphasizing that
a control mechanism also exists at the level of transcription (PHILIPSON et al.,
1974).

2. Translation

At least two control mechanisms seem to be operating in translation of viral
mRNA: (i) the switch during the late phase to preferential translation of viral
mRNA, and (ii) preferential translation of individual viral polypeptides.

Late in infection, protein synthesis continues at an undiminished rate, but the
polysomes become almost exclusively engaged in the synthesis of viral proteins.
The transition in protein synthesis from the host to the virus pattern is a rapid
process which only takes 2 hours at 8—10 hours post infection (RUSSELL and
SKEHEL, 1972 ; ANDERSON efal., 1973). A large fraction of the host mRNA appears to
turn over slowly in uninfected cells, on the average once per cell generation (GREEN-
BERG, 1972; SINGER and PENMAN, 1972). A similar turnover rate has been found for
cellular mRNA in infected cells (CrAIG ef al., 1974 ; PHILIPSON et al., 1974). This
finding suggests that the switch from early to late translation is not only due to
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preferential export of viral mRNA from the nucleus. An additional mechanism
ensuring the preferential utilization of the viral mRNA in the cytoplasm has to
be in operation. Whether this means that there are virus-specific initiation fac-
tors for translation or that there is an inhibition of elongation of host mRNA is
not clear. The observation that vaccinia virus transcription is unaffected but
translation of vaccinia virus mRNA is deficient in mixed infections with vaccinia
and adenovirus suggests a preferential initiation of adenovirus mRNA (Gror~No and
Kargs, 1971). The understanding of the control mechanisms discussed here re-
quires an n vitro protein synthesizing system, where initiation factors from virus
infected and uninfected cells can be compared.

It has been suggested from the work of several investigators including PERL-
MAN et al. (1972) that the hexon polypeptide is preferentially synthesized at 37° C
at a rate 2—4 times faster than that of the fiber polypeptide (EVERITT et al.,
1971). This could reflect the presence of different amounts of mRNA for different
polypeptides. However, in the presence of low concentrations of cycloheximide
the relative rate of synthesis of the different viral polypeptides is altered com-
pared with controls without the drug. Since cycloheximide slows elongation
without affecting initiation, this would mean that under normal conditions there
are differences in the rate of initiation of the different polypeptides (PERLMAN
et al., 1972).

Some mRNA molecules are much larger than one would expect from the size
of the polypeptides they code for. The largest adenovirus polypeptide is that of
the hexon which has a molecular weight of about 100,000—120,000 (Horwirz
et al., 1970; JORNVALL et al., 1974b). The largest viral mRNA has a molecular
weight of about 2108 (LINDBERG ef al., 1972), which theoretically could code
for a polypeptide of molecular weight 200,000. The predominant size class of late
mRNA has a molecular weight around 1.5 x 108 (26S) which is larger than would
be required to synthesize any of the viral polypeptides. Thus, some of the viral
mRNAs may be polycistronic. This is supported by the work of ANDERSON et
al. (1974) who analyzed viral mRNA which had been fractionated on sucrose gra-
dients in an 4n vitro protein synthesizing system. In some cases the mRNA was
found to be twice as long as would be required to code for the polypeptides syn-
thesized (Fig. 15). In picornavirus infected cells the viral mRNA is translated
into one large protein precursor molecule, which through cleavage is processed
to mature viral proteins (SumMERs and Maizer, 1968; Horranp and KIEHN,
1968; JacoBsoN and BALTIMORE, 1968). There is so far no evidence in the adeno-
virus system for the presence of large precursor proteins of the type seen in
picornavirus infected cells. However, minor proteolytic trimming occurs with at
least the precursors to the virion polypeptides VI, VII and VIII (ANDERSON
et al., 1973 ; IsarBasHI and MA1zEL, 1974a; EVERITT and PHILIPSON, 1974) as was
discussed in a previous section (V:G:2).
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J. Assembly of Adenoviruses
1. Mechanism of Assembly

Late during adenovirus infection, both complete virus particles and capsids which
lack viral DNA (empty capsids) accumulate in the nucleus. The proportion of empty
capsids formed varies among different serotypes. After infection with ad2 only mi-
nute amounts are found, whereas a large pool of empty capsids is found after infec-
tion with ad3 and ad 16 (PRAGE et al., 1972; WADELL ef al., 1973). HORWITZ et al.
(1969) reported that newly synthesized core polypeptides appear more rapidly in
mature virus particles than the polypeptides of the capsid proteins. In agreement
with this, results have been obtained (SUNDQUIST et al., 1973b; ISHIBASHI and
MaizgL, 1974a), which suggest that the empty capsids are intermediates in the
assembly of virions, and that the DNA core probably enters preformed capsids.
This conclusion was based on several lines of evidence: 1) The increase in empty
capsids coincides in time with a rapid 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) During continuous labeling with radioactive amino acids,
radioactivity appears first in empty capsids and after a lag period in complete
virions. 3) Pulse-chase experiments with labeled and unlabeled amino acids
showed that radioactivity increased first in empty capsids and could be chased
into mature virions. The lag period before the appearance of label in virions was
about 1 hour. All these results thus provide evidence for a precursor-product re-
lationship between the empty capsids and the mature virions, but it is difficult
to exclude that the true intermediate is a fragile structure which releases its DNA
during purification.

Additional evidence for empty capsid intermediates has been obtained
through the analysis of the polypeptide composition of these particles. The
empty capsids lack the core proteins V and VII and also polypeptides VI,
VIII and X, but contain polypeptides not present in the matwme virion
(SUNDQUIST et al., 1973 b) (Fig. 16). It was recently proposed that three of the
virion components (polypeptides VI, VII and VIII) are derived by cleavage of
precursor polypeptides (ANDERSON ef al., 1973; EvERITT and PHILIPSON, 1974;
IsaiBasur and MaizerL, 1974 a; OBERG et al., 1975). In comparing these results
with those of SUNDQUIST et al. (1973 b) it seems that the polypeptides 27K and
26K (Fig. 2) which probably are precursors to polypeptide VI and VIII,
respectively, are present in the empty capsids. Polypeptide cleavage seems to
take place after capsid assembly and possibly also after the DNA has entered the
capsid. IsarBasHI and MA1zEL (1974a) have proposed that the empty capsid be-
comes a ‘‘young virion” after receiving its DNA. This particle has the same den-
sity as the mature virion but its precursor polypeptides are uncleaved. It is note-
worthy 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 missing (SUNDQUIST ef 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 where these discontinuities are located. Ts-
mutants of ad5, which do not assemble at the non-permissive temperature, have
been described (RUSSELL ef al., 1972a). The mutants of the serological class 1
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make most of the virion proteins but still do not produce infective virions. These
mutants may aid to clarify the assembly pathway (see section VIII).

The serotypes which give rise to large amounts of empty capsids, like subgroup
B viruses ad 3 and ad 16, also accumulate a heterogeneous population of particles,
which in CsCl have buoyant densities intermediate to those of empty capsids

Fig. 16. Polypeptide composition of empty, incomplete and complete particles of ad 3.
Cells infected with adenovirus type 3 contain in addition to virions, large amounts of
particles without DNA, empty capsids and also particles with less DNA than mature
virions incomplete particles.
Purified preparations of each class were analyzed by SDS-polyacrylamide gel electro-
phoresis. Frame A shows 13 per cent and frame B 10 per cent polyacrylamide gels.
Ad 3 virions (V) shows a similar pattern as ad 2 virions (see Fig. 2). The empty (EC)
and the incomplete (IP) particles lack the two core proteins V and VII and contain less
polypeptide VI. The precursor polypeptides 27 K and 26 K which generate polypepti-
des VI and VIII, respectively (ANDERSON et al., 1973; OBERG et al., 1975) are present
in large amounts in the empty and incomplete particles. Several additional polypep-
tides can be identified in the empty and incomplete particles as compared to complete
virions. It has been suggested that the empty particles are precursors to virions
(SUNDQUIST et al., 1973b)

and virions (PRAGE et al., 1972; WADELL et al., 1973), suggesting that they contain
different amounts of DNA. These structures are referred to as incomplete particles.
Analysis of their polypeptide composition has shown that they also contain pre-
cursor polypeptides (Fig. 16). The heavier particles contain less of the precursors
than the lighter particles. One of the core proteins, polypeptide V, appears only
in particles which at least contain DNA corresponding to half the adenovirus
genome. The other core protein, polypeptide VII, is only observed in particles
which contain the normal amount of DNA (PRAGE ef al., 1974).
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2. Defective Assembly

a) Arginine Starvation

Adenovirus maturation requires normal concentrations of arginine in the
growth medium (RoUSE and SCHLESINGER, 1967; RUsSELL and BECKER, 1968).
Without arginine the virus yield is reduced 3—4 orders of magnitude. This dra-
matic reduction is somewhat surprising, since the structural proteins, including
those rich in arginine, are still synthesized in amounts which would seem to be
sufficient to give normal virus production (EVERITT et al., 1971; RoUse and
SCHLESINGER, 1972). When arginine is added after starvation, virus production
starts after a lag period of 4—5 hours and an almost normal yield of virus is ob-
tained. However, the capsid proteins made during arginine starvation do not
seem to be utilized for assembly of virions after reversion (EVERITT et al., 1971;
RovuskE and SCHLESINGER, 1972). The accumulation of virions after reversion is
sensitive to inhibition of DNA, RNA and protein synthesis again emphasizing
a dependence upon newly synthesized macromolecules. Almost normal yields of
virus are obtained when arginine starvation is begun later than 14 hours after
infection (EVERITT ef al., 1971). This would imply that some critical factor(s),
whose synthesis is strongly dependent upon the presence of arginine in the me-
dium, is made earlier than this time. If this factor is absent, the virus components
do not assemble. The factor(s) involved has not yet been identified. Starvation
reduces the synthesis of viral DNA, whereas all late viral mRNA sequences
appear to be synthesized (RaSKA et al., 1972). Although large amounts of hexon
polypeptide are synthesized in the absence of arginine, there is a 2—4 fold reduc-
tion in synthesis of hexon as compared to the other structural proteins (EVERITT
et al., 1971). It is not clear if this has relevance for the defective assembly. This
effect is similar to the effect of low concentrations of cycloheximide on synthesis
of adenovirus polypeptides (PERLMAN ef al., 1972).

WinTERS and RUSSELL (1971) reported that viral DNA synthesized in arginine
deficient medium can assemble into virions, when mixed with extracts from in-
fected cells maintained in a normal medium. If this finding is confirmed, the
system would be useful in elucidating the role of arginine in assembly and to
study the route of virus assembly.

b) Elevated Temperature

The synthesis of infectious virus particles is also reduced 2 orders of magnitude
if the infected cells are maintained in suspension culture at 42° 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 but that the assembly of the polypeptides into capso-
meres is defective and this probably causes the decrease in virus yield (OkuBO
and Raskas, 1971).

Using somewhat different experimental conditions PERLMAN et al. (1972)
found that translation is altered at 40° C as compared with normal conditions.
At 40° C the synthesis of polypeptides is reduced but the degree of reduction
varies for the different polypeptides. Normally the ratio between rate of syn-
thesis of hexon and fiber polypeptide is about 4 but may increase to 10 at 40° C.
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These results add further support to the idea that the translation of viral mRNA
is under complex control.

The assembly may thus involve several steps which may be controlled dif-
ferently: Rate of synthesis of individual polypeptides, assembly of capsid poly-
peptides into capsomeres, assembly of capsomeres into empty capsids and sub-
sequently into virions. The transport of newly synthesized polypeptides or cap-
someres into the nucleus may be another event which causes defective assembly.

VI. Abortive Infections

Adenoviruses can give rise to productive or abortive infection depending on
the serotype and the host cell. Table 5 shows the responses of different cells to
infection with different adenovirus serotypes.

Table 5. Permissiveness for Human Adenovirus Replication in Cells from Different Species

Species Cell Serotype Permissiveness? | Defective event
Human KB or HeLa
Primary fibro-
blasts or epi- All human + None
thelial
Monkey AGMK Rhesus Most human — or P Translation
Hamster Primary ad 2 -+ None
BHK-21 ad 5 + None
NIL-2 ad 12 — DNA replication
Rat Primary ad 2 — or 4 ¢ ? DNA
ad 12 — replication

a2 4 denotes production of progeny virions and — indicates that production of virions
is deficient.

b The permissiveness may vary between human adenovirus serotypes.

¢ The permissiveness may vary among different preparations of rat cells.

A. Adenovirus Infection in Hamster Cells

Hamster cells are permissive for ad2 and ad5 whereas ad 12 is unable to re-
plicate in these cells. The ad 12 virus particles can attach to and penetrate baby
hamster kidney cells (BHK-21). At least part of the early genes are expressed
and T-antigen synthesis can be detected (STROHL ef al., 1967 ; RAskA and STROHL,
1972). However, the ad12 genome is not replicated (DOERFLER, 1968, 1969;
DozerrrER and LuxprOLM, 1970) and in mixed infections with ad2 only the
latter DNA is able to replicate. There is no transcription of late genes and thus
no synthesis of structural proteins.

By following the fate of radioactive parental DNA, DoERFLER (1968, 1969)
obtained evidence that a small percentage of the parental ad12 DNA becomes
integrated into the host genome after infection at high multiplicities. The inter-
pretation of these experiments was challenged by zur HaUsEN and Soxor (1969)
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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. Subsequently, however, DOERFLER (1970) reported that integration of
viral DNA occurs in the absence of both protein and DNA synthesis. Hybridiza-
tion experiments also showed that viral sequences could be detected at the buoy-
ant density of host DNA when the cells had been prelabeled with BUdR (DoERF-
LER, 1970). The differences in the results obtained in these investigations could be
due to variations between the two cell lines with regard to degradation and re-
utilization of the parental virus DNA. Most ad 12-infected BHK-21 cells show ex-
tensive chromosome pulverization with concomitant degradation of the host cell
DNA and these cells finally die (STROHL, 1969a and b). A small population sur-
vives the infection, and some of these exhibit altered growth properties charac-
teristic of transformation (STROHL et al., 1970).

In BHK cells arrested in the G 1 phase ad 12 induces a rapid increase in cellular
DNA synthesis (STROHL, 1969a and b; ZIMMERMAN et al., 1970) with a simulta-
neous activation of the enzymes involved in DNA replication. The stimulation of
DNA synthesis under these conditions is blocked by the addition of cyclic AMP,
which also suppresses the synthesis of T-antigen (ZIMMERMAN and Raska, 1972).

The abortive response of hamster cells to ad 12 infection poses many interesting
questions. Do these cells contain a specific inhibitor for ad 12 replication or is the
ad 12 genome more defective than ad2 and requires certain host helper functions
which are not present in hamster cells ?

Permissive infection of human cells with ad12 causes a distinct break or gap
in the long arms of chromosome No. 17 (zur HAUSEN, 1967), a finding which has
been utilized to locate the thymidine kinase gene in human chromosomes (Mc-
DovucarL et al., 1973). This chromosomal aberration is not present in non-per-
missive or transformed cells, possibly due to the fact that heteroploid lines of
hamster cells like BHK and Nil-2 have mainly been used for transformation with
this virus (for a review see zUR HAUSEN, 1973).

B. Adenovirus Infection in Monkey Cells

Monkey cells are semi-permissive for several human adenoviruses (RaBsox
et al., 1964Db). The virus particles enter the cells and the early phase of the in-
fection appears to proceed normally (FELDMAN et al., 1966; FRIEDMAN et al.,
1970). In contrast to the abortive response described above, the viral genome is
able to replicate in these cells (RABSON ef al., 1964b; REICH ef al., 1966), but very
little progeny virus is produced. Hybridization competition experiments have
failed to detect any differences between RNA produced in late lytic infection in
KB cells and RNA produced in African green monkey kidney (AGMK) cells;
even the virus-induced VA RNA seems to be present (BAuM et al., 1968; Fox and
Bauwm, 1972; Lucas and GINSBERG, 1972a). However, little or no synthesis of
capsid proteins can be detected (FRIEDMAN et al., 1970; BauM et al., 1972) and
the translation of the late mRNA thus appears to be impaired.

It was discovered some years ago that the block in the replication of adeno-
virus in monkey cells can be overcome by coinfection with SV40 virus (O’Coxor
et al., 1963; RABSON et al., 1964Db). Other viruses, like the simian adenoviruses
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(NAEGELE and Rapp, 1967; ALTSTEIN and Dopoxova, 1968), the 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 helper
virus the virus yield is increased 2—3 orders of magnitude. Since the helper SV 40
virus is unable to replicate its own DNA under these conditions, it appears likely
that an early SV40 function aids the translation of late adenovirus mRNA
(FRIEDMAN ef al., 1970).

HasamvoTto et al. (1973) have further investigated adenovirus translation in
monkey cells with or without the SV 40 helper function. They observed that most
of the large adenovirus mRNA (268S) fails to become associated with the poly-
somes in the absence of helper. This class of adenovirus RNA may either lack a
critical sequence for initiation in the absence of helper or the monkey cells lack
a critical initiation factor for translation of viral 26S mRNA. Fox and Baum
(1974) also report that the adenovirus mRNA is not readily associated with the
polyribosomes although it is polyadenylated normally during infection of AGMK
cells. They also proposed that VA RNA was not associated with the polysomes
in AGMK cells infected with adenoviruses (Baum and Fox, 1974).

VII. Adeno-SV40 Hybrid Viruses

The adenovirus-SV40 hybrids are recombinants which contain all or part of
the SV40 genome plus a partially deleted adenovirus genome in an adenovirus
capsid. Such hybrid viruses were originally isolated when adenovirus was pro-
pagated in monkey cells for vaccine production. Stocks of adenovirus serotypes
1—5 and 7 which had been adapted to grow in rhesus monkey kidney cells were
found to be contaminated with SV40 virus (HARTLEY et al., 1956). The contami-
nating SV40 virus was eliminated with SV40-antiserum but the resulting stock
had some unusual properties; it gave rise to productive infection in monkey cells,
was neutralized with adenovirus but not with SV40 antisera, but still induced
SV40 specific T-antigen (RAPP ef al., 1964). This strain was designated E46+
or PARA (Particles Aiding Replication of Adenovirus) and was shown to contain
particles with both SV40 and adenovirus DNA enclosed in an adenovirus type 7
capsid. The original PARA strain contained two types of particles; wild type,
ad7 and particles containing both SV40 and ad7 genetic material (Rowe and
Baum, 1964, 1965). Figure 17 shows schematically a comparison between SV 40,
ad 7 and PARA particle replication in monkey kidney cells. The SV40 and adeno-
virus DNA segments present in the hybrid particles are covalently linked since they
both band at the density of adenovirus 7 DNA in alkaline CsCl although SV40 DNA
has a different buoyant density than ad 7 DNA (BauMm ef al., 1966). KerLy and
Rose (1971) have analyzed heteroduplex molecules between E46* and adeno-
virus 7 DNA by electron microscopy. The results show that the hybrid contains
DNA corresponding to about 75 per cent of the SV40 genome inserted in the
adenovirus DNA at 0.05 fractional length from one end of the hybrid DNA. Ap-
proximately 10 per cent adenovirus DNA is deleted from the hybrid chromosome
and it was suggested that the hybrid DNA arose through two recombination
events: one caused the insertion of SV40 DNA and the second event deleted
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some SV40 and adenovirus DNA (KeLry and Rosg, 1971). The PARA-strain
plaques with two hit kinetics on monkey cells because the hybrid particle is
defective and unable to replicate without helper ad 7. On the other hand, wild
type ad7 replicates poorly in monkey cells without the SV40 helper function
which is furnished by the hybrid genome. The progeny of plaques from monkey
cells consists of a mixture of ad7 and hybrid virus. In human cells the hybrid is
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Fig. 17. A diagrammatic representation of events during replication of adeno, SV 40
and the adenovirus-SV 40 hybrid (PARA) viruses in monkey cells.
The molecular events during infection of monkey cells with adenovirus, PARA or
SV 40 are shown. Adenovirus reproduction is abortive in monkey cells without simul-
taneous infection with SV 40 or PARA probably because of a block at the translational
level (HAsHIMOTO et al., 1973; BauMm and Fox, 1974). An early SV 40 protein appears
to overcome this block

unable to replicate without the ad7 helper and therefore the hybrid is lost when
grown at low multiplicities of infection. Synthesis of SV40 T- and U-antigen is
induced by the hybrid, but no SV40 capsid proteins are synthesized.

The hybrid genome can be transferred to the capsid of a different adenovirus
serotype, (transcapsidation) by cocultivation of PARA and other adenoviruses
(RaPP ef al., 1965; Rows, 1965). The transcapsidants are insensitive to ad7 anti-
sera but induce ad7 T-antigen (Rowk and PuceH, 1966). Transcapsidation be-
tween PARA and adenovirus serotypes 1, 2, 5, 6 and 12 has been reported (RowE,
1965; RaPP ef al., 1968).

Adenovirus-SV 40 hybrids have also been isolated from stocks of ad4 (EasTon
and HiaTT, 1965; BEARDMORE et al., 1965), ad5 (LEWIS et al., 1966) and ad12
(SCHELL et al., 1966). Rarp (1973) recently reviewed this field of research.
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Hybrids of special interest have been obtained after propagation of ad2 in
monkey cells. The progeny from the original strain (ad2+*) gives rise to wild-
type ad2, complete SV40 virions, and a mixed population of adenovirus-SV40
hybrids (LEWIs et al., 1969). Several stable hybrids have been selected from this

Fig. 18. Heteroduplex molecules between ad 2 DNA and DNA from the nondefective
ad 2-SV 40 hybrid viruses.
Top: ad 2/ad 2+*NDj3 heteroduplex. Arrow indicates the position of the unmatched
region. The length of the bar corresponds to 1 pm
Bottom (clockwise from top left): Heteroduplex molecules of ad 2/ad 2*NDjy,
ad 2/ad 2*NDs, ad 2/ad 2*NDy, and ad 2/ad 2+NDs. These loops are located in the
same region as that of the ad 2/ad 2+ND3 heteroduplex
Magnification in the lower frames is twice that of the top frame. This Figure was kindly
provided by Dr. T.J. Kelly and is reprinted from Kerry and LEwis (1973)

Virol. Monogr. 14 4



50 Adeno-SV 40 Hybrid Viruses

strain after propagation in AGMK cells. Two such segregants, known as ad2*
HEY and ad2+ LEY, both plaque with two-hit kinetics on AGMK cells and pro-
duce infectious SV40 virus in addition to hybrid particles. They apparently
contain the complete SV40 genome covalently linked to a defective adenovirus
genome (LEwis and RowE, 1970; CRUMPACKER, et al. 1970). For unknown rea-
sons, HEY produces about 104 times more infectious virus than LEY (Lewis
and Rows, 1970).

Lewis and coworkers (1969) also isolated other hybrid viruses from the ad2++
stock which were non-defective (ND) with regard to replication both in human
and monkey cells. The first strain to be characterized was designated ad2+ND;

Table 6. Properties and Characteristics of Non-Defective Adeno-SV 40 Hybrid Viruses

Strain SV 40 DNA segment |9 ad 2 genome| Permissive¢ |SV 40 antigens
designation Size® |9, genome® deleted in AGMK induced?
Ad2+NDg 4.8 x 104 7 5.3 e None
Ad2+ND; 2.4 X 105 18 5.4 — U
Ad2+NDo 6.2 X 10° 32 6.1 + U, TSTA
Ad2+ND, 8.4 x 10% 43 4.5 -+ U, TSTA, T
Ad2+NDs 5.3 X 105 28 7.1 — None

a2 Amount of SV 40 DNA estimated by hybridization of SV40 ¢cRNA to hybrid virus
DNA (Hexry et al., 1973). The non-defective adeno SV40 hybrids are listed
according to the size of the integrated SV 40 fragment.

b Estimated by heteroduplex mapping (KerLLy and LEwis, 1973) and refers to the
size of the integrated fragment relative to intact SV 40 DNA.

¢ Permissiveness indicates that comparable yields of hybrid virus are obtained in
human and African green monkey cells (AGMK).

4 The terminology and the characteristics of the U and T antigens have been described
by Lewis et al. (1973). They are all early products of the SV 40 virus infection.
TSTA refers to SV 40-specific transplantation antigen.

and this virus yields almost equal titers and plaques with one-hit kinetics on both
human and monkey cells (LEwis ef al., 1969). Unlike the defective hybrids, ND;
remains stable during replication in human cell lines and cells infected with ad 2+
ND; produce the SV40 U-antigen; this antigen is detectable with antisera from
hamsters carrying SV 40-induced tumors (LEwis and RowE, 1971), and resembles
the SV40 T-antigen, but is more heat stable. The structure of the ND; genome
has been studied by Kerry and Lewrs (1973) (Fig. 18). Heteroduplex molecules
between ad2 and ad2+ND; DNA were analyzed in the electron microscope and
were found to have an insertion of SV40 DNA corresponding to 18 per cent of
the SV40 genome. The insertion starts at 0.14 fractional length from one end of
the hybrid DNA and at this position a fragment of 1.3 x 106 daltons of adeno-
virus DNA has been deleted (KeELLy and Lewis, 1973). The SV40 segment in
ad2*ND; contains a control region for SV40 transcription ¢n vivo (PATCH et al.,
1972) and also a strong promotor for E. coli RNA polymerase (ZAIXN et al., 1973).

Four additional non-defective ad2-SV40 hybrids designated ad2tNDsy to
ad2*NDj have been isolated (LEWIS et al., 1973) and their properties are sum-
marized in Table 6. HENRY ef al. (1973) showed by RNA-DNA hybridization that
these hybrids contain different amounts of SV40 DNA covalently linked to ad2
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DNA. Kerry and LeEwis (1973) have further analyzed the structure of the non-
defective hybrid genomes by heteroduplex mapping techniques and these in-
vestigators came to the following conclusions: All non-defective hybrids from
strain ad2++ contain overlapping segments of SV40 DNA with a common end-
point. Ad2+NDy contains the largest insertion corresponding to 40 per cent of
the SV40 chromosome and ad2+NDjg the smallest, about 7 per cent of SV40. In
the region where SV40 DNA is inserted, adenovirus DNA has been deleted and
the different hybrids have overlapping deletions with a common endpoint at 0.14
fractional length from one of the ends of the hybrid chromosome. Ad2+NDs has
the largest deletion corresponding to 1.6 x 106 daltons of ad2 DNA. With the ex-
ception of ad2+NDs, it has been shown that there is a positive correlation be-
tween the amount of SV40 DNA and the number of detectable SV40 functions
after infection with different hybrids. Cells infected with ad2+NDs exhibit no
detectable SV 40 antigen, whereas ad 2*ND; induces U-antigen, ad2+NDy U-anti-
gen and TSTA and ad2+NDy induces U-antigen, TSTA and SV 40 specific T-anti-
gen. For unknown reasons, ad2+NDj; fails to induce SV40 specific functions
although it contains 28 per cent of the SV40 genome. Possibly it is related to the
fact that an unusually large segment of adenovirus DNA was deleted from this
hybrid, and the finding that RNA transcribed from the hybrid DNA in vivo ap-
pears to be controlled by the adenovirus genome (PaTcH ef al., 1972, 1974).
Hybridization competition experiments have shown that only early SV40 RNA
is synthesized in cells infected with hybrid viruses (LEVINE ef al., 1973). Since the
different hybrid viruses induce different SV 40 functions, a functional map of the
early region of the SV 40 genome can be constructed (Table 6). It should be pointed
out that no proof is yet available that the SV 40 specific antigens induced by dif-
ferent hybrids are separate proteins or even that they are coded for by the hybrid
genome.

VIII. Adenovirus Genetics

The first adenovirus mutants were isolated from stocks of ad12 (TAKEMORI
et al., 1968). These so called cytocidal (cyt) mutants were spontaneously encoun-
tered at frequencies of 0.01 per cent but UV irradiation increased the frequency
about 5-fold. The mutants can be distinguished because they produce large clear
plaques, whereas wild type ad 12 produces small fuzzy-edged plaques on human
embryonic kidney cells. These cyt mutants are less oncogenic for newborn ham-
sters and have lost the ability to transform hamster cells in vitro (TAKEMORI ef al.,
1968). Recombinants which produce plaques of wild type morphology and which
have regained their oncogenicity have been obtained (TAKEMORI, 1972).

Isolation of temperature-sensitive mutants (ts) of adenoviruses was first re-
ported in 1971. At present, there is a rapid accumulation of such mutants and
a new nomenclature has recently been proposed (GINSBERG et al., 1973). WILLIAMS
et al. (1971) and ENSINGER and GINSBERG (1972) have described a large number
of temperature-sensitive mutants of ad5. WiLLiams et al. (1971) isolated mutants
after treatment with nitrous acid, nitrosoguanidine, hydroxylamine and bromo-
deoxyuridine. Mutation frequencies ranged between 0.6—9.6 per cent and the

4%
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mutants showed little leakiness. The reversion frequencies were in the order of
10-5—10-86. Fourteen complementation groups have so far been reported by com-
plementation analysis (WiLLiams and UsTacerLEBI, 1971; WILKIE ef al., 1973;
RuUSSELL et al., 1972a), but recent results (WILL1AMS, personal communication)
seem to expand this figure to at least 17. As mentioned in a previous section, the
adenovirus genome could theoretically code for 25—50 average sized polypeptides.
Recombination to wild type can be obtained at frequencies ranging from 0.05 to
9.0 per cent (WiLLiamMs and USTACELEBI, 1971). EXSINGER and GINSBERG (1972)
described 8 ts mutants of ad5 which were separated into three complementation
groups. These mutants also showed low reversion frequencies. Recombination to
wild type was observed at frequencies between 0.1—15 per cent. Temperature-
sensitive mutants of ad 12 have been isolated by LunpaoLM and DOERFLER (1971)
and SHIROKI ef al. (1972). The latter group isolated 88 ts mutants which could be
divided into 13 complementation groups. The isolation of ts mutants of
adenovirus type 31 (Suzuki and SHIMOJO, 1971) and avian adenovirus (CELO)
has also been reported (IsmiBasui, 1970, 1971). IsHiBASHI (1971) isolated 49
mutants of the avian CELO virus, which were grouped according to their ability
to transport virus antigen from the cytoplasm to the nucleus at the non-per-
missive temperature.

The ad 12 ts mutants of SHIROKI ef al. (1972) and the ad5 ts mutants of WiL-
LIAMS ef al. (1971) have been most extensively studied. SHIROKI ef al. (1972) have
divided the 13 complementation groups of ad 12 ts mutants into four classes. The
first class contains the complementation groups A—D. These mutants are un-
able to synthesize any of the major capsid proteins, hexon, penton base and fiber
at the non-permissive temperature. The second class consists of the mutants in
complementation groups E—G which are defective in production of at least two
of the major capsid proteins, whereas the third class comprises mutants in the
complementation groups H, I and J which are unable to produce either hexon
(H), fiber (I) or penton base (J). The mutants in the fourth class which includes
the remaining complementation groups K—M produce capsid proteins in normal
amounts but are still unable to produce virions at the non-permissive temperature.
All these ad 12 mutants are able to synthesize viral DNA and to induce T-antigen,
and all are oncogenic for hamsters (SHIROKI et al., 1972).

The ad5 mutants of WiLLiams et al. (1971) have been grouped into four
classes based on defects in the capsid proteins which can be identified with
immunological methods (RUSSELL ef al., 1972a). The largest class, class 4, which
includes at least 50 per cent of all ad5 mutants is defective in production of
hexon antigen. This class could be subdivided into two subclasses by immuno-
fluorescence; class 4 A mutants are defective in synthesis of the hexon polypeptide
whereas class 4 B mutants synthesize this polypeptide but are unable to transport
the hexon polypeptide to the nucleus. It is of interest that the serological class 4
consists of at least 6 different complementation groups, which suggests that
mutations at several loci of the adenovirus genome affect the synthesis of hexon.
Mutants in class 3 comprise 3 complementation groups which all are defective
in fiber production. So far only one complementation group of class 2 has been
detected (WILKIE et al., 1973) and these mutants are defective in viral DNA
synthesis at the non-permissive temperature, but are able to synthesize the early
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P-antigen. Finally, class 1 mutants which comprise two complementation groups
synthesize DNA and the capsid proteins in normal amounts, but fail to produce
intact virions. Two mutants of ad5 which complement each other fail to
induce interferon in chick embryo cells (UsTACELEBI and WirLiams, 1972). Most
of the mutants of ENSINGER and GINSBERG (1972) were defective in hexon syn-
thesis. Mutants in one of their complementation groups are unable to synthesize
DNA (ts 125), while members of the third complementation groups synthesize
DNA and capsid proteins but are defective in some unknown function (ENSINGER
and GINSBERG, 1972).

Available results only allow a crude classification of adenovirus conditional
lethal mutants. However, the rapid accumulation of temperature-sensitive mutants
of different adenovirus serotypes should soon give a detailed genetic map of the
adenovirus chromosome. GRODZICKER et al. (1974) recently described recombi-
nants between ts mutants of ad2+ND, and ts mutants of ad5 which were used to
relate the genetic map of ad 5 obtained by two factor-crosses with the physical map
obtained by restriction endonucleases. Since ad5 and ad2 DNA have different
cleavage sites for the EcoRI endonuclease (Table 1), the recombinants should
exhibit an intermediate cleavage pattern. The results suggest that the ad5 ts-
mutants are distributed over the entire genome and that the fiber mutants are
located in the EcoRI-C fragment of ad2 (GRODZICKER ef al., 1974). This procedure
may be used to create a detailed genetic map.

IX. Cell Transformation

The human adenoviruses have been divided into highly, weakly and non-
oncogenic serotypes corresponding to the subgroups A, B and C, respectively
(HueBNER, 1967). This subdivision was originally based on the frequency with
which hamsters develop tumors after inoculation with virus. It was later estab-
lished that several human adenoviruses and adenoviruses from other species could
transform cells sn vitro in some cases irrespective of oncogenic capacity n vivo.
Human adenoviruses like most papovaviruses transform most frequently cells
which are non-permissive for virus replication. Recently, however, WiLrLIAMS
(1973) observed that a temperature-sensitive mutant of ad5 can transform per-
missive cells at a temperature which does not permit virus replication. This may
suggest that the events leading to transformation also occur in permissive cells,
but is not detected because the infected cells do not survive.

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 unlimited growth potential, have a characteristic mor-
phology and BHK-21 cells transformed by ad12 and polyoma virus can be dis-
tinguished (STROHL ef al., 1967). The cells grow to higher saturation densities
than untransformed cells, grow in disoriented arrays and have an altered plasma
membrane (MARTINEZ-PALOMO and BrATLOVSKY, 1968). Infectious virus cannot
be detected in transformed cells, and infectious virus has never been induced from
adenovirus-transformed cells by forming heterokaryons with permissive cells or
by treating the cells with physical or chemical agents (BurNs and Brack, 1969a;
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WEBER, 1974), which induce virus production in papovavirus-transformed cells
(GERBER, 1966; BUrNs and Brack, 1969b; FocEL and Sacms, 1969, 1970). In
spite of the failure to rescue virus production, several lines of evidence indicate
that at least parts of the adenovirus genome persist in transformed cells.

BurnerT and HarRrINgTON (1968b) reported that naked DNA of simian
adenovirus type 7 (SA7) can induce tumors and MAYNE et al. (1971) demonstrated
that fragmented SA7 DNA also was tumorigenic. Subsequently, GRamAM and
Vax pER EB (1973b) have demonstrated that cell transformation can be obtained
with ad5 DNA in the presence of calcium phosphate. Fragmented DNA can also
cause cell transformation and a DNA segment of about 1x 106 daltons appears
to be sufficient for transformation. This method opens new possibilities to obtain
information about adenovirus transformation, since it should be possible by this
method to identify the DNA sequences which are necessary for transformation.
GRAHAM et al. (1974) have recently been able to transform cells with a DNA frag-
ment which originates from the left end of the ad5 chromosome (Fig. 12).

A. Cell Transformation by Difierent Adenoviruses

The subgroup 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 ad12. Both hamster and
rat cells are non-permissive for ad12 replication (LEVINTHAL and PETERSON,
1965). Transformation is more reproducible if the cells are kept in growth medium
with low calcium and under such conditions in vitro transformation of rat embryo
is also observed with serotypes 1 and 2 from the non-oncogenic subgroup C
(FREEMAN ef al., 1967b; McALLISTER et al., 1969a). Rat cells transformed by
these viruses are, however, not tumorogenic unless the animals are immuno-
suppressed (GALLIMORE, 1972). In addition, ad2 and the nondefective adeno-
virus 2-SV40 hybrid can transform permissive hamster cells and the transformed
cell lines have been shown to produce tumors when injected into suckling hamsters
(LEWIS ef al., 1974). Serotypes of subgroup D, which also includes non-oncogenic
adenoviruses, can also transform rat and hamster cells ¢n vitro (MCALLISTER et al.,
1969b). Simian adenoviruses, SA7 and SA11 can transform hamster cells in the
same way as human ad 12 (Rices and LENETTE, 1967; CasTo, 1968a; WHITCUTT
and GEAR, 1968; ALTSTEIN et al., 1967; CasTo, 1969).

B. Viral DNA in Transformed Cells

Evidence has been obtained that ad12 DNA becomes integrated into host
DNA during infection of non-permissive hamster cells (DOERFLER, 1970) and
some of these cells eventually become transformed. It is therefore likely, although
not proven, that viral DNA is integrated in all adenovirus transformed cells.
Viral DNA has been detected in transformed cells by the method of WESTPHAL
and DuLBEcco (1968). RNA transcribed in vitro by E.coli RNA polymerase with
adenovirus DNA as a template (cCRNA) has been shown to specifically hybridize
to DNA extracted from cells transformed with the homologous adenovirus (GREEN
et al., 1970). Quantitative estimates using filter hybridization techniques showed



Synthesis of Viral RNA 55

14—37 copies of viral DNA in ad2 transformed rat cells, and 22 and 97 copies
in hamster cells transformed by ad12 and ad7, respectively. With the same
technique, DoERFLER (1970) found 5—60 equivalents of adenovirus DNA in ad 12
hamster cells at 30—40 hours after non-permissive infection. The filter hybridiza-
tion assay of WESTPHAL and DuLBECco (1968) has sometimes given inaccurate
results because this method relies on reconstruction experiments with known
amounts of viral DNA on the filters. Errors arise because hybrids are specifically
lost from the filters in such reconstruction experiments (Haas et al., 1972). A less
ambiguous method to quantitate viral DNAin transformed cells has been designed
by GELB et al. (1971). The rate of renaturation of 32P-labeled viral DNA in the
presence and absence of DNA from transformed cells is followed by hydroxyl-
apatite chromatography. By this method, PETTERSSON and SAMBROOK (1973)
found one copy of viral DNA per diploid quantity of cell DNA in one line of ad2
transformed rat cells. More detailed analysis of the ad2 DNA present in this line
of transformed cells with specific fragments of ad2 DNA (PETTERSSON et al.,
1973) indicated that close to two copies of about 45 per cent of the viral genome
was present (SHARP ef al., 1974Db). Sequences corresponding to Endo R. Eco RI
fragments C, D, E and part of A were detected. When additional cell lines of ad2
transformed rat cells were analyzed, it has been found that all transformed cell
lines contain viral genomes with deletions. GALLIMORE et al. (1974) have examined
the viral genome in nine ad 2 transformed cell lines, seven of which were indepen-
dently transformed. The results showed that four of the independently transformed
lines and the two sublines contained an identical segment of viral DNA. This
segment stretches from the left hand end to a point about 14 per cent along the
viral genome (Fig. 12). The three remaining lines contained this segment and
additional sequences from other parts of the viral genome. In agreement with
these findings, GRAHAM et al. (1974) have found that a fragment of naked ad5
DNA from the left hand of the genome is sufficient to cause transformation in
vitro. Thus, all adenovirus transformed cells seem to contain incomplete viral
genomes which explains the difficulty in rescuing infectious virus from trans-
formed cells (WEBER, 1974).

In sitw hybridization has been used to determine the location of adenovirus
DNA in transformed cells. No preferential association of the ad2 DNA with
specific chromosomes has so far been observed (McDouGALL ef al., 1972; LoxI
and GREEN, 1973).

C. Synthesis of Viral RNA

Since the adenovirus genome in transformed cells constitutes a minute frac-
tion of the total cell DNA, the viral transcripts would be expected to amount
to a very small fraction of the total RNA in transformed cells. In contrast, FuJi-
NAGA and GREEN (1966) found that as much as 2 per cent of the mRNA in the
cytoplasm of ad12 transformed hamster cells was of viral origin. This implies
that the viral DNA is preferentially transcribed in transformed cells. By com-
petition hybridization experiments it has been established that only early RNA
sequences are transcribed in ad2 transformed rat cells and that about 50 per cent
of the early sequences can be detected in these cells (GREEN et al., 1970). In ad7
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transformed hamster cells, on the other hand, all early RNA sequences seem to be
expressed (GREEN ef al., 1970).

Viral RNA in cells transformed by adenoviruses from different subgroups
have similar base compositions (47—51 per cent GC), although the DNAs from
the transforming viruses differ considerably in their base composition (FuJiNaca
and GREEN, 1968). In contrast, viral RNA in cells transformed with viruses from
subgroup A, B and C, hybridizes only to DNA from members of the same sub-
group (FuiiNaca and GREEN, 1968a and b, 1968; Fujinaca et al., 1969). Thus,
RNA transcribed in transformed cells appear to originate from portions of the
adenovirus DNA which have subgroup specific base sequences. If a common
adenovirus “transforming gene’ exists, it has been subject to considerable genetic
drift. This does not necessarily mean that the adenovirus gene products present
in different transformed cells are different to the same extent. It was, for instance,
recently shown that genes coding for histones from different species show con-
siderable sequence heterology although the amino acid sequence of the proteins
is remarkably well conserved (BIRNSTIEL ef al., 1973).

The viral genome in transformed cells appears to be transcribed into RNA
which is similar in size to HnRNA in uninfected cells (GREEN et al., 1970; TSEUI
et al., 1972; WaALL et al., 1973). Nuclear RNA from transformed cells which is
selected by hybridization to adenovirus DNA also hybridizes with cellular DNA,
which suggests that the integrated genome is transcribed into RNA molecules
which contain covalently linked viral and cellular sequences (TSEUT et al., 1972;
WaLL et al., 1973). By selecting large viral HnRNA molecules which contained
poly (A) from ad2 transformed rat cells, BACHENHEIMER (1974) have pro-
vided evidence that the viral specific sequences are located at the 3’-terminus of
the HnRNA. Since the mRNA in the cytoplasm is smaller than nuclear HnRNA
containing viral sequences, it appears that the viral RNA in transformed cells
is subject to the same processing mechanism as HnRNA in uninfected cells (WALL
et al., 1973). Cytoplasmic RNA from transformed cells contains two main size
classes of RNA sedimenting at 16 and 20S. Thus, virus-specific RNA in trans-
formed cells is similar in size to the viral mRNA in early productive infection
(WALL et al., 1973; LINDBERG ¢t al., 1972).

In conclusion, it appears that only a minor part of the viral genome is ex-
pressed in adenovirus transformed cells and that the viral RNA transcribed in
cells transformed by adenoviruses from subgroups A, B and C have a similar
base composition but do not show detectable homology by hybridization. Like
cells transformed with papovavirus, adenovirus-transformed cells provide a use-
ful system for studying the mechanism of mRNA synthesis in eukaryotic cells.

D. Properties of Adenovirus Transformed Cells

Originally, ad 12 transformed cells were noted as characteristic foci of epithelial-
like cells which tend to pile up in clusters (McBrIDE and WIENER, 1964). Similar
observations were reported by others for adenovirus-transformed rat and hamster
cells (PorPE and RoweE, 1964 ; STROHL et al., 1966; FREEMAN et al., 1967a and b;
Kusano and YAMANE, 1967; Raragko, 1967). The transformed cells have an
increased content of DNA, which can be detected with Feulgen staining (Kusaxo
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and YAMANE, 1967). Adenovirus-transformed cells also show an increased amount
of membrane bound mucopolysaccharides as has also been found after trans-
formation by papovaviruses (MARTINEZ-PALoMO and BraArLovsky, 1968). The
frequency of transformation is extremely low and transformation occurs during
the course of many months. Factors like the growth state of the cells at infection,
the multiplicity of infection as well as the composition of the medium influence
the efficiency of transformation (ScHELL and SCEMIDT, 1968; SCHELL et al., 1968a
and b). Under favourable conditions, colonies of tightly packed cells can be
identified 2 to 3 weeks after inoculation. Cell transformation requires usually
about 104—106 times more particles than lytic infection in permissive systems
(for a review see Casto, 1973). Normal levels of calcium seem to be essential for
transformation, but the establishment of cell lines usually requires a reduction
of the calcium concentration in the growth medium to 0.1 mm (FREEMAN ef al.,
1967a; SCHELL ef al., 1968a; VAN DER NoorDA, 1968a and b). The frequency of
transformation by ad 12 has been studied by STrRoHL et al. (1967). Cloned BHK-21
cells were infected at a high multiplicity of infection and assayed for colony
giowth in soft agar. After three weeks 0.1—1 per cent of the cells had formed
visible colonies. On the other hand, MCALLISTER and McPHERSON (1968) reported
a transformation frequency of 0.002 per cent for another established hamster cell
line, Nil-2, after infection with ad12 and the same investigators failed to trans-
form BHK-21 cells.

Although adenovirus-transformed cells have a characteristic morphology
(Kusano and YAMANE, 1967) and specific growth properties, it has not been un-
equivocally proven that the adenovirus genome is responsible for the transformed
phenotype. Transformation occurs at low frequencies and spontaneous transfor-
mation is sometimes seen in cultures of rodent cells.

Adenovirus-transformed cells contain a specific antigen, the so called T-anti-
gen, which can be detected by complement fixation or immunofluorescence. It
is detectable in cells transformed by all subgroups of human adenoviruses (HUEB-
NER et al., 1963 ; PoPE and RowE, 1964 ; HUEBNER, 1967) and it is also synthesized
early in productive infection (HocaaN ef al., 1965). There is no cross-reaction
between T-antigen from adenovirus and that from papovavirus-transformed cells
and the T-antigens from human adenovirus subgroups A, B and C differ immuno-
logically. The ‘“‘non-oncogenic” adenoviruses have been divided into two groups,
C and D, because members of the two groups induce immunologically different
T-antigens (MCALLISTER et al., 1969b). T-antigens from ad12-transformed cells
have been purified (TAVITIAN ef al., 1967; GILEAD and GINSBERG, 1968a and b;
TOCKSTEIN et al., 1968) but there is no general agreement on their properties.
In addition to the T-antigen, a specific transplantation antigen (TSTA), which is
responsible for transplantation rejection, appears on the surface of adenovirus
transformed cells (STOGREN et al., 1967). At present, there is no direct evidence
that the viral genome codes for either TSTA or T-antigen. Surface changes de-
tected as increased lectin agglutinability have been found in productive in-
fection (SarLzBERG and Raskas, 1972), but it is not yet established that the
TSTA is present during productive infection.



58 Tumor Induction by Adenoviruses

X. Tumor Induetion by Adenoviruses

A. Induection of Tumors in Rodents

As mentioned in a previous section, the human adenoviruses have been di-
vided in groups on the basis of their oncogenicity for newborn hamsters (Hugs-
NER, 1967). Subgroup A comprises serotypes ad12, ad18 and ad31 which are
“highly oncogenic” and subgroup B comprises among other types ad3 and ad?7,
which are “weakly oncogenic” (Table 7). The terms highly, weakly and non-

Table 7. Classification of Human Adenoviruses

P t Hem- .
Sub- Per cent DNA-DNA ageluti- Length Free Onco-
rou Serotypes GC in | homology i of fiberd | dode- enicitye
group DNAs bte?wee,f‘ nation nm consd g ¥y
ypes® | subgroup®
12, 18, 31 48—49 | 80—85 v 28 —31 - High
B 3,7,11,14,( 50—52 | 70—95 I 9—11 + Weak
16, 21
C 1,2,5,6 57—59 | 85—95 III 23—31 — None but
4 17—18 -+ transform
D 8,9,10,13,| 57—61 N. K. II 12—13 + None but
15, 17, 19, transform
20, 22
22—-28

N.K. =not known.

2  Data from Pi¥a and GREEN (1965) and GREEN (1970).

b  Data from Lacy and GREEN (1964, 1965 and 1967) and also confirmed by hetero-
duplex mapping (GARON et al., 1973).

¢ Data from RoseEN (1960).

4 Data from NORrBY (1969b) and LieM et al. (1971).

e  Highly oncogenic types cause tumors within 2 months, weakly oncogenic types
cause tumors in some animals in 4— 18 months.

oncogenic refer to the frequency of tumor induction in hamsters after inoculation
with virus. However, the tumor cells once established show no fundamental dif-
ference. The non-oncogenic adenoviruses, many of which can transform cells in
vitro, have been divided into subgroups C and D (HUEBNER, 1967; MCALLISTER
et al., 1969b) based on differences in the antigenicity of T-antigen. In addition
to the human adenoviruses from subgroups A and B, it has been found that
several adenoviruses from animals are oncogenic for newborn hamsters. These
viruses include the chick embryo lethal orphan (CELO) virus, (SARMA ef al.,
1965), several simian adenoviruses (HULL ef al., 1965) as well as the adenoviruses
associated with infectious canine hepatitis (ICH) (SarMA et al., 1967). Bovine
adenovirus type 3 and possibly additional bovine serotypes can also induce
tumors in hamsters (DARBYSHIRE, 1966, 1973). All adenovirus tumors have a
characteristic cytology which often is referred to as an adenovirus-specific micro-
scopic pattern (SLIFKIN ef al., 1968). In hamsters these tumors have been character-
ized as undifferentiated sarcomas (TRENTIN et al., 1968), lymphosarcomas (LAR-
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SoN et al., 1965), undifferentiated fibrosarcomas (MCALLISTER ef al., 1966) as well
as primitive undifferentiated mesenchymal neoplasms (HUEBNER et al., 1962).
They are all composed of neoplastic cells which are large and uniform, and the
tumors sometimes also contain multinucleated giant cells. Since the adenovirus-
induced tumors have an almost identical microscopic morphology irrespective of
the location of the neoplasm and the route of inoculation (SLIFKIN et al., 1968;
YABE et al., 1963), it has been suggested that the morphology of adenovirus neo-
plastic cells is determined by the viral genome (STROHL ef al., 1967). In contrast,
the papovaviruses seem to induce neoplasms in hamsters which are more closely
related to the character of the target cell (DiaMoNDOPOULOS, 1968a and b). It
is conceivable that the papovaviruses with their small genome are less capable
to influence the morphology of the tumor cell whereas the adenovirus genome is
sufficiently large to code for functions which influence tumor cell morphology.

Adenovirus-induced tumors appear to be free of infectious virus and attempts
to rescue adenovirus infectivity from transformed or tumor cells have been un-
successful (Bur~xs and BLAck, 1969a; WEBER, 1974, and for a review see CasTo,
1973). The expression of adenovirus genes in tumor cells has not yet been subject
to a thorough investigation. The tumor cells produce T-antigens which are spe-
cific for subgroups A, B, C and D, respectively (HUEBNER et al., 1963; PoPE and
Rowg, 1964; HUEBNER, 1967 ; MCALLISTER et al., 1969b), and in addition specific
transplantation antigens can be demonstrated on the surface of the tumor cells
(TRENTIN and BRYAN, 1964; SJOGREN et al., 1967; BErRMAN, 1967). Usually,
adenovirus structural proteins are not produced in tumor cells, although it has
been reported that animals bearing large virus-induced or transplanted tumors
produce antibodies, which react with the fiber and the unidentified D-antigen,
and which neutralize virus infectivity (HUEBNER et al., 1964 ; BERMAN and ROwWE,
1965). Concentrated tumor extracts have occasionally been reported to yield in-
complete virus particles which band at a low density in CsCl gradients (Smrte
and MELNICK, 1964). In contrast, studies of single cells by immunofluorescence
and electron microscopy have repeatedly failed to detect virions or intranuclear
crystals of structural proteins in the tumor cells. It has therefore been concluded
that the structural proteins which are occasionally detected in tumor extracts
must emanate from a minor population of cells in the tumor.

Hormonal factors may play a role in adenovirus oncogenesis since more
female hamsters develop tumors than males (YOHN et al., 1965). For hamsters it
was found that about 20 per cent more females develop tumors when low doses
of ad12 were inoculated. With high doses, 95—100 per cent of all hamsters de-
veloped tumors within 3—8 weeks irrespective of sex (GREEN and P1Xa, 1964;
YoHN et al., 1967). A similar preference for female hamsters has been reported
for tumors induced by ad7 and ad18 among the human adenoviruses (YOHN,
1973), SV20 and SA7 among the simian adenoviruses (YOHN, 1973 ; HATCH ef al.,
1970) and also for the avian CELO virus (JONES ef al., 1970). The tumors can be
transplanted with a higher frequency in females, regrow faster after excision,
have a shorter latent period, and show less regression (YOHN et al., 1968). This
enhanced oncogenesis in female hamsters could not be correlated with a higher
frequency of ¢n wvitro transformation (Casto, 1968b). It has been ruled out
that the difference was due to variation in immunological competence between
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female and male animals, and evidence has accumulated to suggest that the
effect is due to hormonal factors. Accordingly, estrogens seem to enhance adeno-
virus oncogenesis and androgens may be inhibitory (for a review see YoHN, 1973).
This enhanced oncogenesis for females could be used to study hormonal effects
on tumor induction.

At least 12 of the 31 human adenovirus types (MCALLISTER ef al., 1972) can
transform rodent cells ¢n vitro and the transformed cells are usually tumorigenic.
Hamster cells transformed ¢n wvitro by subgroup A and B viruses form tumors
when injected into the host (MCALLISTER and McPHERSON, 1968; MCALLISTER
etal., 1969a and b). Recently, it was also reported that the ‘‘non-oncogenic” ad2
and the adenovirus-SV 40 hybrids can transform hamster kidney cells, which after
transplantation give rise to tumors in hamsters (LEWIS et al., 1974). In contrast,
rat cells transformed with ad2 can only establish tumors in immunosuppressed
animals (GALLIMORE, 1972). This could be due to the presence of a strong trans-
plantation antigen on the cell surface of transformed rat cells.

B. Do Adenoviruses Play a Role in Human Caneer ?

Human adenovirus type 12 can produce foci of human cells in vitro, which
appear as transformed cells. However, no cell lines have been established
possibly because of the lytic effect of the virus in this permissive system (Toparo
and ArRONSON, 1968; SHEVLIAGHYN and Karazas, 1970). It appears to be a rule
for both papova- and adenoviruses that tumor induction occurs in host cells
which are non-permissive for virus replication. Consequently, it may seem un-
likely that human adenoviruses play a role in the etiology of human cancer. How-
ever, recent developments have somewhat changed the outlook on this problem.
It has been found that permissive hamster cells can be transformed by a strain
of ad5 with a temperature-sensitive mutation, which prevents replication of the
virus and subsequent cell lysis (WiLriams, 1973). LEwts et al. (1974) have also
shown that non-oncogenic ad2 can transform permissive hamster kidney cells.
It has furthermore recently been emphasized that rat cells are semipermissive
for replication of ad2 although transformation occurs in such cells (McDouGALL
et al., 1974).

Cells transformed ¢n vitro by adenoviruses contain several footprints of the
viral genome. Adenovirus-specific T-antigen and viral RNA can be detected.
Serological and biochemical tools have been used to search for such footprints
of adenoviruses in human cancer cells. Although the presence of virus particles
in neoplastic tissue has been described (SOHIER et al., 1963 ; BRONITKI et al., 1964
MCALLISTER et al., 1964), biochemical and serological tests have failed to de-
monstrate any signs of adenovirus activity in human tumor cells. A collaborative
investigation sponsored by the National Cancer Institute was arranged to search
for complement-fixing antibodies against T-antigen from human subgroups A—D
and non-human adenoviruses in cancer patients (GILDEN et al., 1970). No positive
results were obtained. With a more sensitive immunofluorescence technique
several human sera were found to contain antibodies to adenovirus T-antigen
(LEWIS et al., 1967), but a comparison between cancer patients and control sub-
jects revealed no difference (Rowk and LEwis, 1968; GILDEN et al., 1970). RNA



Biochemistry and Immunology of Adenovirus Structural Proteins 61

samples from 200 human cancer specimens have also been analyzed by hybridiza-
tion competition for the presence of adenovirus specific RNA. With DNA from
representative serotypes from human subgroups A, B and C as a probe, no viral
sequences could be detected (MCALLISTER et al., 1972). Because of the limited
sensitivity of the assay, the results only mean that less than 1000 molecules of
RNA are present per tumor cell. Since human cells are permissive for subgroups
A, B, C and D viruses, it is conceivable that if adenoviruses were a causative
agent of human tumors only a fraction of the viral genome would be integrated
in the DNA of the tumor cells. Therefore a more sensitive probe may be required
to exclude that adenovirus DNA is present in human cancer cells. In addition,
the fact that virus-specific RNA could not be detected in ad19 transformed cells
(MCALLISTER ef al., 1972) may mean that transformation with adenoviruses does
not in all cases result in a continuous expression of viral genes.

In conclusion, the results obtained by serological and biochemical tests give
no indication that adenoviruses play a role in the etiology of human cancer. It
cannot, however, be excluded that more sensitive methods will reveal adenovirus
specific products in human tumor cells.

XI. Biochemistry and Immunology of Adenovirus
Struetural Proteins

Soon after the discovery of the adenoviruses, it was recognized that virus
multiplication is accompanied by production of virus-specific antigens in the
infected cells (HUEBNER et al., 1954; HILLEMAN et al., 1955). The antigens
were separated into three classes by immunoelectrophoresis (PEREIRA et al., 1959)
and by DEAE chromatography (KLEMPERER and PEREIRA, 1959; PHILIPSON,
1960; WiLcox and GINSBERG, 1961; HARUNA et al., 1961). The three classes of
antigens were related to the capsid proteins both by antigenicity and structure
(WiLcox and GINSBERG, 1963a; WILCOX et al., 1963; VALENTINE and PEREIRA,
1965; NorrBY, 1966) and were subsequently identified as the hexons, pentons
and fibers as defined in the section on the architecture of the virion (section IT).
In the late phase of adenovirus infection the synthesis of host cell proteins is
turned off (GINSBERG et al., 1967) and the infected cells are primarily engaged in
making large amounts of viral structural proteins. The polypeptides of the struc-
tural proteins are made in large excess. Most of the structural polypeptides as-
semble into multimeric structural proteins (HorRwITZ et al., 1969) but only 1 to
5 per cent of the fibers and the penton bases and 20—30 per cent of the hexons
are assembled into mature virions (WHITE et al., 1969; EvERITT et al., 1971).
During recent years interest has focused on the structural proteins of adenovirus
since unlike the structural proteins of most other animal viruses they are soluble
under non-denaturing conditions. They are furthermore available in sufficient
amounts for immunological and chemical characterization. The antigens from
the excess pool have been almost the exclusive source for purification of adeno-
virus proteins. Several methods have been described for growth and purification
of the adenovirus antigens, most of which are modifications of the original meth-
od of GREEN and PiXa (1963). Separation of the virion from the antigens is usu-
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ally achieved by ultracentrifugation (GREEN and PiNa, 1963) or by exclusion
chromatography on 4 per cent agarose (PETTERSSON et al., 1967). Group separa-
tion of the antigens into the three classes can be carried out by DEAE-chromato-
graphy or by exclusion chromatography on Sephadex G200 (NORRBY and SKAARET
1967). Table 8 summarizes several characteristics of the isolated virion proteins
from ad?2.

A. The Hexon

Several methods for purification of adenovirus hexons from ad2 and ad5
have been reported. KOHLER (1965) used methanol precipitation at pH 4.0 and
DEAE chromatography. Other investigators (VALENTINE and PEREIRA, 1965;

Fig. 19. Electron microscopy of isolated capsid proteins from ad 2.
A. Purified type 2 hexons contrasted with uranyl acetate (PEHILIPSON and PETTERSSON,
1973)

B. Purified type 2 fibers contrasted with phosphotungstic acid at pH 7.6 (PETTERSSON
et al., 1968)

C. Purified type 2 pentons contrasted with uranyl acetate (PETTERssoN and HOa-
LUND, 1969)
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HOLLINSHEAD et al., 1967; RUSSELL et al., 1967a; KJELLEN and PEREIRA, 1968;
MaizEeL et al., 1968b) have used repeated cycles of DEAE chromatography as the
sole method for hexon purification. Additional steps beyond ion-exchange chrom-
atography seem to be necessary to achieve homogeneity. LEVINE and GINSBERG
(1967) combined DEAE and brushite chromatography and PETTERSSON et al.
(1967) introduced preparative polyacrylamide gel electrophoresis as an additional
purification step to obtain highly purified hexon for biochemical studies. BouLaN-
GER et al. (1969) used liquid film electrophoresis and WADELL (1970) and SHORT-
RIDGE and BrppLE (1970) used isoelectric focusing for further purification. Crys-
tallization (PEREIRA ef al., 1968) has also been used as an additional purification
step for large scale preparation of purified hexon (CoucH et al., 1973). BOULANGER
et al. (1973) have recently described a two-step procedure with DEAE and hydro-
xylapatite chromatography to obtain purified products of all the three classes
of antigens.

1. Morphology

Several investigators have studied the morphology of the hexon by electron
microscopy. HORNE et al. (1959) described the hexons as solid spheres as did
VALENTINE and PEREIRA (1965) in their original paper on the structure of
adenoviruses. WiLcox and GINSBERG (1963a) described them as hollow poly-
gonal rods. PETTERSSON et al. (1967) found a cylindrical structure with a dia-
meter of 8—10 nm and with central holes 2.5 nm in diameter (Fig. 19). The
dimensions of native type 2 hexons were recently determined by low angle X-ray
diffraction studies (TEJG-JENSEN et al., 1972) and the hexons were shown to be
cylinder-like objects with a height of 12.5 nm and a diameter of 8 —8.5 nm. In
preparations of disrupted ad5 virions SHORTRIDGE and BIppLE (1970) found two
separate populations of hexons; one with and one without central holes. They
suggested that the holes might be covered with additional polypeptides in some
hexons.

2. Physical-Chemiecal Properties

The sedimentation constant of hexons from ad2 has been determined to be
12.9 (FRANKLIN et al., 1971a). The molecular weight of the hexon has been a
matter of controversy and the figures reported in the literature vary between
180,000 and 400,000. Early molecular weight determinations by electron micro-
scopy (VALENTINE and PEREIRA, 1965) and gel filtration (WasmuTH and TYTELL,
1966) suggested a molecular weight between 180,000—230,000 whereas by sedi-
mentation diffusion studies values between 300,000 (K6HLER, 1965) and 400,000
(PETTERSSON et al., 1967) were obtained. FRANKLIN ef al. (1971a) determined the
molecular weight for the ad2 hexon by several methods including sedimentation
equilibrium and X.-ray crystallography and arrived at values in the range of
310,000—360,000 daltons. The amino acid composition of ad2, ad3 and ad5
hexons has been determined (BISERTE ef al., 1966; PETTERSSON et al., 1967;
BoULANGER et al., 1969; LAVER, 1970 and PETTERSSON, 1971). No major dif-
ferences can be discerned between hexons from different serotypes. They are all
rich in dicarboxylic amino acids (Table 9) and no carbohydrate has been detected
(PETTERSSON et al., 1967; BOULANGER et al., 1969). Originally, no half-cystine
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could be detected in purified hexons (BISERTE et al., 1966; PETTERSSON et al.,
1967; BOULANGER et al., 1969; LAVER, 1970) but later NEURATH et al. (1970a)
showed that type 7 hexons could be labeled with 14C-cystine and amino acid
analysis under conditions which preserve half-cystine during hydrolysis has de-
monstrated that approximately 0.8 mol per cent of half-cystine is present in both
ad2 and ad5 hexons (PETTERSSON, 1971) (Table 9). LAVER ef al. (1967) discovered
that all proteins in the outer capsid lack a free N-terminus and subsequently it
was indeed found that hexons contain a blocked N-terminal amino acid (LAVER,
1970; PerTERssoN, 1971). The N-terminal peptide from ad2 hexon has been
isolated. It can be labeled in vivo with 14C-acetate and has the sequence Acetyl-
Ala-Thr-Pro-Ser (JORNVALL et al., 1974a).

The polypeptide composition of the hexon was originally studied by MA1zgL
et al. (1968b) with SDS polyacrylamide gel electrophoresis. They found that the
hexon protein was a multimer of three identical polypeptides with a molecular
weight of 120,000 daltons, a finding which has been confirmed by LAvER (1970).
Horwrrz et al. (1970) estimated the molecular weight of the hexon polypeptide
by sedimentation equilibrium in the presence of reducing agents and 6 M guanidine-
HCI and could confirm the molecular weight obtained by SDS polyacrylamide gel
electrophoresis. Estimation of the molecular weight by X-ray crystallography
suggests values between 95—120,000 (CorNICK et al., 1971, 1973; FRANKLIN ef
al., 1971a). Biochemical studies including identification of the unique cysteine
containing residues in the hexon (JORNVALL et al., 1974b) suggest that the hexon
subunit contains 7 unique cysteines and a total of around 900 amino acid residues,
which would indicate a molecular weight of 95—110,000. At present, it therefore
appears well established that the molecular weight of the hexon polypeptide is in
the range of 95—120,000 and thus that the hexon protein contains three poly-
peptide chains which seem to be identical.

3. Crystallization

The adenovirus hexon was the first animal virus protein to be crystallized.
The original method used for ad5 hexon was described by PEREIRA ef al. (1968).
Hexons purified by DEAE chromaography and rate zonal centrifugation were
dialyzed against 0.8 M KHyPO4. A precipitate rapidly formed which gradually
converted into tetrahedral crystals. FRANRLIN ef al. (1971a) used 0.5 M citrate
buffer at pH 3.7—4.1 to generate bipyramidal crystals. Crystallographic studies
of ad2 and ad5 hexon crystals (FRANKLIN et al., 1971a; CorNICK et al., 1971)
revealed that both tetrahedral and bipyramidal crystals belong to the cubic
system and have the space group P2;3. The length of the cubic cell was 149.9 A and
each unit cell contained 4 hexons. Since there are 12 asymmetric units in the cell,
there has to be 3 crystallographic asymmetrical units per hexon. The cylinder-
axis of the hexon is parallel to the axis of threefold symmetry. Therefore there
are 3 structural units symmetrically arranged around the cylinder axis of the
hexon which has also been confirmed by Patterson projection studies and by
electron microscopy (FRANKLIN ef al., 1971b; CROWTHER and FRANKLIN, 1972).
One dyad perpendicular to the 3-fold axis and another dyad parallel to the 3-fold
axis have been revealed (FRANKLIN et al., 1971b; LEIJONMARCK et al., 1974). The



The Hexon 67

structural implication of these dyads is uncertain since the size of the hexon
polypeptide infers that the hexon is a trimer. Homologous regions along the
hexon polypeptide have not yet been ruled out (JORNVALL ef al., 1974b) and
could account for the additional symmetry elements.

4. Immunologieal Properties

Groupspecific determinants were early recognized in the adenovirus hexon
and all adenoviruses except the avian and possibly some bovine (see section XIIT)
adenoviruses contain this antigenic specificity known as “o«’”’ (PEREIRA ef al.,
1963). Cross absorption studies and immunodiffusion (WiLcox and GINSBERG,
1963b; KOHLER, 1965) revealed an additional typespecific determinant in the
hexon referred to as “c”’. A more complex arrangement of the antigenic determi-
nants of the hexon was later suggested (NorrBY, 1969a and b; NorrBY and
WabELL, 1969) since both type, group, intrasubgroup and intersubgroup speci-
ficities could be revealed by cross absorption and complement fixation studies.
Hexons from ad12 which elute at an aberrant position from DEAE-cellulose
columns have only a few determinants in common with hexons from other sero-
types (NorrBY and WapELL, 1969) (Table 10). Hexons from ad4, a serotype
which is classified as a member of subgroup C (Table 7), share features with
hexons of subgroup B and in particular with hexons from ad16 (NorrBY and
WADELL, 1969). Intermediate adenovirus strains, which contain hexon specificities
from one parental strain and fiber specificities from another parental strain, have
been described (NorrBY, 1969c¢). The intermediate strains ad3—16 and ad15—9
carry hexons which are antigenically similar but not identical to those of sero-
types 3 and 15, respectively (NORRBY, 1969¢c).

Typespecific hexon determinants have been demonstrated on the surface of
the virion by electron microscopy (NORRBY et al., 1969a). Groupspecific deter-
minants on the other hand do not appear to be exposed since only homologous
antihexon sera can form a corona-like pattern around virus particles as seen in
the electron microscope (NORRBY et al., 1969a). Adenovirus from subgroup C
seem to contain few determinants on the outside of the particle, since homologous
hexon antibodies cannot aggregate the virions as revealed by electron microscopy
(WaDELL, 1972) and sucrose gradient centrifugation (PRAGE ef al., 1970). Anti-
bodies against the typespecific determinant of the hexon (“c”) interferes with
hemagglutination of viruses from subgroups B and D probably because anti-
bodies attached to the hexons in the peripentonal region prevent the attachment
of the short fibers of group B and D viruses to the erythrocytes by steric hindrance
(NorrBY, 1969b; NorrBY and WaADELL, 1969). In contrast, subgroup C virions
which have long fibers show less inhibition of hemagglutination by homologous
hexon antibodies. The topography of the antigenic determinants on the ad2
hexon polypeptide has been studied by limited proteolytic digestion (PETTERSSON,
1971). Trypsin removed 5—10 per cent of the polypeptides without changing the
antigenic specificity. However, SDS polyacrylamide gel electrophoresis shows
that the polypeptide is cleaved by this treatment in discrete fragments (un-
published), which are held together because of a rigid tertiary structure. Limited
digestion with chymotrypsin, papain and subtilisin removed between 20—60 per

5*
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cent of the hexon polypeptide and part of the groupspecific determinant “o”
was eliminated. The typespecific determinant (“‘c”) was unchanged after pro-
teolysis of native hexon, but could be inactivated by treatment of the hexon with
maleic anhydride (PETTERSSON, 1971) which suggests that the “c” determinant
of ad2 hexons resides in a part of the hexon polypeptide which is unusually re-
sistant to proteolysis.

B. The Fiber

Fibers from the excess pool in ad2-infected cells were originally purified by
KOHLER (1965) by methanol precipitation and DEAE chromatography and
several authors in later reports have used repeated cycles of DEAE chromato-
graphy (RUSSELL et al., 1967a; HOLLINSHEAD et al., 1967 ; KJELLEN and PEREIRA,
1968 ; Ma1zEL ef al., 1968b). Additional steps of purification are usually necessary
to purify fibers to homogeneity. LEVINE and GINSBERG (1967) used DEAE cel-
lulose and calcium phosphate chromatography and PETTERSSON et al. (1968) ob-
tained homogeneous preparations of fiber by a 3-step purification procedure of
DEAE-chromatography, isoelectric focusing and exclusion chromatography on
6 per cent agarose. Fibers are also made in excess in productive infection and as
much as 25 pg/108 cells can be detected in extracts from infected cells by immuno-
logical techniques (EVERITT ef al., 1971). Only 12.5 pg/108 cells could, however, be
recovered (PETTERSSON ef al., 1968) after purification either suggesting low re-
covery or a different structure of the fiber in the excess pool.

1. Morphology

The fiber is an antenna-like structure with a rod and a terminal knob (Fig. 19).
The diameter of the rod is around 2 nm and about 4 nm for the knob. The length
of the fiber varies for members of the different subgroups (Table 7). Subgroup B
has the shortest fibers, 10 nm, and subgroup C the longest, 25—30 nm (NORRBY,
1969b). Ad4 an aberrant member of subgroup C has fibers which are 17—18 nm.
Dimers of fibers have been detected in extracts from infected cells, but it is not
known if these dimers contain an extra component which links the two units to-
gether (WaADELL and NorrBY, 1969a; NORRBY et al., 1969b). Fibers from ad5
have been crystallized (MAUTNER and PEREIRA, 1971) but no detailed crystallo-
graphic study has yet been reported.

2. Physical-Chemieal Properties

The sedimentation constant for fibers from ad2 and ad5 has been determined
to be around 6S (LEVINE and GINSBERG, 1967 ; PETTERSSON et al., 1968; WADELL
et al., 1969). Based on ultracentrifugation and electron microscopic studies the
molecular weight for the fiber was estimated to be 60—80,000 (KOHLER, 1965;
VALENTINE and PEREIRA, 1965; HOLLINSHEAD et al., 1967; PETTERSSON et al.,
1968). This seems to be an underestimate since calculations from gel filtration
suggest a size 2—3 times larger (WADELL, 1970) and further determinations of
the molecular weight by sedimentation equilibrium indicate a molecular weight
of around 200,000 for the ad2 fiber (SUNDQUIST et al., 1973a). The polypeptide
composition of the fiber has been studied by SDS polyacrylamide gel electro-
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phoresis. One single class of polypeptides with a molecular weight of about 65,000
has been reported (PETTERSSON ef al., 1968; MAIZEL et al., 1968b; SUNDQUIST
et al., 1973a). These results would thus imply that there are 3 subunits in the
ad2 fiber, but it remains to be demonstrated that all the subunits are identical,
albeit they have equal molecular weight. The ad2 fiber has been found to be low
in arginine and rich in hydroxyamino acid as compared to hexons (Table 9)
(PETTERSSON et al., 1968). A half-cystine content of 0.7 per cent has been reported
for the ad2 fiber (SUNDQUIST ef al., 1973a), The fiber appears to be a glyco-
protein; IsHrBasHI and MatzeL (1974b) reported that ad2 fibers contain
two residues of N-acetylglucosamine in each polypeptide chain. All the physical-
chemical studies on the adenovirus fiber have so far been carried out with fibers
from subgroup C viruses and no data are available on the structure of fibers from
other subgroups.
3. Immunological Properties

A typespecific determinant (“y”’) resides in the knob part of the fiber as
revealed by electron microscopy (NORRBY ef al., 1969a). The short fibers of sero-
types belonging to subgroup B carry only the typespecific “y”” determinant. For
serotypes with longer fibers a positive correlation has been found between length

Table 10. Antigens Associated with the Major Structural Proteins

Corresponding Antigens?
Protein polypeptide
(see Fig. 2) |Designation Specificity Remarks
Hexon IT o Group Oriented towards the

inside of the virion
—_ Inter- and intra-

subgroup
€ Type Available at the surface
of the virion from sero-
types belonging to sub-
groups B and D
Penton ITT ] Group Carries toxin activity
base — Inter- and intra-
subgroup
Fiber Iv Y Type Reacts with HI-anti-
body
— Intersubgroup | Shared between mem-
bers of subgroups C and
D
) Intrasubgroup | At the proximal part of
the fiber only present in
subgroups A, C and D
(see Table 7)
Major core VII Subgroup Only ad2 and ad3
protein Group and type ? examined?

Modified from WaDpeLL (1970).
b Common as well as typespecific determinants have been revealed by immuno-
diffusion (PRAGE and PETTERSSON, 1971).
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and antigenic complexity (Tables 7 and 10). The long fibers of virions from sub-
groups A, C and D have in the rod portion additional antigenic determinants (3)
which cross react between members of the same subgroup and some fibers also
have inter-subgroup specific determinants (NorrRBY, 1968, 1969b; PETTERSSON
et al., 1968). The typespecific determinant can be revealed by hemagglutination
inhibition or immunodiffusion (PEREIRA and FIGUEIREDO, 1962; VALENTINE and
PEREIRA, 1965; NORRBY, 1966b; PETTERSSON ef al., 1968). Electron microscopy
has shown that this determinant attaches at least two IgG molecules (NORRBY
et al., 1969a).

Antibodies against the “y”’ specificity prevent attachment of virus to red cell
receptors (PEREIRA and FIGUEIREDO, 1962) and also prevent the attachment of
fibers to KB and HeLa cell receptors (PHILIPSON et al., 1968). Interaction of anti
“y”” antibodies with virion causes aggregation of the virus particles (PRAGE et al.,
1970), which makes it difficult to determine whether these antibodies prevent
virusattachmentin productive infection.The *‘3’’ determinants are probably located
near the junction between the fiber and the penton base since this determinant
cannot be detected in the intact penton structure (PETTERSsoN and HOGLUND,
1969; WaDELL and NorrBY, 1969).

The intermediate strain ad15—9 carries fibers which are immunologically
identical to ad 9 fibers, while the fibers from ad3—16 are related but not identical
to ad 16 fibers (NORRBY, 1969c¢).

C. The Penton

The penton has not been as thoroughly studied as the other structural proteins,
primarily because it is difficult to purify it with good yields. Pentons from ad 2 and
ad5 have been purified by procedures similar to those used for hexons. DEAE
chromatography alone (VALENTINE and PEREIRA, 1965; MAIZEL et al., 1968Db) or
combined with exclusion chromatography on 6 per cent agarose yields penton
preparations which contain a few contaminants (PETTERssoN and HOGLUND,
1969). Homogeneous preparations have been obtained after preparative polyacryl-
amide gel electrophoresis (PETTERSSON and HOGLUND, 1969).

1. Morphology

The base of the penton exhibits a morphology simlar to that of isolated hexons
and was originally described as a sphere with an average diameter of 8 nm (VALEN-
TINE and PEREIRA, 1965). A conical morphology has been observed after negative
staining with silicotungstate (LAVER et al., 1969; WADELL et al., 1969), while
PrrTERSsoN and HOGLUND (1969) observed globular structures sometimes show-
ing a pentagonal outline after staining with uranyl acetate (Fig. 19). Central
holes were observed in some penton bases but not as consistently as in hexon
preparations. Free fibers and fibers attached to the penton base appear to have
similar morphology. Aggregates of pentons have been isolated from cells infected
with adenoviruses (NORRBY, 1966a; WADELL ef al., 1969). Two types of aggregates
have been recognized: dimers of pentons occur after infection with certain mem-
bers of subgroups B and C. Some members of subgroups B and D as well as the
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aberrant serotype 4 produce aggregates with 12 pentons, with a perfect star-ar-
rangement known as dodecons (Fig. 20). Although dodecons from some different
serotypes contain 12 pentons of the same size, they sediment with widely different
rates (50—1008) (NorrBY, 1969b). This may indicate that the pentons are
oriented around a central core structure of unknown properties. The function or
the structural role of these aggregates is not known.

2. Physieal-Chemical Properties

The sedimentation coefficients for ad2 and ad5 pentons have been estimated
to be 10.5—118 (PETTERSSON and HoOeLuND, 1969; WADELL et al., 1969). PEr-
TERSSON and HOGLUND (1969) estimated a value of 400,000 daltons for ad2
pentons by sedimentation diffusion and WaADELL (1970) suggested 485,000—505,000
for ad5 pentons by gel chromatography. The molecular weight of ad5 pentons
was estimated to be 280,000 by electron microscopy (VALENTINE and PEREIRA,
1965), which probably is an underestimate due to shrinkage during fixation. The
bonds between the base and the fiber are noncovalent and can be disrupted by
2.5 M guanidine-HCl (NorrBY and SKAARET, 1967), 33 per cent formamide (NEU-
RATH et al., 1968) or 8 per cent pyridine (PETTERSsON and HOGLUND, 1969). After
dissociation of the penton structure the base can be purified by electrophoresis
with retention of its antigenicity and ability to induce characteristic cytopathic
changes (see section XII:C:2) in monolayers of HeLa or KB cells (PETTERSSON
and H6eLUND, 1969). In most cases free vertex capsomeres do not seem to be pre-
sent in a large excess in infected cells. NORRBY and ANKERST (1969) isolated free
penton bases from cells infected with ad12. WINTERS ef al. (1970) have sub-
sequently reported that free bases from cells infected with ad5 can be isolated
with preparative polyacrylamide gel electrophoresis. It is not clear whether
penton bases ever exist free ¢n vivo or if they are formed during purification be-
cause of degradation of pentons.

Two polypeptides have been detected in ad2 pentons by SDS-polyacrylamide
gel electrophoresis (MAIZEL et al., 1968b). One corresponds to the polypeptide of
the fiber and the second has a molecular weight of around 70,000. No information
is available on the number of polypeptides in the penton base. The amino acid
composition of pentons from ad2 has been determined and pentons resemble
hexons although significant differences are observed, in particular with regard
to tyrosine and the hydroxyamino acids (Table 9).

The penton base is sensitive to proteolytic degradation by trypsin. At high
enzyme concentration the base is destroyed and fibers and low molecular weight
products are obtained. Low concentrations of trypsin abolish the cytopathogenic
effect but the antigenic properties are preserved (PETTERssoN and HOGLUND,
1969; WADELL and NORRBY, 1969b).

3. Immunologieal Properties

The penton base appears to carry a weak antigenic determinant known as “@”’
which is common to pentons from all adenovirus serotypes. In addition, inter-
and intrasubgroup specific determinants have been revealed (WADELL and
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NorrBY, 1969b, Table 10). All these determinants have been demonstrated by
hemagglutination enhancement while immunodiffusion mainly recognizes the
intrasubgroup specific antigen. Pentons from ad12 appear to carry only the
group reactivity and no additional determinants have been detected (WADELL
and NORRBY, 1969).

D. The Major Core Protein

The major core protein from ad2 and ad 3 has been extensively purified (LAVER
1970; PraGE and PETTERSSON, 1971; EVERITT et al., 1973). A precursor protein
to the major core protein has recently been described (ANDERSON ef al., 1973).
The precursor contains 5 methionine-containing tryptic peptides whereas the
final product lacks one of these peptides. The precursor polypeptide may be ex-
tracted by acid urea from nueclei of infected cells late in infection and it seems to
be synthesized in excess (EVERITT and PHILIPSON, 1974). Purification of the major
core protein has been achieved only with disrupted virions as starting material.
Laver (1970) disrupted ad2 virions with SDS and fractionated the viral proteins
into three classes by ethanol precipitation. Further purification was achieved by
SDS polyacrylamide electrophoresis and a homogeneous preparation of the major
core polypeptide was obtained. PRAGE et al. (1970) disrupted purified ad2 and
ad 3 virions by freezing and thawing which released hexons and pentons as separate
units and the adenovirus DNA was obtained as a precipitate with the associated
core proteins. The core proteins were extracted with dilute acids and preparative
polyacrylamide electrophoresis at pH 4.6 without SDS was used for the final
purification (PraGE and PETTERSSON, 1971). The major core protein corresponds
to polypeptide VII in the SDS polyacrylamide gel system of MA1zeL and co-
workers (MAI1ZEL et al., 1968; EVERITT et al., 1973; ANDERSON ef al., 1973) and
component VIII in the corresponding system of LAvEr (1970). The molecular
weight of the major core protein has been estimated to be 18,000 by equilibrium
centrifugation (PraGE and PEeTTERssoN, 1971), and SDS polyacrylamide gel
electrophoresis (Ma1zEL, 1971; EVERITT ef al., 1973; ANDERSON et al., 1973). The
protein contains one single polypeptide chain with two residues of tyrosine, one
residue of tryptophan and with alanine as the N-terminal amino acid. The amino
acid analysis (Table 9) shows that the protein is basic with about 23 per cent
arginine. It resembles the arginine-rich histones with regard to the arginine and
the alanine content (19 per cent), but differs from these because it contains
tryptophan and lower amounts of lysine. The arginine residues are probably
evenly distributed along the polypeptide chain (LAvER, 1970) and it has been
estimated that half of the phosphate groups on the adenovirus DNA could be
neutralized by arginine residues of the core protein (PrAGE and PETTERSSON,
1971). However, no evidence has been obtained that this is the function of the
core protein in vivo. The major core protein like other basic proteins is weakly
antigenic and special precautions must be taken to reveal precipitation lines by
immunodiffusion (PRAGE and PETTERSSON, 1971). Core proteins from ad 2 and ad 3,
which belong to different subgroups, share some immunological properties, but
differences in antigenic determinants are also apparent (Table 10).
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E. Low Molecular Weight Proteins of the Virion

High resolving SDS polyacrylamide gel electrophoresis of adenovirus (MAIZEL,
1971 ; EvERITT €f al., 1973 ; ANDERSON et al., 1973) reveals at least 10 polypeptide
bands (see section III). An investigation of the low molecular weight proteins of
the virion has been carried out by EVERITT and PHILIPSON (1974). Virion proteins
were extracted in a two-step procedure with urea at two different pH values.
The basic proteins V, VI, VII and VIII were extracted at pH 3.1 and
separated by preparative polyacrylamide gel electrophoresis in acid urea. Each
individual protein could be further purified to homogeneity by one or two steps
of exclusion or ion-exchange chromatography in acid urea. Protein VI, which
appears to have a molecular weight of around 23,500 in SDS, probably exists as a
dimer under native conditions since gelfiltration without SDS gives a molecular
weight of about 50,000 (EveriTT and Parripsow, 1974). The amino acid com-
positions of protein VI and VIII show distinct differences when compared to the
compositions of hexons, pentons and fibers (Table 9).

Protein IX was extracted by alkaline urea and purified to homogeneity by
ion-exchange chromatography on QAE Sephadex. It has a molecular weight of
around 12,000 and the amino acid composition shows a large number of acidic
residues (Tables 8 and 9). The three low molecular weight proteins VI, VIII and
IX are antigenically distinct and show no antigenic relatedness to the major
capsid proteins. However, it is difficult to completely exclude that these proteins
are cleavage products from the major capsid proteins until their primary structures
have been determined.

XII. Physiological Effeets of the Structural Proteins

Since adenoviruses contain more polypeptides than many other viruses, it is
conceivable that some virion proteins have specific functions in addition to their
structural role. It may therefore be rewarding to study the role of the structural
proteins in viral DNA replication, transcription and translation. A ligase or pro-
teins controlling DNA polymerase activity may be carried by the virion since
integration of viral DN'A appears to be independent of cellular DNA and protein
synthesis (DOERFLER, 1970), but preexisting enzymes may also be utilized. The
presence of positive control factors for the cellular DNA-dependent RNA
polymerases may explain why early RNA synthesis in productive infection is
independent of protein synthesis (Parsoxs and GREEN, 1971). So far, only one
enzymatic activity has been ascribed to a structural protein but considerable
information has accumulated on the role of the structural proteins in virus-cell
interaction, in neutralization and also with regard to the effect of the structural
proteins on enzymes involved in macromolecular synthesis. These aspects will be
reviewed in this section.

A. Hemagglutination

Hemagglutination by adenoviruses was first demonstrated by RosEx in 1958.
All human types have subsequently been shown to display hemagglutinating
capacity (RoSEN, 1960; Rosew et al., 1962; BAUER and WicaND, 1963; ScHMIDT
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et al., 1965; NorrBY, 1969b). The interaction of viruses with erythrocytes has
been considered to be a model system for studies of virus-cell interaction and it
appears established that the vertex region of the virion is involved in the inter-
action between viruses and red cells. When the structural units of the virion were
isolated and morphologically defined, it was shown that the typespecific determi-
nant (“y”’) of the fiber interacts with the red cell surface (PEREIRA and FIGUEI-
REDO, 1962; VALENTINE and PEREIRA, 1965; NORRBY, 1966b; PETTERSSON et al.,
1968; NorrBY et al., 1969a). Specific receptors seem to be present on the ery-
throcyte membrane and NEURATH ef al. (1969) have solubilized and partially
purified an adenovirus receptor from monkey red cells.

Based on their ability to agglutinate different red cells, Rosex (1960) pro-
posed a subgroup classification of the human adenoviruses. Subgroup I viruses
agglutinate monkey erythrocytes, preferably from grivet and rhesus species, with
a complete patternl. Subgroup II viruses agglutinate rat erythrocytes with a com-
plete pattern, and subgroup III viruses agglutinate rat cells with a partial pat-
tern. Subgroups I, IT and III correspond to subgroups B, D and C as defined by
oncogenicity (HUEBNER, 1967; Table 7). Viruses in subgroup IV which includes
the highly oncogenic subgroup A viruses were originally thought to lack hem-
agglutination capacity but have subsequently been shown to agglutinate rat cells
with a partial pattern (ScHMIDT et al., 1965; NOoRRBY, 1969b). The partial ag-
glutination is due to a competition between mono- and multivalent virus com-
ponents for the receptors on the erythrocyte (WapEeLL, 1969). Further sub-
divisions have been suggested, based on the species origin of the erythrocytes
agglutinated by different virus types within one subgroup (for reviews see NORRBY,
1968, 1969Db).

Since the intact virion carries several vertex projections they can establish
a bridge between the erythrocytes, and give a complete hemagglutination pat-
tern. Multimers of pentons and the fibers like dimers of pentons and fibers as well
as dodecons can, in the same way, give rise to hemagglutination (NORRBY, 19664
WADELL et al., 1969; WaDELL and NORRBY, 1969a; NORRBY et al., 1969b). Mono-
mers of penton or fiber can, on the other hand, only establish a monovalent link
with the cell and agglutination can only be detected when antibodies are used to
bridge the erythrocyte-associated structural units (Fig. 20) (PEREIRA and FI1cUEI-
REDO, 1962; NoORRBY, 1966b; NORRBY, 1969b). Since the typespecific determi-
nant of the fiber is responsible for erythrocyte attachment, heterotypic anti-
bodies must be used to demonstrate agglutination by penton and fiber mono-
mers (PEREIRA and FIGUEIREDO, 1962; NORRBY and SKAARET, 1967). The penton
base carries groupspecificity and any heterotypic antiserum will thus make
pentons into multivalent hemagglutinins (Fig. 20). This method of revealing
adenovirus hemagglutination by heterotypic antisera has been called the hem-
agglutination enhancement (HE) reaction (RosEN, 1960) (Fig. 20). Similarly, fibers
from subgroups II and III which carry inter- and intrasubgroup specific determi-
nants are made into divalent agglutinins by heterotypic antibodies. The short

1 A complete pattern refers to a hemagglutination pattern where the entire bottom
of the tube is covered by an equally dense lattice. A partial pattern refers to a pattern
where a fraction of the erythrocytes has sedimented without agglutination and form
a ring in a less dense lattice.
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fibers of subgroup I viruses cannot agglutinate since they only contain typespe-
cific determinants (NORRBY and SKAARET, 1967). Antibodies directed toward the
v-specificity of the fiber can be assayed by hemagglutination inhibition (HI) tests
(Fig. 20). Specific antibody consumption tests have been devised to assay for the
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Fig. 20. A diagrammatic representation of the structural units of adenoviruses which
can cause hemagglutination.
Dodecons (top, left) consist of 12 pentons in a star-like arrangement. Dimers of pentons
(middle, left) and dimers of fibers (bottom, left) can cause hemagglutination since they
are divalent and can therefore aggregate red cells. Monovalent units like isolated
pentons and fibers (top-right and bottom-right, respectively) can only hemagglutinate
after being linked with heterotypic antibodies. Heterotypic antibodies against the
penton base are required to reveal hemagglutination enhancement for pentons and hetero-
typic antibodies against fibers are necessary to reveal hemagglutination with fibers. The
antigenic determinants of the fiber and the penton base are indicated in the Figure as
defined in Table 10. Modified from NorRBY (1966)

group, inter- and intrasubgroup specific determinants on penton bases and fibers.
Penton base may thus be assayed by a hemagglutination enhancement consump-
tion (HEC) test (NORRBY and SKAARET, 1967). Free fibers from subgroup I which
lack subgroup specificity, may be assayed by a hemagglutination inhibition con-
sumption (HIC) test (NORRBY and SKAARET, 1967). With the aid of these dif-
ferent techniques NorrBY and coworkers (for reviews see NORRBY, 1968, 1969b;
WapzrrrL, 1970) have elucidated the immunological relationship between the
capsid components from different adenovirus serotypes.
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B. Neutralization of Adenoviruses

Adenoviruses carry a mosaic of antigenic specificities on their surface. Since
by definition all types are distinct by neutralization, typespecific antigens should
induce neutralizing antibodies against these viruses. Both the fiber and the hexon
show distinet typespecific antigenic determinants, the ““y”” and ““c”, respectively,
and both have been claimed to induce neutralizing antibody (WiLcox and GIxs-
BERG, 1963b; KASEL et al., 1966). The method to determine neutralization is of
importance with adenoviruses, since these viruses have a slow multiplication
cycle. Assays based on an all or none response, such as scoring for cytopathic
effect, are probably the most sensitive since extremely low virus concentrations
can be used. On the other hand, they may be less specific since they allow for
secondary reactions between virus and antibody during the long incubation
periods (approximately 20 days). Plaque reduction or fluorescent focus inhibition
(PHILIPSON et al., 1968) measure virus-antibody interaction in a more direct way.
These two assays differ significantly with regard to incubation time: 8 —10 days
for the plaque assay versus 48 hours for the fluorescent focus assay. Reversible
virus-antibody interactions and delay in virus eclipse may be overlooked in the
plaque assay which depends on several reproductive cycles. Since the structural
proteins of adenoviruses are available in a highly purified state, it should be pos-
sible to define the structural protein involved in virus neutralization, assuming
that a single polypeptide is responsible for eliciting neutralizing antibodies.

Adenovirus neutralization is a matter of considerable controversy. Several
early studies showed that antisera against partially purified hexons induced
neutralizing antibodies (WiLcox and GINSBERG, 1963b; KASEL et al., 1966;
KJeLLEN and PEREIRA, 1968). Hexons purified by crystallization were also found
to induce neutralizing antibodies (PEREIRA and LAvVER, 1970). In contrast, PET-
TERSSON ef al. (1967) found that antisera against electrophoretically purified
hexons did not neutralize virus infectivity although such hexons contained both
group- and typespecific antigenic determinants (PETTERSSON, 1971). The contro-
versy has not yet been settled but some recent reports have given additional in-
formation. Antisera against purified hexons from subgroups B and D viruses
seem to contain potent neutralizing antibodies (for a review see WADELL, 1972).
Electron microscopy of complexes between subgroup C virions and homologous
hexon antisera show that the hexons of these viruses contain no or very few ex-
posed antigenic determinants (WADELL, 1972). Hexons from cells infected with
ad 2 have been separated into two classes by electrophoresis (PETTERSSON, 1971)
and ion-exchange chromatography or isoelectric focusing (WADELL, 1972). Anti-
sera against the major class of hexons (“‘fast migrating hexons’’) do not neutralize
virus infectivity, whereas the minor class was found to induce neutralizing anti-
bodies. It has not yet been possible to show any difference in the polypeptide
composition of these two classes of hexons.

Antisera against subgroup C fibers do not contain neutralizing activity as
measured with the plaque assay (PETTERSSON ef al., 1968 ; KJELLEN and PEREIRA,
1968). On the other hand, when neutralization is scored by the fluorescent focus
assay, fiber antisera were found to contain high titers of neutralizing activity.
There is yet no experimental data available to explain this difference but it
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seems likely that fiber antibodies cause a reversible inhibition or delay of the in-
fection. This effect is presumably not scored by the plaque techniques, since the
virus goes through several reproductive cycles in this assay. Antisera against
short fibers from subgroup B virus also seem to have neutralizing activity when
measured with assays which allow for several infectious cycles (NORRBY, 1969b).

Antisera prepared against disrupted ad2 virions are considerably more ef-
ficient in neutralization than antisera against any of the purified major capsid
components. Recently, additional components have been identified in the adeno-
virus capsid (see section III on composition of the virion). Some of these are now
available in a purified form and it seems necessary to evaluate the neutralizing
effect of antisera against these components before neutralization of adenovirus
infectivity is completely understood. Preliminary results indicate that polypeptide
IITa from ad2 may induce neutralizing antisera (EVERITT and PHILIPSON,
unpublished).

C. Possible Functions of Individual Adenovirus Proteins

1. Hexon

It is not yet known if hexons play any physiological role during adenovirus
infection. The majority of the hexons remain associated with the infectious virus
when it penetrates the plasma membrane in productive infection (LONBERG-
Howrm and PHILIPSON, 1969), but it appears that the hexons are shed in the cyto-
plasm before the viral DNA enters the nucleus.

It has been shown that hexons can bind to DNA and inhibit DN'A polymerase
or DNA-dependent RNA polymerase in vitro (LEVINE and GINSBERG, 1968). The
significance of this inhibition during infection is unclear, since ts-mutants which
are temperature-sensitive for synthesis of structural proteins and for viral DNA
synthesis still show inhibition of host cell DNA synthesis (WILKIE et al., 1973).

2. Penton

In productive adenovirus infection characteristic cytopathic changes can be
detected. The cells have a granular cytoplasm, round up and detach, but the
individual cell does not rupture or expel the cytoplasm until very late after in-
fection. PEREIRA and KELLEY (1957a) established that 2 types of cytopathic
effects could be discerned. The first is apparent within 8 —24 hours after infection
with high concentrations of crude virus preparations, and the second which is
accompanied with virus production can be seen after 7—20 days at low multi-
plicities of infection. Later, EVERETT and GINSBERG (1958), PEREIRA (1958) and
RowE et al. (1958) established that a protein from infected cells, which sedimented
slower than the virus, could induce the early cytopathic changes. When the
structural components of the adenovirion were identified, this early cytopathic
factor (toxin) was found to be associated with the pentons (VALENTINE and
PEREIRA, 1965). Penton concentrations of about 0.1 pg/106 cells are required for
a clearcut effect. The changes in cell morphology do not impair macromolecular
synthesis and the effect is fully reversible after washing with fresh medium
(PEREIRA, 1958; ROWE ef al., 1958). The molecular mechanism for the cytopathic
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effect is unknown. The finding that lipid metabolism of the host cell is enhanced
early after adenovirus infection (McINTOSH et al., 1971) and that the penton
base alone can induce an increase in lipid synthesis may suggest a route for
further experiments.

Pentons from certain serotypes have been found to lack toxin activity (Wa-
DpELL, 1970). The cytopathic effect of the penton is particularly susceptible to
proteolytic degradation by trypsin and, at low concentrations of the enzyme, it
is possible to destroy this effect without changing the antigenic properties of the
penton base (PETTERSSON and HoeLunDp, 1969; WADELL and NorrBY, 1969b).
The cytopathic effect of pentons from subgroup C is neutralized by anti-penton
sera but not by sera against fibers (PETTERSSON and HOécLuxD, 1969; WADELL
and NorrBY, 1969b), which suggests that the penton base alone carries the cyto-
pathic effect. In accord with this, it has been found that isolated penton bases
are able to induce early cytopathic changes (PETTERSsoN and HogLuxD, 1969;
WINTERS et al., 1970).

An endonuclease activity has been found to be associated with the ad2 pen-
tons (BURLINGHAM et al., 1971). BUrRLINGHAM and DOERFLER (1972) detected an
endonuclease in cells infected with ad2 and ad12. This endonuclease was also
found in preparations of purified virions. When highly purified structural com-
ponents were tested for activity, only pentons were found to have an effect
(BurLINGHAM et al., 1971). The hexon and the fiber were inactive, even at high
concentrations, and they did not compete with the penton-associated endonuclease
in vitro. The endonuclease appears to be specific for DNA and cleaves double
stranded DNA 20 times faster than denatured DNA with a preference for GC-rich
regions. Recent results suggest that the adenovirus endonuclease can be dis-
sociated from pentons by treatment with high salt concentration and it has
been extensively purified by a multistep procedure involving ion-exchange and
exclusion chromatography (DOERFLER, personal communication). It has not yet
been established that this endonuclease is a virus-coded component, but a similar
activity is not detectable in uninfected cells (DOERFLER, personal communica-
tion).

3. Fiber

Since the fiber is responsible for attachment of adenoviruses to erythrocytes,
it is assumed that the fiber recognizes receptors on the plasma membrane in pro-
ductive infection and thus mediates early virus-cell contact. Evidence to sub-
stantiate this assumption is available from studies on adenovirus infection in KB
and HeLa cells (LEVINE and GiNsBERG, 1967; PHILIPSON ef al., 1968). Purified
fiber preparations in quantities 10- to 100-fold higher than the number of virus
receptors (around 104/cell) can inhibit virus attachment to the cell surface (PxI-
LIPSON ef al., 1968). With the aid of fiber preparations which were labeled in vitro
with iodine it could be demonstrated that the fiber indeed attaches to cells and the
attachment was prevented by cold fiber or fiber antibodies (PHILIPSON et al.,
1968). After penetration of the plasma membrane the virus seems to lose the fiber
together with the penton base and some hexons (SussENBACH, 1967). Experiments
with 125]-labeled virions have shown that intracellular virus lacks the fiber and
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other polypeptides associated with the peripentonal region (EVERITT, personal
communication).

High concentrations of fiber can also interfere with replication of adenovirus
as well as with polio and vaccinia virus, and the fiber seems to correspond to
the adenovirus interfering principle first described by PErRERA (1960). Like
hexons, fibers bind to cellular as well as to viral DNA at low ionic strength. This
binding inhibits the activity of DNA and RNA polymerase. It has been claimed
that purified fiber can inhibit macromolecular synthesis in uninfected cells after
a latent period of 24—28 hours (LEVINE and GINSBERG, 1967, 1968). DNA, RNA
and protein synthesis was reduced when ad5 fiber was applied to cell cultures at
a concentration of 50 ug/108 cells. This effect may, however, have little relevance
for inhibition of host cell macromolecular synthesis in vivo since inhibition of host
macromolecular synthesis in the productive cycle occurs prior to detectable syn-
thesis of the fiber protein (RUSSELL ef al., 1967a). Also mutants which are tem-
perature-sensitive for synthesis of fiber still inhibit host cell DNA synthesis at
the nonpermissive temperatures (WILKIE et al., 1973).

No enzymatic effect has so far been associated with the fiber. Purified fibers
from ad1 and ad2 carry the erythrocyte receptor modifying effect (ERM) which
interferes with receptors on human erythrocytes for certain subgroup D members
(KASEL et al., 1961 ; KaserL and HUBER, 1964). Later studies indicated, however,
that this effect is due to a steric block of the erythrocyte receptors by fibers
rather than to an enzymatic modification of the receptor (WADELL, 1969).

%. Virus~Induced Non-Struetural Proteins

Infected cell extracts contain several polypeptides which are not present in
uninfected cells and which do not constitute structural proteins of the virion
(RusseLL and SKEHEL, 1972; ANDERSON et al., 1973; WALTER and MA1zEL, 1974).
The proteins containing these polypeptides have not yet been purified but indirect
evidence points to a function for some of these polypeptides. Two polypeptides
with molecular weights of 71,000 and 48,000 have been purified from infected cells
by DNA-cellulose chromatography (VAN pER VLIET and LEVINE, 1973). They have
a strong affinity for single stranded DNA and are most likely involved in the
replication of adenovirus DNA. Their properties have been described in a previous
section (section V:F). A polypeptide with a molecular weight of 100 K is induced
during adenovirus infection and is associated with messenger ribonucleoprotein
particles from infected cells (LINDBERG and SuNDQUIST, 1974). This polypeptide
might be necessary for proper initiation of translation of virus specific messenger
RNA.
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XIII. Classification and Nomenclature of Adenoviruses

A. Adenoviruses from Different Species

More than 80 different adenovirus types have been isolated from a variety of
animal species and Table 11 lists the types which have been described. All adeno-
viruses seem to have a similar morphology which was outlined in the section on
the architecture of the virion (section II). Differences have been noticed with
regard to the length of fibers from different types and one member of the avian
group “CELO” appears to contain pentons which have two fibers of different

Table 11. Adenoviruses Isolated from Different Species®

Natural host Serological types References
Human 28 accepted BiLADpI (1972)

31 recognized
Simian 23 Hirris and GoopMan (1969)
Bovine 8 MomAaNTY (1971)

BARTHA, personal communication

Equine 1 STUDDERT et al. (1974)
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)

& Modified from NORrRBY (1971).

length (42.5 nm and 8.5 nm) (LAVER ef al., 1971). Although the criteria used for
differentiating adenoviruses into serotypes have been based primarily on specific
neutralization of infectivity with antisera, the question is still raised as to whe-
ther neutralization or hemagglutination inhibition tests (NorRrBY, 1971) should
be the parameter used for differentiation of adenoviruses. As discussed in detail
in a previous section (section XII:B), it has been suggested that the typespecific
antigen involved in virus neutralization resides in the hexon (KJELLEN and
PerEIRA, 1968). Hexon antibodies seem to efficiently neutralize infectivity of
viruses from subgroups B and D, whereas antisera prepared against highly purified
hexons from subgroup C fail to neutralize infectivity efficiently (PETTERSSON ef al.,
1967; WaDELL, 1972). Recent studies suggest that polypeptide IIIa (Fig. 2)is of
importance for induction of antibodies which neutralize ad 2 infectivity (EVERITT
and PHILIPSON, in preparation). Antibodies which inhibit hemagglutination are
induced by an antigen which resides in the fiber. It has been proposed that sero-
types should be differentiated by neutralization tests and isolates distinguishable
only in hemagglutination inhibition tests should be considered as subtypes of the
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serotype identified with the former technique (NORrRBY, 1969b). More detailed
reviews of the classification of adenoviruses have recently been published (NORRBY,
1971; ANDREWES and PEREIRA, 1972).

Althoughonly 31 human serotypeshave been officially recognized (BELADI, 1972),
virusneutralization tests distinguish 33 serotypes of human adenoviruses (BLackLow
et al., 1969). Cross reactions have been observed among a few different sero-
types (RAFAJKO, 1964; WIGAND ef al., 1965) and the cross reaction between sero-
type 29 and serotype 15 is of such a magnitude that ad29 should be regarded as
a subtype of ad15 (STEVENS et al., 1967). Intermediate strains of human adeno-
viruses with hexon and fiber units which are derived from two different parental
serotypes have been described (NorrBY, 1969¢). These strains include the inter-
mediate strain ad15—9 and the San Carlos agent, an intermediate strain of ad3
and ad 16. Phenotypically mixed particles can be generated by mixed infections
with different human adenovirus strains (NORRBY and GOLLMAR, 1971).

The simian adenoviruses have been divided into 2 groups (HiLris and GooDMAN,
1969); those from monkeys and those from chimpanzees. Seven serotypes from
chimpanzees have been identified by neutralization and hemagglutination in-
hibition tests. Several serotypes from chimpanzees display characteristics which
indicate that they are related but not identical to human serotypes ad 14, ad 18,
ad5 and ad2. Rapoza (1967) listed eighteen monkey serotypes, but six of these
were related pairwise in neutralization tests, so only fifteen seem to be unique.
Findings by Kim et al. (1967) suggest the addition of one more serotype in the
monkey group giving a total number of sixteen monkey serotypes and thus a
total of twenty-three simian adenovirus serotypes.

At present, eight serotypes of bovine adenoviruses are known (MoHANTY, 1971
BarTHA, personal communication). Two additional serotypes have been reported
but appear to crossreact with bovine serotypes 4 and 6. Types 1, 2, and 3 share
the common groupspecific antigen (“«’’) which can be detected in human and
most other adenoviruses. Like the avian adenoviruses, bovine serotypes 4 to 8
lack this common adenovirus antigen (BARTHA, personal communication). An-
other “‘groupspecific”’ antigen can be detected in bovine types 4 to 8 which does
not crossreact with human or avian adenoviruses.

Ovine adenoviruses were identified only recently and no comparative analysis
of the eight isolates by MCFERRAN et al. (1969) has been reported.

From the porcine group four distinct serotypes have been isolated by several
investigators and these viruses all contain the groupspecific adenoviruses antigen
and no cross reaction could be detected with adenoviruses from other hosts by
virus neutralization (CLARKE et al., 1967 ; Kasza, 1966).

The canine laryngotracheitis virus appears to be distinct from the infectious
canine hepatitis virus in hemagglutination inhibition and virus neutralization
tests, although the latter test reveals some cross reactivity (Swaxco et al., 1969;
MARUSYK et al., 1970). It has been suggested that the ICH agent is antigenically
related to human ad8, since humans have been found to carry antibodies against
this virus (SMITH ef al., 1970).

The first murine adenovirus was isolated by HARTLEY and RowEe (1960) du-
ring attempts to establish Friend leukemia virus in cell cultures. VAN DER VEEN

Virol. Monogr. 14 6
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and MEs (1974) have found that this strain is distinct from the murine isolate
described by HasaIMOTO ef al. (1966) and REEVES ef al. (1967). Other murine strains
have been isolated by MissaL (1969) but their relationship to other isolates is
unknown.

Kawamura ef al. (1964) described eight different avian serotypes includ-
ing Gallus adeno-like (GAL) and CELO (Chicken Embryo Lethal Orphan) viruses,
and more recent data by MCFERRAN et al. (1972) seem to confirm that there are
at least eight distinct serotypes within the avian group. It is noteworthy that all
the avian adenovirus serotypes lack the adenovirus groupspecific antigen but
instead share a common antigen which can be revealed by immunodiffusion and
also, but less efficiently, by complement fixation (KAWAMURA et al., 1964).

Viruses morphologically identical to adenoviruses have also been isolated
from horses (Topp, 1969) and serological tests have shown that equine sera often
contain antibodies which react with the common antigen of mammalian adeno-
viruses (DARBYSHIRE and PEREIRA, 1964 ; TiMONEY, 1971). STUDDERT ef al. (1974)
have compared six isolates of equine adenoviruses which originated from the
United States, Germany and Australia and they were all closely related.

In addition, WILNER (1969) reports of an adenovirus-like agent from oppossum.

B. Subgroup Classifieation

Several different parameters can be used to classify the adenoviruses from
animal species into subgroups. Biological characteristics such as host range,
capacity to transform cells ¢n vitro and the ability to induce tumors in experimental
animals can be used. Since the capsid subunits from different adenoviruses can be
purified and characterized, it is also possible to base a subgroup classification on
their morphological and immunological properties. Ultimately it is desirable to
base the subgroup classification on sequence differences between genomes from
different serotypes as suggested by LworF ef al. (1962) for animal viruses in
general. Two different subgroup classifications of human adenoviruses have been
proposed; one is based on the hemagglutination properties (RosEN, 1960) and the
other is based on the oncogenicity for newborn hamsters (HUEBNER, 1967). The first
classification separates the human adenoviruses into four groups on the basis of their
ability to agglutinate monkey and rat erythrocytes as described in detail in section
XII: A. Group I causes complete agglutination of monkey erythrocytes. Group IT
causes complete agglutination of rat erythrocytes. Group III causes incomplete
agglutination of rat erythrocytes, and group IV was originally thought not to cause
detectable hemagglutination. Subsequent to this classification it was reported
(ScHMIDT etal., 1965 ; NORRBY and ANKERST, 1969) that ad12,ad 18 and ad 31, mem-
bers of group IV, could agglutinate rat erythrocytes with an incomplete pattern, in a
similar way as group III viruses. Members of the same subgroups have been shown
to have fibers of a characteristic length, ¢.e. subgroup I has fibers which are about
10 nm, subgroup II 12—13 nm, subgroups III and IV 23—31 nm (Table 7;
NorrBY, 1969b). Adenovirus types 20, 25 and 28, which were originally placed
in hemagglutination group I (RosEen, 1960), probably belong in group II, both
with respect to the pattern of hemagglutination and also with regard to the length
of the fibers (WicaxD, 1970). Serotype 4 which belongs to subgroup III has some



Subgroup Classification 83

anomalous biological properties, and has fibers which are intermediate in length
to those of group IT and III viruses. In several respects, ad4 shares many features
with serotype 16 of subgroup II (for a review see NorrBY, 1968). Thus, the
original classification based on hemagglutination pattern has created some con-
fusion about the classification of the oncogenic ad 12, ad 18 and ad31 and also of
other serotypes. For human adenoviruses the classification based on oncogenicity
(HUEBNER, 1967) appears to better correlate with the structure of the DNA. First
the GC content of the viral DNA differs between the groups A, B, and C so that
the highly oncogenic viruses (subgroup A) have 48—49 per cent GC, the weakly
oncogenic (subgroup B) 50—52 per cent GC, the non-oncogenic viruses (subgroups
C and D) contain 57—59 per cent GC (reviewed by GREEN, 1970). Non-oncogenic
serotypes in subgroups C and D are distinguished because they induce serologically
different T-antigens (MCALLISTER ef al., 1969b). Secondly, the classification of
human adenoviruses in subgroups A — D correlates with sequence homology as detec-
ted by hybridization. Extensive homology between members of the same oncogenic
subgroup has been demonstrated by filter hybridization (Lacy and GREEN, 1964,
1965, 1967; Table 2) and by heteroduplex mapping (GARON ef al., 1973, see also
section IV). It is therefore suggested that the classification of human adenoviruses
into subgroups A—D which appears to correlate with sequence homology, should be
accepted. As evident from Table 7, this classification correlates well with the classifi-
cation based on hemagglutination, provided that the serotypesad 12,ad 18 and ad 31
are considered as a separate hemagglutination group, as originally suggested by RoSEN
(1960). It should be emphasized that not all types have been studied with regard to
both DNA homology and biological parameters and the proposed classification
in Table 7 is therefore tentative. In particular, group D viruses have not been
analyzed in detail.

The antigenic relationship between capsid antigens from different adenovirus
serotypes has been extensively investigated by NorRRBY and coworkers (see re-
views by NorrBY, 1968, 1969b, 1971, and WADELL, 1970). It is possible that the
group and type specificities of the hexon as well as the group and subgroup spe-
cificities of the penton and certain fibers could be used for more refined subgroup
classification of the human adenoviruses and also help to elucidate their evolution
from a possible common ancestor.

The subgroup classification for adenoviruses isolated from animal species is
not yet elaborate and has in most cases been based on the hemagglutination pro-
perties of the isolated strains. Raroza (1967) divided the monkey adenoviruses
into four subgroups according to hemagglutination behaviour and adenoviruses
from chimpanzees were divided into three hemagglutination subgroups (HirLis
and GoopmaN, 1969). Among the simian adenoviruses it is apparent that the
oncogenic serotypes are not associated with a particular hemagglutination group
since the oncogenic adenoviruses SV 20, SV 23, SV 34, SV37, SV38 and SA7 are dis-
tributed among the three different subgroups. Bovine adenoviruses have been divi-
ded into two subgroups. Subgroup 1 includes serotypes 1, 2 and 3 which contain the
common adenovirus groupspecific antigen and they can be propagated on most
bovine cell cultures. Subgroup 2 viruses (serotypes 4 to 8) have a different group
antigen and have so far only been grown on bovine testicle cells (BARTHA, per-
sonal communication). Hemagglutination has also been observed for some mem-

6*
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bers of ovine, porcine and canine adenoviruses, but no hemagglutinin has been
isolated from the murine and the avian groups.

Although all adenoviruses are similar in their gross architecture they show a
wide antigenic variation. It might be rewarding to try to demonstrate variable
and constant portions in the polypeptides of the structural proteins to under-
stand the diversification. Only the major capsid polypeptides of the virion has
yet been immunologically compared between different adenoviruses. The con-
tribution of other polypeptides than those of the hexon, penton and fiber to
neutralization and other biological properties may therefore also be rewarding.

XIV. Adenovirus Infection in Humans and Animals

A. Human Adenovirus Infections
1. Pathogenicity

The human adenoviruses are almost exclusively pathogenic for man. There-
fore most of the information about adenovirus pathogenesis is derived from ex-
periments with human volunteers. As early as 1947, it was shown that a disease
known as acute respiratory disease (ARD) could be transferred to volunteers by
filtered secretions from sick recruits (Commision on Acute Respiratory Diseases,
1947). Later, GINSBERG et al. (1955) demonstrated that the virus transmitted in
this study was an adenovirus closely related to human ad4. Serotypes ad1, ad2,
ad3 and ad4 were found to induce subclinical infections with antibody response
in volunteers, but no respiratory disease was caused by these serotypes when
virus grown in HeLa cells was used for inoculation (BELL ef al., 1956). On the
other hand, ad1 which had been propagated in embryonic human kidney cells
gave rise to pharyngitis (RODEN et al., 1956). Other adenovirus types have been
found to induce conjunctivitis and pharyngitis when inoculated in the conjunc-
tival sac (BELL et al., 1956; KASEL et al., 1963a and b). Thus, it appears that
Koch’s postulates have been fulfilled for several of the adenovirus types with
regard to respiratory infections and conjunctivitis in adults.

Epidemiological studies (for a review see GINSBERG and DINGLE, 1965) have
shown that adenoviruses in subgroups B and C differ with regard to diseases they
cause in humans. Subgroup C viruses like ad1, ad2, ad5 and ad6 give rise to
respiratory infections in children but cause only rarely infections in adults. These
serotypes are also often associated with latent infection in human adenoids and
tonsils, and in fact the adenoviruses were originally discovered as passenger virus
in cell cultures of adenoids (ROWE ef al., 1953 and 1955). Subgroup B viruses, in
particular ad3, ad7, ad14 and ad21, appear to cause outbreaks of fever and
pharyngitis, the ARD syndrome, in military recruits and in boarding schools. It
is interesting that college students of similar age living in dormitories do not have
such outbreaks (KATz ef al., 1959). Ad4 which is an aberrant member of sub-
group C resembles in this respect to subgroup B adenoviruses since it can cause out-
breaks of ARD in isolated populations. Epidemic keratoconjunctivitis is another
syndrome which is caused by adenoviruses. Ad8, a member of the subgroup D
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viruses, has commonly been isolated from patients with epidemic keratoconjunc-
tivitis (JAWETZ, 1957) and this serotype seems also to be responsible for outbreaks
of swimming pool conjunctivitis (FukuMI et al., 1958).

The prevalence of complement-fixing or neutralizing antibodies differs widely
in civilian populations (GINsBERG and DiNGLE, 1965). Children have a high fre-
quency of antibodies against the subgroup C adenoviruses but only rarely against
subgroup B adenoviruses. Young adults usually lack antibodies against ad4 and
ad7 and this may explain why these two serotypes commonly give rise to epi-
demics of ARD among military recruits. In the civilian population adenoviruses
only rarely cause infections. BRANDT et al. (1969) estimated from a survey of
18,000 children that only 7 per cent of all cases of respiratory disease were as-
sociated with adenovirus infection. The most commonly isolated serotypes were
ad1, ad2, ad5, ad6, and less prevalent ad3 and ad7. In institutionalized popula-
tions adenovirus infections are of importance since they give rise to epidemics.
HuesNER (1959) has correlated some syndromes with the following adenovirus
serotypes: Acute respiratory disease (ARD) seems frequently to be connected
with ad4 and ad7, pharyngoconjunctival fever with ad3 and ad7, acute febrile
conjunctivitis with ad3 and ad7 and epidemic keratoconjunctivitis with ad8.
Pneumonia in adults is sometimes associated with ad4 and ad7.

In general, laboratory animals do not seem to be susceptible to infection with
the human adenoviruses, but PEREIRA and KELLEY (1957b) produced a latent
ad5 infection in rabbits. Subgroup C adenoviruses, like ad1, ad2, ad5 and ad6,
have been used to produce pneumonia in young piglets deprived of colostrum
(BETTS et al., 1962). Experimental infection of calves with ad1 (BErTINOTTI and
STRAUT, 1966) and subclinical infections of dogs (SINHA ef al., 1960) with human
adenoviruses have also been reported.

2. Epidemiology and Control of Adenovirus Infection

Adenoviruses are usually recovered from the respiratory tract but are also
present in stools and urine (CoucH et al., 1966; NUMAZAKI et al., 1968). In some
cases virus has been recovered only from the intestinal tract, although the in-
fection still seems to be spread by respiratory secretions (CoucH et al., 1966).

Shortly after adenoviruses were isolated and the epidemiology established,
formalinized vaccines were produced and shown to efficiently control epidemics
among military recruits (for a review see HILLEMAN, 1966). The vaccines were
later withdrawn because the adenoviruses were cultivated in monkey cells which
were contaminated with oncogenic SV40 virus and later it was also shown that
the adenoviruses themselves were oncogenic. Vaccination with attenuated strains
of the most prevalent serotypes has been tried and found effective (SELIVANOV
et al., 1964). Successful vaccination has also been achieved by oral administration
of a live virus enclosed in capsules (CHANOCK et al., 1966 ; GUTEKUNST et al., 1967).
It has long been suggested that vacecines which contain only adenovirus structural
proteins should preferably be used for induction of neutralizing antibodies in
humans (KASEL et al., 1964). A recent report (CoucH et al., 1973) suggests that
both crystalline hexon and crystalline fiber preparations induce high levels of
neutralizing antibodies. This vaccine certainly deserves further investigation.
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B. Infections in Animals

Several simian serotypes have been found to cause respiratory as well as
enteric infection in monkeys and chimpanzees (EUGSTER ef al., 1969). Serological
and epidemiological studies indicate that bovine adenoviruses may play a role
in the etiology of respiratory disease among cattle (DARBYSHIRE and PEREIRA,
1964; ALpASI ef al., 1965) and conjunctivitis and keratoconjunctivitis has also
been associated with the bovine adenoviruses (WiLcox, 1969). Experimental in-
fection of young calves appears to give rise to respiratory and in some instances
intestinal symptoms (ALDASI ef al., 1965; DARBYSHIRE ef al., 1969). The porcine
adenoviruses, in particular types 2 and 3, seem to give rise to subclinical infection
of both the tonsils and the lower intestinal tract (SHARPE and JESSET, 1967).
Pig embryos were also aborted after inoculation of type 1 in utero (SHARPE, 1967).
Equine adenoviruses have been found to cause severe pneumonia which
among Arabian foals often is fatal (McCHESNEY et al., 1973). The infectious
canine hepatitis (ICH) agent, which was identified as an adenovirus by
KaArsENBERG (1959), causes subclinical infection in adult dogs. Puppies,
on the other hand, show severe symptoms of fever and gastro-intestinal disturb-
ances and the mortality is 10—25 per cent. In foxes the same agent causes an
acute encephalitis with convulsions followed by coma and death within 24 hours.
Both formalinized, killed and live attenuated vaccines have been used to control
the disease (CABASSO et al., 1958 ; PIERCY and SELLERS, 1960). The murine adeno-
viruses may cause a fatal disease when inoculated in suckling mice (HARTLEY
and Rowe, 1960), but other strains apparently only cause subclinical infection
(Mzssar, 1969). Among the avian adenoviruses Gallus adeno-like (GAL) virus can
induce necrosis of the liver in chickens (SHARPLESS and JUNGHERR, 1961) but has
not been isolated from animals with a natural disease. Chicken embryo lethal
orphan (CELO) virus is the causative agent of quail bronchitis and this condition
can be reproduced experimentally (DuBoSE and GRUMBLES, 1959). When inocu-
lated in chick embryos the virus is lethal.

The diseases which so far have been ascribed to human adenoviruses are not
severe enough to call for an extensive vaccination program. The fact that several
of the human adenoviruses are oncogenic has hampered the development of safe
vaccines. In man, prophylaxis should probably be limited to vaccines which are
composed of the protein moiety which induces neutralizing antibodies. Prom-
ising results have already been obtained with crystalline vaccines (CoucH et al.,
1973) and similar vaccines might be used in recruit camps to counteract the reg-
ular epidemics of acute respiratory disease at the commencement of the military
service. It appears to be less urgent to vaccinate the civilian population since only
few cases of respiratory illnesses are caused by adenoviruses. Dangerous adeno-
virus infections in dogs and calves could be controlled efficiently with live or
inactivated vaccines.
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XV. Aspects on Adenoviruses as a Tool in Cell Biology

RNA synthesis during adenovirus reproduction shows many similarities with
the synthesis of host RNA in uninfected cells. Adenoviruses probably do not
carry their own enzymes for synthesis of RNA or DNA, and no virus-specific
polymerases have been detected during infection. This would imply that the virus
utilizes host enzymes for transcription and replication of its genome. The ef-
ficiency of virus reproduction indicates, however, that adenoviruses have acquired
functions, by which it can direct the host cell enzymes to preferentially replicate
and transcribe viral DNA and to take over the protein synthesizing machinery of
the host cell. An understanding of regulatory mechanisms for macromolecular
synthesis during adenovirus infection might inform us about control mechanisms
in eukaryotic cells in general.

The ultimate result of early gene expression is the triggering of viral DNA
replication, which in turn is necessary to switch on the expression of late viral
genes. The early protein(s) which are necessary to initiate viral DNA synthesis
has not been identified. A protein synthesized towards the end of the early phase
may govern this shift and the virus-specific DNA binding proteins described by
VAN DER VLIET and LEVINE (1973) are possible candidates. Several important
questions remain to be answered concerning the mechanisms controlling adeno-
virus transcription at different times after infection. It is well known that, if viral
DNA replication is prevented, the late mRNA is not made. This could suggest
that the appropriate DNA template for synthesis of late mRNA is provided
through replication of the virus DNA. Alternatively, the onset of viral DNA re-
plication leads to changes in the specificity of mRNA polymerase or of enzymes
which are responsible for processing of RNA.

Studies on adenovirus DNA replication might also be rewarding. Adenoviruses
differ from most other microorganisms in the structure of the replicating DNA
and in the lack of requirement for continuous protein synthesis after DNA re-
plication has begun (Horwitz ef al., 1973). The isolation of adenovirus mutants,
which are temperature-sensitive for viral DNA replication, and the development
of a nuclear system for ¢n vitro DNA synthesis in which DNA synthesis can be
studied under different conditions, are two important advances which soon could
lead to the identification of the factor(s) required for replication of adenovirus
DNA.

Another interesting aspect of adenovirus reproduction is the suppression of
the host protein synthesis late in infection. Some regulatory mechanism has to
operate at the translational level causing the replacement of the host mRNA by
viral mRNA in protein synthesizing polyribosomes. Since the host mRNA is long-
lived and no enhanced degradation of host mRNA has been observed after in-
fection, this effect may be caused by specific initiation of viral messenger RNA.
Such effects could be due to the structure of the viral mRNA itself or specific
viral initiation factors. A possible candidate for such a function is the polypeptide
which is found associated with messenger RNA exclusively in adenovirus infected
cells (LiNnDBERG and SunNDQUIST, 1974). Adenovirus infection in monkey cells
provides an interesting possibility to study translational regulation. Infection of
monkey cells with human adenoviruses leads to synthesis of viral DNA and both



88 Aspects on Adenoviruses as a Tool in Cell Biology

early and late viral mRNA, but late viral mRNA cannot be efficiently translated
unless an unidentified SV 40 function is concurrently expressed. This helper func-
tion can be provided by SV40 virus, adenovirus-SV40 hybrids and monkey cells
which are transformed by SV40. Studies on non-defective adenovirus-SV40
hybrids suggest that the early SV40 U-antigen may be related to this regulatory
protein which facilitates adenovirus translation. A specific polypeptide band pre-
sent in cells infected with SV40 or the hybrid virus ad2+ND; has already been
identified (LoPEz-REVILLA and WALTER, 1973). Further studies on this system
should provide valuable information on regulatory mechanisms for adenovirus
translation.

Many adenovirus serotypes are oncogenic and adenoviruses in general seem
to be able to transform cells in vitro. Adenovirus transformed cells have many
properties in common with tumor cells and also cells transformed by other viruses.
Since cell transformation by viruses involves addition of a small amount of extra
genetic information, it may ultimately be possible to correlate certain viral gene
products with changes in growth properties of cells i vitro. It is of great interest
that adenovirus transformation can be accomplished with naked DNA and that
only a minor part of the genome seems to be required both for transformation
and for maintenance of the transformed state (GRAHAM and VAN DER EB, 1973b;
SHARP et al., 1974b; GRAHAM et al., 1974; GALLIMORE et al., 1974). The segment
of the ad2 chromosome which is necessary for cell transformation has already
been identified (GRAHAM et al., 1974; (GGALLIMORE ef al., 1974). This DNA segment
could be used for selection of mRNA which could be translated in an in wvitro
protein synthesizing system. Thus, it might be possible in the near future to
identify the protein(s) which is required for transformation.

The covalent insertion of viral gene(s) into cellular DNA in transformed cells
constitutes a convenient tool to study synthesis and processing of RNA in eukary-
otic cells, since the viral RNA can easily be recognized by hybridization to viral
DNA. Important observations have already been made with the aid of trans-
formed cells. Thus, it was demonstrated in cells transformed by SV 40 and adeno-
viruses that viral RNA sequences are present in larger molecules in the nucleus
than in the polyribosomes (LINDBERG and DARNELL, 1970; ToNEGAWA et al., 1970;
GREEN et al., 1970). Subsequently, it has been shown that the nuclear RNA in
transformed cells contains covalently linked host cell and viral RNA se-
quences (TSEUT ef al., 1972; WALL et al., 1973). In contrast, mRNA in the cyto-
plasm contains only viral sequences which appear to be derived from the 3’ end
of giant nuclear RNA molecules (BACHENHEIMER, 1974).

Important questions, which still remain to be answered, are whether transcription
in eukaryotic cells is controlled by specific initiation and termination or by post-
transcriptional cleavage and degradation.

In conclusion, the adenoviruses may turn out to be more important as tools
to unravel the mechanisms for macromolecular synthesis in mammalian cells
than as agents causing human diseases. Thus, these viruses born concurrently
with molecular virology in 1953 have and will probably continue to serve as
important tools for further progress in this field.
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