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ABSTRACT

Restriction of adenovirus type 2 
replication in Chinese hamster cells

by
Rachel Levi Radna 

Advisor: Professor Harvey L. Ozer

A study of human adenovirus type 2 (Ad2)infection 
in Chinese hamster cells (CHO, V79) was undertaken. It 
was found that Ad2 infected Chinese hamster cells, 
however, multiplicities of infection greater than 1 
pfu/cell needed. The peak of viral DNA synthesis was 
delayed. No progeny virus was made and the viral late 
genes were expressed differentially with the 
structural proteins synthesized at a level lower than 
the 100K protein. Hexon is moderately reduced and 
fiber is not detectible. This overall pattern is 
similar to that obtained in adenovirus infection of 
monkey cells (CV-1); however, the reduction is more 
pronounced in CHO. The low level of fiber in CHO could
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explain the failure to observe progeny virus.
The role of SV40 T antigen as a helper to 

adenovirus infection of Chinese hamster cells was 
examined. A cell line was developed in CHO which 
constitutively synthesized T antigen from an integrated 
SV40 genome. Infection of such Chinese hamster cells 
and conventional CHO cells with an adenovirus-SV40 
hybrid (AdNDl) did not result in progeny virus or 
increased fiber synthesis.

Chinese hamster X human cell hybrids were infected 
with adenovirus; some hybrids were found to correct the 
defect in Ad2 replication. Those hybrids which had many 
human chromosomes produced progeny virus. The reduced 
hybrids did not, however, some reduced hybrids 
overcame the block to fiber protein synthesis. It was 
not possible to assign the responsible function to a 
unique human chromosome.
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CHAPTER 1 s INTRODUCTION

Adenoviruses and human adenovirus, in particular, 
have been the subject of intensive study. This 
introduction will not review the entire subject of 
adenovirology, but rather present those facts most 
relevant to this present study.

In 1953 Rowe placed adenoids that were 
surgically removed from children into tissue culture; 
he noticed .that the cultures showed degeneration 
after a time. He was then able to serially transmit 
this degenerative effect to established lines of 
human cells (e.g. HeLa) by filtered culture fluid.
The agent responsible was called adenoid degenerating 
agent. In the next few years, many viruses were 
isolated belonging to this same general group.
Viruses with similar properties were isolated from 
other animal species including monkeys, dogs, mice 
and cattle. In 1956 the name "adenoviruses" was given 
to the group (Tooze, 1980).

There are at least 80 members of the adenovirus 
group, categorized into six subgroups according to the 
natural host species. All Bhare some common general



properties. The best studied of the adenoviruses are 
the human strains. At least 37 distinct serotypes have 
been recognized (Wigand et al., 1982). Adenoviruses 
can be classified into five groups: A, B f C, 0 and E. 
These are subgrouped on basis of oncogenicity, DNA>DNA 
homology, and clinical presentation.

It was first shown by Horne et al. (1959) that 
the infectious particle is 65-80nm in diameter and is 
composed of an inner core and an outer icosahedral 
shell <20 equilateral triangular faces). The virus is 
non-enveloped and is comprised essentially of DNA and 
protein. The outer capsid is composed of 252 capsomers, 
240 of which have six neighbors and are called hexons, 
while 12 are at the vertices, have five neighbors and 
are called pentons. Each penton unit is formed of a 
base ("penton base") anchored in the body of the 
capsid, from which projects an antenna-like structure, 
the fiber, which terminates in a knob. Figure 1 shows 
a diagramatic representation of a typical adenovirus.

The adenovirus genome is a linear molecule of
6double stranded DNA with a molecular weight of 23 X 10 

daltons for serotypes 1,2 and 5 (Green, 1967). The 
genome codes for 20-30 proteins at least 15 of which 
are incorporated into the viral particle. Table 1 
describes some of the viral proteins.
If the double-stranded DNA is melted and the single
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Figure 1: Model of the arrangement of structural
proteins and viral DNA in the virion. The 
positions of the structural polypeptides are 
indicated by Roman Numerals (Tooze, 1980).
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Table 1

A.
Structural polypeptides of adenovirus 2

Polypeptide
Protein Molecular weight No./virion Polypeptide molecular weigh

Hexon 313,000-380,000 240 II 90,000-120,000
" (3/hexon)
Penton 600,000-515,000 12 HI 85,000

Fiber 183,000-207,000 12 IV
(5-6/penton)

60,000-65,000

Major ci re protein 18.000 -1000 VII
(3/fiber)

18,500
Minor coie protein 48.000 -200 V 48.500
Hexon-m Ociated I (all) 50.000 -450 VI ' 24.000
Hexon-ai ociated I I . 15.000 n.k. VIII 13.000
Hexon-associated III n.k.k n.k. Ilia 66,000

(peripentonai) 
Hexon-associated I n.k. n.k. IX 12^00

(groups of 9)

.a from Tooze (1980) 
b n.k., not known



strands of the DNA are allowed to reanneal, circles of 
DNA are formed, indicating that there are inverted 
repeat structures at the two ends of the viral DNA 
(Garon et al., 1972;Wolfson and Dressier, 1971).
Adenoviral DNA has a viral-encoded protein covalently 
linked at both of its 5' termini (Robinson et al., 1973).

The interaction of human adenoviruses with 
different species of mammalian cells leads to several 
different responses. When adenovirus infects the 
cells of its permissive host, such as HeLa cells in 
culture, a productive course of infection is followed. 
Adenovirus enters the cell after it becomes attached to 
specific receptors found on the surface of the cell.
This is achieved by the process of pinocytosis (Chardonnet 
and Dales, 1970a;1970b), or by penetration of the membrane 
(Lonberg-Holm and Philipson, 1969). Once the virus is inside 
the cell, uncoating begins by the loss of the penton 
capsomers. The pentonless particle is then 
transported to the nucleus where it becomes associated 
with nuclear pores. Here the remaining capsomers are 
removed; the DNA-protein core alone enters the nucleus 
(Chardonnet and Dales, 1972).

The infectious cycle is divided into early and 
late phases delineated by the onset of viral DNA 
replication. Philipson et al. (1975) as well as Sharp 
and Gallimore (1975) mapped Ad2 specific early mRNA to 
four discrete regions in the viral genome, two in each



strand (designated 1 and r): regions E1A, E1B, and E3
from the r strand and regions E2A, E2B, and E4 from 
the 1 strand. The E1A region encodes function(s) 
which are essential for the expression of other early 
region genes (Berk et al.,1979). Figure 2 shows the 
viral genome and summarizes the major viral 
transcription patterns.

Five major species of Ad2 early mRNA can be 
detected. Chow et al. (1977) showed that many of 
these RNA species are spliced; that is, they contain 
covalently linked sequences transcribed from 
noncontiguous regions in the Ad2 genome. It follows 
that a large number of virus-specific polypeptides 
are synthesized in the early phase of infection. One 
of these early proteins produced in large amounts is 
the 72K protein, encoded in region E2B. It was found 
to have a functional role in that it binds to single 
stranded DNA; hence it is also referred to as DNA 
binding protein (DBF). It plays a role in DNA 
replication, probably both in initiation (van der 
Vliet and Sussenbach, 1975) and elongation (van der 
Vliet et al., 1977). It also may have a role late in 
infection, since 5 different mutant viruses with an 
alteration in the DNA binding protein were able to 
overcome the block to late gene expression in monkey 
cells (Klessig, 1979) as discussed later. It also is 
thought to have a role in viral assembly (Nicolas et
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Figure 2: Map of the Ad2 genome.
Early RNAs are depicted by thin arrowB and late 
RNAs by thick arrows. The proteins are 
designated by numbers. Roman numerals designate 
the capsid proteins. Polypeptides synthesized as 
larger precursor proteins have the prefix p 
(i.e.,pVI). Taken from Genetic Maps (1984) 
Stephen O'Brien Ed.
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al., 1983). The initiation of viral DNA synthesis 
requires early gene products. However, once progeny 
DNA molecules appear, DNA synthesis becomes 
independent of protein synthesis.

Replication of adenovirus DNA is seroiconservative 
(Bellet and Younghusband, 1972). The model for the 
mechanism of adenoviral DNA replication was originally 
proposed by Daniell (1976). Synthesis is initiated at 
the left end or -;.-.e right end, and copying of one of 
the two parental strands proceeds to completion, fully 
displacing the other strand. This synthesis proceeds 
in the 5'— >3' direction (Type I synthesis). The self- 
complementary ends of the displaced DNA strand 
hybridize to form a circular intermediate. This 
intermediate contains a double-stranded region which 
is used as an initiation site for replication of this 
structure, resulting in a second double-stranded viral 
genome (Type II synthesis). It was first postulated 
by Rekosh et al. (1977) and subsequently demonstrated 
in vitro (Challberg and Kelly, 1982) that the 
terminal protein (as an 80,000 dalton precursor 
protein) functions directly as a primer by covalently 
binding deoxycytidine as the 5' terminal nucleotide of 
the new DNA chain.

By 15 to 20 hrs after the initiation of infection, 
and after the onset of DNA replication, 20-40% of the



total RNA in the cell is viral in origin, and viral 
mRNA has almost completely replaced cellular mRNA on 
the polyribosomes. During this late phase of 
infection there appears a nuclear RNA species that is 
considerably larger than mRNA (see Figure 2). 
Adenovirus 2 late mRNA species carry 5' capped 
structures that resemble cellular mRNA. In addition, 
the majority of late mRNA have a 5 '-terminal sequence, 
150-200 nucleotide in length, transcribed from three 
sites in the Ad2 DNA located in the r strand 
(tripartite leader) distant from the body of the 
message. The major late promotor site was determined 
to be between 16.3 and 16.5 map units. Examination of 
the DNA sequence in this region revealed a 10 
nucleotide sequence identical to the capped sequence 
of the late mRNAs. The sequences surrounding this 
promotor site have interesting properties; the 
immediate preceding sequence is purine rich, the 
promotor sequence itself can be arranged in a 
secondary structure which includes a single stranded 
loop containing the start site, and 31 nucleotides 
upstream from the 5 'end of the RNA is a sequence 
TATAAAA, which is similar to sequences observed at a 
equivalent position in a number of eukaryotic 
transcription units. A model of transcription 
initiated at a site near 16.4 map units gives rise to 
very large RNA molecules which include the 3 segments
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of mRNA to be spliced into late mRNAs. A mechanism by 
which intervening sequences are spliced followed by 
intramolecular ligation is proposed to generate the 
mRNA molecules found in the cytoplasm (Klessig 1977;
Berget et al./ 1978). It follows that the mRNA 
for many late proteins including hexonr 100K and 
fiber are processed from a large precursor RNA 
initiated from a single promotor. This point is 
discussed in more detail later.

After the late messages are transcribed and 
translated, the structural proteins are transported 
from the cytoplasm to the nucleus, where assembly of 
the virion takes place. The first steps in assembly 
can be defined as the formation of the major 
structural units of the capsid; the hexon, fiber and 
penton base, from monomeric polypeptide chains during 
the late phase of viral infection. It was reported by 
Oostrom-Dragon and Ginsberg (1981) that the 100K 
protein provides an essential function in the assembly 
of nascent hexon polypeptide chains into mature 
hexons. The 100K protein is a viral nonstructural protein 
which is synthesized in large amounts during late 
infection. It is thought that the 100K protein functions 
in the capacity of a scaffolding protein to assist in 
transport and assembly of hexon. There are two 
distinguishable classes of hexon trimers which can be 
separated on the basis of their charge (Boulanger,
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1975). It is postulated by Oostrom-Dragon and 
Ginsberg that to obtain these two classes of hexons, 
the 100K protein may hold the hexon in a particular 
conformation to allow specific folding of the chains. 
These trimers take part in higher orders of assembly 
to form the groups of nine hexons associated with the 
faces of the adenovirus icosahedron. The fiber 
polypeptide is glycosylated (Dorsett and Ginsberg,
1975) and associated into a trimeric structure with a 
sedimentation coefficient of 6S. A 10.6S penton which 
consists of fiber and penton base (Carstens and Weber, 
1977) has also been isolated. The penton interacts with 
the 12S hexons to yield intermediate particles which are 
probably precursors of infectious virions. Several 
types of particles are produced late in infection in 
addition to intact infectious virions. One type 
consists of capsids without DNA and are called empty 
particles or top components (Ishibashi and Maizel,
1974). Another type called incomplete particles 
contains viral DNA sequences which are shorter than 
full-length virion DNA (Burlingham et al., 1974). Both 
types of particles have been suggested to be 
intermediates in the assembly of adenovirus, based on 
studies with viral temperature sensitive (ts) mutants.
In the case of H5tsl42, an Ad5 mutant ts in fiber, 
empty capsids accumulated at the non-permissive 
temperature. When the temperature was lowered to
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the permissive temperature, particles were detected 
into which viral DNA appeared to be entering. It was 
also determined that the left end of the viral DNA 
appears to enter the empty capsid first during 
assembly (Chee-Sheung and Ginsberg, 198Z). The 
requirement for concurrent and continued viral DNA 
synthesis for the assembly of normal virus particles, 
and that these processes may be physically coupled has 
been reported by Weber et al. (1985). Between 4,000 -

N10,000 progeny viral particles are produced per 
permissive cell (Green and Daesch, 1961).

When human adenovirus infects cells other than 
those of its natural host, a semi-permissive or 
abortive course of infection ensues. The particular 
course of infection depends on both the nature of the 
infecting virus and the type of host cell. Group C 
(1,2,5,6) adenoviruses can replicate nearly as well in 
hamster cells as in human cells (Takahashi, 1972). 
Infection of rat embryo cells with these viruses shows 
a moderate decrease in progeny produced (1,000-2,000 
pfu/cell). Different tissues within the rat embryo 
differ in their ability to support viral growth.

Younghusband et al. (1979) reported that when C57 
black mouse cells were infected by Ad5, early viral 
antigens (e.g. DNA binding protein) are made in most 
cells, but fewer cells make late antigens and the yield 
of infectious virus is much lower (< 0.2 infectious



units per cell) than that in semi-permissive rat cells 
(Gallimore, 1974). Silverstein and Strohl (1985) 
reported that in Ad2 infection of mouse B3T3 cells, both 
early and late virus-specific antigens were 
synthesized. The yield of progeny virus varied from 
0.1-10 infectious units per cell, depending on 
experimental conditions. In contrast, hamster cells 
are completely nonpermissive to adenovirus type 12. 
Adenovirus 12 enters hamster cells; early mRNA and 
proteins are made; but replication of viral DNA does 
not take place (Doerfler, 1968).

In some cases, infections as above result in a 
permanent alteration of the growth properties of the 
cell, similar to oncogenesis, and are associated with 
persistent expression of some viral functions. This is 
known as transformation. When DNA from eight 
different Ad2 transformed rat cells was analyzed 
(Sambrook et al., 1975; Sharp et al., 1974; Gallimore 
et al., 1974) as to the nature of the viral sequences 
they contained, it was found that viral sequences were 
integrated into the cellular genome. None of the 
transformants contained a complete adenovirus genome; 
the only viral DNA sequences which were common 
to all these cell lines contained the left-hand 14* of 
Ad2 DNA, also referred to as the E1A region.
Transfection with purified DNA from this region alone 
can result in growth transformation (Houweling et al.,
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1980). Similar results have been obtained with other 
adenoviruses and other cell systems. The frequency of 
transformation varies over a wide range but is 
typically low. The low frequency and integration of 
subgenomic fragments is likely related to the fact that 
most Ad-cell interactions are associated with cell 
death due to viral gene expression. Consequently stable 
associations logically occur in the absence of an 
intact viral genome. This model is supported by 
observations with other cytopathic DNA tumor viruses, 
as the Papovaviruses (Small et al., 1982) and exceptional 
Ad2 or Ad5 cell interactions in which all, or virtually 
all, of the Ad genome persists. Examples of the latter 
include transformation of CREF cells which are non- 
permissive for virus replication (Dorsch-Hasler et al., 
1980), transformation by a viral ts mutant defective in 
virus DNA synthesis (H5tsl25, Mayer and Ginsberg, 1977) 
and transformation with a deletion mutant which is 
defective in viral genome expression in a 
host-dependent manner (Van Doren et al., 1984).
Integration of viral sequences may also occur in acute 
infection but there is no evidence that such is an 
essential feature of viral replication (Fanning et al.,1978) 
The viral DNA intermediate in integration has not been 
defined; proposals include circular forms which have 
been noted as minor species or due to the terminal 
repeats (Graham, 1984) in addition to the linear
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genome.

The beet studied semipermissive infection involves 
Ad2 or Ad5 infection of monkey cells. There is a 
decrease by a factor of about 1,000 in the amount of 
progeny virus produced when adenovirus infects primary 
African green monkey cells (AGMK) as compared with human 
cells. The adsorption and entry appear to be normal 
(Feldman et al., 1966). It was reported by Friedman et 
al. (1970) that both the onset and the rate of viral 
DNA synthesis are comparable. Early proteins are 
synthesized; however, the synthesis of some late 
adenovirus proteins is reduced. This defect is 
corrected by coinfection with SV40 (see later for 
details). This latter phenomenon is known as 
enhancement.

There is an ongoing controversy regarding the 
failure of monkey cells to synthesize some late viral 
proteins. The protein synthesizing machinery of monkey 
cells were examined, as it was suggested that viral 
mRNA could not be efficiently translated by the monkey 
cell polyribosomes. It was demonstrated by Eron et al. 
(1975) that viral messages extracted from adenovirus 
infected monkey cells were translated in̂  vitro as 
efficiently as viral messages extracted from enhanced 
infection. On the other hand, it was observed by 
Nakajima et al. (1973) that polyribosomes from monkey 
cells could not translate viral mRNA efficiently in
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vitro. They observed the ability of monkey cell 
polyribosomes from enhanced infections to translate 
viral messages more efficiently, postulating that 
coinfection with SV40 induced the synthesis of new 
initiation factor(s) and, therefore, translation takes 
place.

On the other side of the controversy, it was 
suggested that failure to synthesize late viral protein 
rested at the level of mRNA production. Klessig and 
Anderson <1975) found the steady-state levels of 
cytoplasmic late mRNAs encoding late viral proteins 
were reduced by a factor of 2-10, resulting in a 
comparable reduction in synthesis of most late viral 
proteins. They found a drastic reduction in the 
synthesis of fiber polypeptide, however; it was reduced 
by a factor of greater than 100 even though the 
steady-state level of mRNA encoding this protein was 
reduced by a factor of only 5-10 (Klessig and Chow, 
1980; Anderson and Klessig, 1983). Multiple studies 
demonstrated that there is a less severe decrease of 
other late viral proteins in the unenhanced infection. 
Klessig and Anderson (1975) also reported that some 
polypeptides such as 100K and IVa2 were synthesized 
at a normal amount. Futhermore, they reported that 
a similar pattern of synthesis took place when late 
messages from this unenhanced infection were translated 
in vitro. The discrepancy between the amount of fiber
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mRNA transcribed and that which ends up translated into 
fiber protein was addressed in Klessig and Chow's 
1980 study. They reported that the fiber mRNA had a 
normal, capped tripartite leader at its 5 'terminus, but 
that a large proportion of these molecules contained 
long sequences between the tripartite leader and the 
main body which were not spliced out of the initial 
transcript during maturation of the fiber mRNA. The 
presence of these RNA species suggests that splicing of 
the fiber message in the monkey cell line CV-1 cells may 
be somewhat anomalous. More recently/ Anderson and 
Klessig (1984) looked at the 5 'ends of fiber messages 
from several different productive and semi-permissive 
infections. They report a direct correlation between 
synthesis of the fiber polypeptide jin vivo and the presence 
of the "x" and/or "y" ancillary leaders on messages encoding 
the fiber polypeptide. They speculate that since only 
the fiber message can contain the x or y leader 
sequence and the fiber protein is the only late protein 
to be glycosylated, these leader sequences play a role 
in the synthesis of this glycoprotein. This 
post-transcriptional model was supported by cell fusion 
studies (Zorn and Anderson/ 1981). They demonstrated 
that Ad2 fiber protein is expressed upon infection of 
50-100 cell colonies of recently fused monkey and human 
cells by use of immunofluorescence techniques whereas 
infected monkey cells alone were negative. Hybrid
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cells were verified by the presence of visual markers 
(latex beads) from each cell. Since fiber production 
could be rescued in Ad2 infected monkey cells fused to 
uninfected human cells, it was postulated that human 
cells contain a "dominant" factor that acts in trans 
and overcomes the block to fiber synthesis in monkey 
cells. Moreover, reconstructed cells from infected 
human karyoplasts (nucleus-containing bodies) and 
monkey cytoplasts expressed fiber, whereas cells 
contructed from infected monkey karyoplasts and human 
cytoplasts did not. Hence, these results seem more 
consistent with the hypothesis that the block involves 
a nuclear event which interferes with the formation of 
functional mRNA. It is also suggested from the 
reconstruction experiments that the translational 
machinery of monkey cells is competent to translate 
functional fiber mRNA synthesized in human cells. 
Finally, it should be noted that differences in results 
obtained by the different groups may be a reflection of 
the varied responses of the different monkey cell lines 
to infection by Ad2. For example the VERO line of 
monkey cells is even permissive for this virus (Eron, 
1975).

It was first reported by Rabson (1964) that 
coinfection with simian virus 40 (SV40) increased the 
replication of adenovirus in monkey cells to a level 
comparable to that found in human cells. This



responsible factor must be an early function since 
SV40 does not replicate its DNA during coinfection 
(Nakajima and Qda, 1975). This interpretation is 
supported by the fact that some SV40 group A mutants 
<early gene encoding SV40 T antigen) are not good 
helpers for adenovirus growth in monkey cells. The 
exact nature of the helper function is not known, but it 
is encoded by the region of the SV40 genome between 16 
and 22 map units, since infection with Ad2-SV40 hybrid 
virus (e.g., Ad2NDl) that contains a segment encoding 
only the carboxyl terminus of the SV40 large T antigen 
is permissive (Lewis et al., 1969).

Klessig (1977) reported the isolation of several 
host range mutants of adenoviruses 2 (Ad2hr400-403) and 
5 (Ad5hr404) which multiply efficiently in monkey cells 
without the aid of helper virus. This mutation was 
mapped to the gene encoding the 72K DBP (Klessig and 
Grodzicker 1979), more specifically the result of a 
point mutation in the amino terminal part of the 
adenovirus DNA binding protein (Anderson, 1983;
Kruijer, 1981). As noted previously, the 72K protein 
is required for viral DNA replication (Ginsberg, 1975). 
Since viral DNA replication in unenhanced monkey cells 
proceeds normally, the mutation must effect a second 
functional domain of the protein which is needed for 
late gene expression.

Somatic cell fusion permits cells of different
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types and of different species to be fused together.
The resultant cell contains the genetic information of 
both parental cell types (Ozer and Jha, 1977). Cell 
fusion occurs spontaneously in culture at a low rate.
With the aid of Sendai'Virus, the efficiency of fusion 
can be increased markedly. Since that observation a 
number of fusion techniques have been reported, the most 
useful of which is polyethylene glycol (PEG). The 
resulting binucleate or multinucleate cells formed by 
fusion of parental cells of different species have been 
termed heterokaryons. These cells are viable and capable 
of limited division. Those nuclei which enter mitosis 
together are usually reconstituted as a single unit.
Cells in which a single nucleus contains chromosomes of 
both parental species are called synkayons or somatic 
cell hybrids.

Chromosomes may be lost from hybrid cells at a 
fairly steady rate following fusion. When the 
chromosomes of one parental genome are lost 
preferentially over many generations, the resulting 
daughter cells have a chromosome complement that 
consists of a resident set of chromosomes from one 
parent with the addition of a few chromosomes from the 
other. It is possible to identify the additional 
chromosomes and to try to correlate their presence with 
the expression of genes of this parent. This 
preferential chromosome I06S provides a tool for
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napping chromosomes. The human genome is quite amenable 
to this technique as human chromosomes are 
characteristically lost from human-rodent cell hybrids. 
Cell hybrids can be probed for the study of host cell 
functions required for virus infection. In a 
non-permissive or semi-permissive system (i.e. 
restrictive system), the block to viral replication 
could be found anywhere along the route of normal viral 
growth, i.e. adsorption, expression of early genes, DNA 
synthesis, late gene expression and virion assembly.
The block could be due to the fact that a host cell 
product essential to virus infection is absent in the 
restrictive host. Alternatively, the viral proteins may 
interact inefficiently or ineffectively with the 
relevant cell protein. Replication of viral particles 
may occur when cell fusion takes place between 
permissive and restrictive cells. Restoration of viral 
replication may also occur when cells of different 
semipermissive cell lines are fused to form hybrids 
if these cell lines complement each other, i.e. 
defective in different processes.

It has been shown by Miller et al. (1974), Lemons 
et al. (1977) and Brown et al. (1979) that 
permissivity often is dominant when such experiments 
are performed. When a situation arises in which the 
permissive host is also the one whose chromosomes are 
preferentially lost, it becomes possible to identify the
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chromosome<s) whose gene products are required for 
viral replication. It was demonstrated by Miller et 
al. (1974) that the presence of human chromosome 19 in 
mouse X human hybrid cells was responsible for the 
susceptibility to polio virus. This particular chromosome 
(19), together with chromosome 6 was implicated in the 
productive infection of Baboon M7 Type C Virus in 
Chinese hamster X human cell hybrids as reported by 
Brown et al. (1979). However, they were unable to 
exclude a function coded for by human chromosome 3. In 
both cases, the relevant human gene encoded a surface 
membrane receptor. Francke and Francke (1981) were 
able to demonstrate the requirement for the long arm of 
human chromosome 11 in the replication of Herpes 
simplex virus type 1 in hybrids between restrictive 
Chinese hamster and permissive human fibroblast. The 
gene product was not defined biochemically but it 
functioned at a step subsequent to viral DNA synthesis. 
Garver et al. (1980) studied SV40 infection of hybrids 
involving semi-permissive Chinese hamster cells and 
permissive monkey cells'. Permissivity was dominant and 
correlated with monkey chromosome 12 (related to human 
chromosome 11) but all hybrids contained large numbers 
of primate chromosomes. The site of restriction 
analysed was after viral uncoating since all studies 
were performed with infection by viral DNA, bypassing 
(other) potential blocks in adsorption etc. A few genes
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responsible for susceptibility to virus were mapped in 
mouse cells using somatic cell hybrids (Oie et al., 
1978). No studies have been reported on 
adenovirus infection of clonally isolated 
synkaryons, although two laboratories have investigated 
adenovirus infection shortly after cell fusion. Weber 
and Stich <1969) studied the replication of Ad2 and 
Adl2 in heterokaryons produced by fusion of permissive 
(human HEp2) cells and hamster (BHK21) cells 
non-permissive for Adl2 replication and restrictive for 
Ad2. They found by immunofluorescence that infection 
of the heterokaryons led to the formation of 
intranuclear inclusion bodies and viral antigens. They 
later reported (Weber and Stich 1970) that when they 
fused Adi2 infected BHK21 cells with HEp2, they failed 
to see viral inclusion bodies or V-antigen. It led 
them to conclude that the presence of the HEp2 
cytoplasm or nucleus at the time of infection 
influences the expression of the viral genome. As 
noted earlier, Zorn and Anderson (1981) observed that 
reconstituted cells involving monkey and human cells 
were permissive for Ad2.

The fact that adenovirus uses the host cell 
machinery to replicate its DNA makes it a good model 
for the study of host cell factors involved in DNA 
replication. It was with the aid of mutant cells that 
DNA replication in prokaryotic cells was deciphered.
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The need for eukaryotic mutant cell lines to study 
mechanisms of DNA replication is obvious. There has 
been a dearth of eukayotic DNA synthesis mutant cells 
and their isolation has been difficult. However, the 
established Chinese hamster cell lines CHO and V79 are 
particularly amenable to recovery of mutants.

Since one of the major interests of our laboratory 
is the host cell factors involved in DNA replication, 
considerable effort has been devoted to the isolation 
of temperature sensitive DNA replication mutants in 
these cell lines. At the time that this study was begun, 
there was no report of a DNA virus which replicated in 
them. This study commenced originally as the 
replication of Mouse adenovirus FL strain in CHO, with 
the rationale that the CHO cells were more likely to 
replicate the mouse adenovirus than the human strain, 
mouse being closer to hamster phylogenetically. It 
was then reported by Horwitz and Longiaru <1981) that 
adenovirus replicated its DNA in CHO, though they 
failed to observe synthesis of late proteins. It was 
at this time that the switch to the study of adenovirus 
type 2 in CHO was made. The reason for the switch was 
that the human viruses had been studied extensively, 
and there 'were many reagents that would be available 
for the study of the Ad2-CH0 system.

It was therefore, the focus of this thesis to 
characterize the properties of Ad2 infection of
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semipermissive CHO and V79 cells. Analysis of viral 
replication in mutant and wild type cells may be 
restricted in some manner. A study of this 
restriction should provide insight into cell functions 
needed by the virus in different aspects of the 
virus-cell interaction. Since these viruses are 
rather well characterized in terms of their genome 
structure and molecular biology, they provide probes 
or models for different aspects of cellular 
macromolecular biosynthsis in so far as they utilize 
host functions. The use of somatic cell hybrids was 
exploited to assign which human chromosome(s) are 
responsible for the susceptibility to adenovirus type 2.
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CHAPTER 2: MATERIALS AND METHODS

2.1 CELL LINES AND TISSUE CULTURE PROCEDURES

2.1.1 Mammalian cell lines and culture conditions

Cell lines used in these studies and the sources 
from which they were obtained are listed in Tables 2, 3 
and 4. Cells were grown in Dulbecco's modified 
Eagle's medium (DME, M.A. Bioproducts) supplemented 
with 10% Fetal Bovine Serum (FBS, M.A. bioproducts), 
penicillin "G" phosphate (Gibco, .05gm/l) and streptomycin 
sulfate (Gibco, .05gm/l) in a 10% CO^ atmosphere at 
37°C. The human X Chinese hamster cell hybrids were 
expanded for the initial experiment and stored at an 
early passage. All repeat experiments were performed 
with freshly plated cells two passages from frozen 
storage. Dialysed FBS was required for experiments 
involving expression of Dihydrofolate Reductase (DHFR) 
and was prepared in the following manner: dialysis
tubing (Spectrapor, S/P) was soaked and boiled for 10 
min in 2% NaHCOj ,0.001 M ethylenediaminetetracetate 
(EDTA). The tubing was then washed and boiled in 
distilled H^O. Serum was dialyzed against Hanks'



T a b le  2

Designation of Chinese hamster cell lines

Cell line 
designation

CH0-K1

DUK

T2

TNT

AK412

V79, Don 

E36-34

A23

Source

Ovary derived 
fibroblast

CH0-K1

CH0-K1

T2

CH0-K1

Lung derived 
fibroblast
V79

Don

Laboratory

Chasin

Sharp

Siminovitch

Ozer

Francke

Francke

Comment

wild-type parent 
(proline auxotroph)
DHFR deficient 
(isolated by Chasin)
resistant to multiple 

drugs
selected for spontaneous 
resistance to thioguanine 

(HPRT deficient)
HPRT deficient used as 
parent for cell hybrids

Wild Type (WT)

HPRT deficient, used 
as WT and for cell hybrids

Thymidine Kinase deficient, 
used as parent for cell 

hybrids

CHE Embryo Francke
f ibroblast

not established cell line
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Table 3
Designation of Primate Cell lines

Cell line Source Laboratory
designation
HeLa human Feldman

cervical ca
HEK human Feldman

embryo kidney
HS74 human Smith

fetal bone 
marrow derived 
fibroblasts

Comment 

Wild Type 

not established 

not established

CV1 African Green 
Monkey Kidney

Berg wild type permissive 
for SV40 

semi-permissive for Ad2
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T a b le  4

Designation of 
CH X Human Cell Hybrids obtained from U. Francke 

(Francke and Francke, 1981)

[ human f ibroblasts
Thesis
lesignation

Literature
Designation

Passage
History

i > I '-j >
UF1 XV-G1 p8AF10
UF5 XV-18B-6a-K2 p9AF8
UF6 XV-F18AG p5AF8
UF7 XV-18B-7a-N4 p8AF8
VFB XV—18A—1Oq—Cl p5AF10
UF18 XVII-10A-12A p2AF2,8

[ human leukocytes

UF3 XII-5E p3AF2
UF10 XII-4A p5AF6
UF16 XII-4A-HAT p5AF6
UF17 XII—2D aza p5AF12
UF2 XIII-5B p3AF4
UF4 XIII-3A pl6AF6
UF9 XIII-4D-1C aza plAF5,7,2
UF14 XIII-7A p4AF3,5
UF19 XIII-7A aza p2AFl,14
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T a b le  4 c o n t .

Thesis
Designation

Literature
Designation

CHO X human fibroblast 
UF11 
UF12 
UF13 

Don X human 
UF15

XXIV-A2b
XXIV-Aga
XXIV-AIIab

XXI-51B

Passage
History

p5
p4
plO

p5AF3

a Roman Numeral indicates cell fusion experiment, 
b p8AF10 means initially frozen at passage 8 (p8), 

thawed and passaged for an addition 10 passages 
(AF10).
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Balanced Salt Solution (Gibco) for 2 days at 4°C with 2 
changes of dialysis fluid. The dialyzed serum was 
collected and divided into 10 ml aliqots in sterile glass 
tubes and stored at -20°C. Immediately before use, the 
tube was thawed, mixed with DME, and sterilized by 
filtration (0.45 u, Nalgene) to prepare the complete 
dialyzed serum medium. This medium was supplemented 
with proline and used to select for the DHFR+ 
phenotype.

Cells were passaged by brief treatment with a 
trypsin-EDTA mixture (0.5 gm/liter trypsin and 0.2 
gm/liter EDTA, M.A.Bioproducts); cells were 
concentrated by centrifugation at 500 X g for 5 min.
Cell counts were obtained with a Royco Tissue Cell 
Counter after dilution in phosphate buffered saline 
(PBS) (0.15M NaCl, 3mM NaHzP0^, 7mM Na HPOy, pH 7.4).
Cell lines were stored in Nunc Cryotubes frozen in 
liquid N or in a -70°C freezer in complete medium 
containing 10% dimethyl sulfoxide (DMSO).

2.1.2 Transfection of mammalian cells by the DNA-CaPCty 
co-precipitation technique (Nigler et al., 1978)

Twenty hours prior to transfection, cells were 
seeded at 5 X lflr* per 100mm Petri dish in 
complete medium. Four hours prior to tranfection,
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cells were refed with DME supplemented with 5k fetal 
bovine serum. DNA precipitates were prepared as 
follows: a double strength DNA-CaCl^solution was 
prepared containing DNA at 40 ug/ml in lOmM tris, ImM 
EDTA pH 7.6 (TE). 2.5M CaCO^* 2H^0 (Malinckrodt) was
added dropwise with constant agitation to a final 
concentration of 250mM. This DNA-CaCl^ solution was 
then added dropwise, to a polypropylene tube (Falcon) 
containing an equal volume of double-strength HEPES 
buffered saline <2X HBS) (280 mM NaCl, 50mM HEPES, 1.5mM 
Na^HPO^•12 H^O, pH 7.05), while bubbling vigorously 
by mouth through a 1 ml plugged plastic pipette. The 
flocculent DNA-calcium phosphate precipitate was then 
resuspended and added dropwise to recipient culture 
Petri dishes (1 ml per 100mm Petri dish). Cultures 
were incubated for 4 hours, the medium was then 
aspirated and cultures were refed with complete medium. 
After 3 days the cells were trypsinized and seeded into 
Petri dishes containing DHFR selective medium. (section 
2.1.1)
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2.2 VIRUS PREPARATION AND PROCEDURES

2.2.1 Virus Stocks

Adenovirus type 2 (Ad2) was grown in HeLa 
suspension culture and purified on CsCl^ gradients 
The virus was prepared by Dr. Lawrence Feldman and two 
different virus pools were kindly provided for these 
studies. In some cases, purified virus (pool 2) was 
dialyzed against lOmM Tris-lmM EDTA, pH 7.9, for 1 day 
with 2 changes of buffer. Glycerol was added to a final 
concentration of 20k after dialysis. Aliquots, were 
stored at -70°C. When virus was thawed for use, a 
limited amount was diluted in DME containing lk FBS 
for infection and the remainder refrozen. Repeated 
freezing and thawing was avoided.

I titered these virus pools using an 
immunofluorescence assay (IF) and, in the case of pool 
2, a plaque assay, as well. This was done as follows: 
HeLa coverslip cultures were infected with varying 
dilutions of stock virus. These cultures were fixed at 
24 hr pi and processed for immunofluorescence as 
described elsewhere in the Materials and Methods. The 
percentage of nuclei positive for 72K protein (a 
viral-encoded protein expressed early in infection) 
was determined. The plaque assay was performed as 
described in the following section. Virus pool 2 was



- 36 -
found to contain 1.0 X 10*° plaque forming units 
(pfu)/ml. Therefore, it was possible to relate the 
percent of cells positive for 72K to virus 
concentration in pfu/ml. Figure 3 is the graphic 
representation of these data. Dilution of virus 
preparation and pfu/ml were plotted against percent 72K 
positive nuclei. This standard titration curve served 
to determine the concentration of other virus pools. 
From the graph, it was calculated that Ad2 pool 1 had 
a concentration of 1.7 X lQt° pfu/ml. Identical results 
were obtained whether IF was performed with infected 
HeLa (as shown > or CV-1 (data not shown).

Non defective Ad2NDl was provided by Dr. Terry 
Grodzicker of Cold Spring Harbor Laboratory. Host 
range mutants <Ad2hr400 and Ad2hr401) were purified on 
CsCl gradients and provided by Dr. Daniel Klessig, 
University of Utah, Medical School. In the case of 
Ad2NDl, virus, in the form of a crude cell lysate, was 
either used directly (Pool 1, 1.4 X 1C? pfu/ml) or after 
preparation of a virus stock in this laboratory. Pool 
1 virus was diluted 1(20 in DME containing IX FBS and 
used to infect confluent monolayers of CV-1 cells <2 ml 
per 75 cm flask). After adsorption for 2 hours, virus 
was removed and the culture refed with 10 ml of 
complete medium. Cells were harvested after 3-4 days 
at complete cytopathic effects (cpe) by repeated 
freezing and thawing the cells in the original medium.
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Figure 3: Ad2 Standard Titration Curve
HeLa coverslip cultures were infected 
with Ad2 virus pool 1 and pool 2 at 
varying dilutions. The coverslips were 
fixed at 24 hr pi and processed for 
immunoflourescence as descibed elsewhere 
in these Materials and Methods. PFU were 
determined on HEK cells as described 
elsewhere in these Materials and Methods. 
Pool 1 ( o ) and Pool 2 ( • ).
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Cell debris was removed by centrifugation at 2000 X g 
for 10 minutes. The supernatant was designated as the 
Ad2NDl virus, pool 2, and was divided into aliquots for 
storage at at -20°C. Its titer was 5 X 10 infectious 
units per ml as determined by IF (See Table 20 in 
Chapter 3.3).

2.2.2. Virus growth curves

Infection for assessment of virus production was 
performed by infecting cell monolayers in 25 cm flasks 
(Falcon, T25) with virus at a multiplicity of infection 
(MOI) of 0.5-1.0 pfu/cell. Two tenths of a milliliter 
of virus suspension was added to cells for adsorption as 
above. The monolayers were then washed carefully 3 times 
with 5 ml DME to remove unadsorbed virus, which would 
interfere with measurement of virus produced. Five 
milliliters of complete medium was added and the 
cultures incubated at 37°C. Samples were harvested 
immediately following adsorption 0 time pi value, 
within the first day pi for an eclipse value, and 3 
days and 5 days pi for measurement of virus production.
At the set times, the monolayers were frozen at -20°C.
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2.2.3 Virus Titration by Plaque Assay

In the case of the viral growth curve, the infected 
cells were frozen at the appropriate times pi. The 
cultures were subsequently frozen and thawed three 
times to effect cell shearing and the release of virus 
particles into the medium. Duplicate samples were 
pooled and centrifuged at 1,500 rpm for 15 minutes in a 
counter top IEC centrifuge. For these and other virus 
preparations, serial 10 fold dilutions were made in DME 
with 1% fetal bovine serum, and 0.2 ml of the virus 
sample was plated (in duplicate) on confluent early 
passage human embryo kidney cells (HEK). The Petri 
dishes were incubated at 37°C for 2. hours with rocking 
every 15 minutes. Following adsorption, the virus was 
removed and the monolayer was overlayed with a 0.65% 
Noble agar (Difco) solution in DME containing 5% fetal 
bovine serum and 0.05 M MgCl^. The overlay was 
allowed to solidify at room temperature (15-20 
minutes) before returning the Petri dishes to the 
incubator at 37°C. Ten days later, the Petri dishes 
were stained with neutral red (3.3 mg/ml neutral red 
(sodium salt), Gibco) either by adding 4ml of a 1:25 
dilution of stock neutral red in DME and incubating the 
Petri dishes for 2-4 hours before removing excess dye, 
or by making the same dilution in agar and adding a 
solid overlay to the Petri dishes to be read the
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following day# Plaques were counted with the aid of a 
light box.
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2.3 ASSAYS FOR VIRAL PROTEINS

2.3.1 Antibodies and immune reagents

Antibody source and origin are summarized in 
Table 5. Monoclonal antibodies to Ad2 proteins were 
prepared as ascites fluid and received lyophilized.
Upon reconstitution, they were diluted in PBS with 1% 
Bovine Serum Albumin (BSA, Calbiochem), filtered and 
stored at 4°C when used for IF. They were used 
undiluted for immunoprecipitation. Staph A (Pansorbin, 
Calbiochem-Behring) is a 10% suspension of fixed 
staphylococcus aureus cells of the Cowan I strain in 
PBS. A typical lot binds at least 2.0 mg human IgG per 
100 mg cells. Preliminary control experiments were 
performed to determine the proper condition for the 
antibody and Staph A immunoprecipitation. The amounts 
used (2 ul antibody, 100 ul pansorbin) were 
demonstrated to be at saturation for 25 ul of infected 
HeLa lysate and the total extract from Chinese hamster 
cells or their cell hybrids as determined by comparison 
of extracts before and after a single immunoprecipitation 
and/or by repeated immunoprecipitations. One exception 
involved the 100K protein in which the monoclonal antibody 
gave incomplete precipitation as noted in Figure 19. In 
most studies the rabbit antiserum, which did not
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TABLE 5
Description of antibody source and 

Specif icity

Antibody Source Specif icity

Roc10OX polyclonal 
(serum)

Ad2 100K protein

MoClOOK monoclonal
(ascites)

Ad2 100K protein

M®< Hexon monoclonal
(ascites)

Ad2 Hexon trimers 
and ninemers only

Roc Fiber polyclonal 
(serum)

Ad2 Fiber free and 
assembled

Mcx’Fiber monoclonal
(ascites)

Ad2 Fiber free and 
assembled

R oc72K polyclonal 
(serum)

Ad2 72K (DBP) 
protein

RocAd5 multivalent 
(serum)

Ad2 or Ad5 virus 
particles

M°t T
(pAb 101) 
(pAb 108)

monoclonal 
(purified)

SV40 T antigen 
(carboxyl terminal 

region)
(am i no term i nal 
region)

Laboratory

H. Ginsberg

C. Cepko/
P. Sharp

C. Cepko/
P. Sharp

C. Anderson 
»

C. Cepko/
P. Sharp

C.Anderson 

M.A. Bioproducts

E. Gurney

a R = rabbit 
b M = mouse
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show this problem, was utilized. Reconstruction 
experiments in which I mixed varying amounts of infected 
and uninfected lysates verified that I could detect small 
amount of viral proteins against a background of cellular 
proteins.

Fluoroisothiocyanate conjugated rabbit anti 
mouse IgG and goat anti rabbit IgG were purchased from 
Miles-Yeda and used at recommended dilutions of 1:32 and 
1:20 in PBS respectively.

Rhodamine-Bovine serum albumin was used as a 
counter stain (NIH Reagent) at final concentration of 
1:40.

2.3.2 Immunofluorescent Staining of Monolayer Cells

Cells were seeded on four rectangular coverslips 
(11mm by 22mm No 2, Cat no. 6663-Q10, Thomas Scientific) 
in a 60mm Petri dish. The next day, the subconfluent 
coverslips were transferred to an empty Petri dish and 
50 ul of the virus suspension of appropriate 
concentration was applied directly to the coverslip.
The Petri dish containing the infected coverslip was 
then incubated in a humidified incubator at 37°C for 2 
hours. At the end of the infection, 5ml of complete 
medium was added. At different times post infection 
the coverslips were fixed by the method of Solomon et al.
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(1979). Medium was removed and the coverslips were washed 
twice with PBS at room temperature. The coverslips were 
then incubated at room temperature overnight in a freshly 
prepared 3.7% formaldehyde solution. The formaldehyde 
solution was then removed and the coverslips were stored 
in PBS at 4°C. To permeabilize the cells, the coverslips 
were incubated for 2 minutes at -20°C in a cold 50% PBS:
50% acetone solution, followed by a 5 minute incubation 
in cold 100% acetone at -20°C and again 2 minutes in 
the 50% mixture. To stain the cells, coverslips were 
transferred to a dry 150 mm Petri dish which served as 
a holder. The appropriate primary antibody was applied 
to the coverslips and they were incubated for 45 minute in a 
humidified chamber at 37°C. Subsequently the coverslips 
were washed 3 times in PBS before the appropriate 
fluorescein conjugated antiglobulin was applied to the 
coverslips and again they were incubated for 45 min. The 
coverslips were then washed three times in PBS and once 
in distilled H^O before they were mounted, cell side down, 
onto a slide using 50% glycerol as mounting media.
The slides were viewed with a Leitz Microscope Ortholux 
Model equipped for fluorescence microscopy with filters 
for fluorescein and rhodamine. Positive and negative 
cells were counted per high power field (63X) under oil 
immersion and the percent positive cells was determined. 
Several fields and at least 200 cells were counted for 
each determination.
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2.3.3 Virus Infection and Radiolabelling of Proteins

Cells were infected with Ad2 at at a MOI of
greater than 50 pfu/cell for hamster cells and a MOI of-
1-10 pfu/cell for human and CV1 cells in the following
manner. The appropriate dilution of virus was made in
lk fetal bovine serum, and 0.2 ml of the virus
suspension was added to cells in duplicate 60 mm
Petri dishes. The virus was allowed to adsorb for two
hours at 37°C with rocking every 15 minutes. The virus
was then removed, and cells were refed with complete
medium. For pulse label, at the determined time post
infection, the cells were starved for methionine
by washing the monolayer with warmed PBS, and
incubating with methionine-free DME (M.A.Bioproducts)
for one hour prior to the addition of radioactive
label. The cells were labeled with methionine free

35medium containing lOOuci/ml S Methionine (New England 
Nuclear, 1143.4 ci/mMole) for two hours (2 ml per 100mm 
Petri dish, 1ml per 60mm Petri dish). For the"long" 
label, at the determined time pi, the medium was replaced 
with a methionine free labelling solution containing 
10k FBS, 10k DME and lOuci/ml 35S methionine (5ml per 
60mm Petri dish).
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2.3.4 Extraction of Radiolabeled Protein and TCA
Precipitation

At the end of the labelling period (pulse or 
long labels), the cells were scraped into the medium 
with a rubber policemen and transferred to a 15 ml 
centrifuge tube. Duplicates were pooled. The cells 
were sedimented by centrifugation in a counter top IEC 
centrifuge for 5 minutes at setting #4 (500 X g) at 
room temperature. The cell pellets were washed with 
PBS and frozen at -70°C. All subsequent procedures were 
performed at 4°C. Each pellet (the equivalent of two 
60 mm Petri dishes) was suspended with 1ml of sonication 
buffer (0.14 M NaCI, 0.01 M Hepes, pH 8.5, 0.01 M EDTA 
and freshly added Phenylmethylsulfonyl Fluoride (PMSF) 
at 250 ug/ml). Samples were sonicated at 0.1 milliamps 
for 3 minutes in a Sonic Oscillator (Model DF101, Raytheon). 
The sonicates were then centrifuged at 1,500 rpm for 5 
minutes and the supernatant was recentrifuged in a 
microfuge at 10,000 rpm for 1 minute. The resulting 
supernatant was referred to as the whole lysate.

For trichloroacetic acid (TCA) precipitation, 
duplicate 5ul aliquots of the lysates were added to 
glass culture tubes containing 1 ml PBS. One 
milliliter of a 20* TCA solution waB added to each tube 
to effect a final concentration of 10* TCA. The tube was
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then incubated on ice for 1 hour. The precipitates were 
collected on GFA filters under suction. The tubes and 
filters were washed with 5% TCA and cold 95% ethanol.
The filters were dried under a heat lamp (Infra-Radiator, 
Fisher) and placed into scintillation vials. To each vial 
1 ml NCS (tissue solubilizer, Amersham) was added. Vials 
were capped and put into a 50°C oven for 10 minutes. The 
vials were cooled before 10 ml of liquiflour (160 ml 
liquiflour concentrate in 3.784 liters toluene) was 
added and radioactivity determined by liquid 
scintillation spectroscopy (Beckman LS-250).

2.3.5 Immunoprecipitation

Immunoprecipitates of viral proteins to be 
analyzed by polyacrlamide gel electrophoresis (PAGE) 
were prepared in two ways. Equal volumes of whole 
lysates or varied volumes containing equal TCA 
precipitable radioactivity were precleared by 
incubation with Staph A for 1 to 2 hrs on ice. Samples 
were centrifuged in a microfuge and the pellets 
containing staph A and any non-specifically bound 
material were discarded. The antibody was added to the 
supernatants and allowed to incubate overnight at 4°C.
100 ul of staph A was then added to the samples and 
re-incubated on ice for 1 hr. The pellets were
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collected by 1 min centrifugation in a microfuge and 
washed vigorously 3-5 times in pellet washing buffer 
(1M NaCl, 0.002M EDTA, 1* NP40 and 0.001M Tris PH 7.5). 
After the last wash, 20ul of 3X sample buffer (30* 
glycerol, 1.5* B-mercaptoethanol, 0.95 SDS, 0.1BM 
Tris, pH 6.8, and a few grains of Bromophenol Blue) and 
30 ul of doubly distilled H^O was added to each sample. 
The samples were resuspended by mixing with a vortex 
and heated at 90°C for 2 minutes to dissociate the 
immunoprecipitate. The samples were centrifuged in a 
micofuge and were loaded on a gel. Typically one-half 
of the samples were used per lane.

2.3.6 Polyacrylamide gel electrophoresis (PAGE)
(Laemmli,1970)

For the preparation of a vertical 12.5* poly­
acrylamide gel, 20 ml of a separating gel solution was 
made up in the following manner. A 30* acrylamide 
(Biorad) and 0.8* bis (Biorad) stock solution was 
diluted appropriately in lower tris buffer (0.4* SDS, 
.15 M Tris-HCl, pH 8.8) plus 60 ul 10* ammonium 
persulfate (Biorad). The solution was put into a 125 
ml side arm flask and then degassed. Nine microliters 
of Temed (Biorad) was added and mixed thoroughly. The 
solution was then poured into a space which was formed



50 -
when 2 glass plates were clipped together with spacers 
(lmm in width) on 3 sides and sealed with hot 1.7k agar 
(Nobel, Difco). A 0.1k SDS solution was layered on 
top of the gel to provide a smooth interface.
After the gel was polymerized (about 30 min), a 10 ml 
stacking gel solution was prepared. The 
bis-acrylamide stock solution was diluted to a final 
concentration of 3k acrylamide in upper tris buffer 
(0.5 M Tris- HC1, pH 6.8, 0.4k SDS) plus 60 ul 10k 
ammonium persulfate and 20 ul Temed. A 12-well (lmm 
width) teflon comb was placed into the stacking gel 
after it had been poured on top of the separating gel. 
It was then allowed to polymerize undisturbed. After 
polymerization has taken place (about 30 min), the 
bottom spacer was removed and the glass plates were 
clipped onto a vertical gel apparatus (Aquaboque, L.I.) 
and the space between the glass plate and the wall of 
the apparatus was sealed with hot agar. Gel running 
buffer (0.025 M Tris, 0.19 M Glycine, 0.1k SDS) was 
added into the upper chamber and leakage into the 
lower chamber was checked. The lower chamber was then 
filled and a syringe with a bent needle was used to 
remove air bubbles at the bottom of the gel. The comb 
was then removed and the gel was subjected to 150 V 
for 10 min before the samples were loaded. Twenty five 
microliter samples were loaded per well and 
electrophoresis was performed for 4-5 hours at 150 V.
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2.3.7 Fixation and preparation of gel for autoradiography

Following electrophoresis, the gel was removed and 
placed into a glass Petri dish with gel fixer solution 
(10% TCA, 10% Acetic Acid, 30% Methanol) for 2 hours 
or overnight. The fixer solution was then removed and 
replaced by Enhance (Autoradiography Enhancer, NEN) for 
1 hour with gentle agitation. After removal of the 
Enhance, the gel was rehydrated for at least 1 hour in 
H^O. A piece of Whatman 3mm paper was cut to 
appropriate size and placed on a gel dryer apparatus 
(Hoefer). The gel was carefully placed on top of the 
filter without distortion, covered with saran wrap, 
and dried with heat under vacuum using a dry 
ice-acetone trap. The dried gel was placed in an 
X-ray film holder cassette with Kodak X-Omat AR-2 
film. The cassette, was wrapped in aluminum foil and 
placed at -70°C for the duration of exposure. The film 
was exposed for varying lengths of time depending on 
the experiment. However all the companion gels 
presented in this thesis were exposed for the same 
length of time. The X-ray film was developed manually 
by conventional photographic processing methods, i.e.
3-5 minutes in developer (Pix-developer, Picker),
1 min in stop solution (Indicator Stop Concentrate,
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Kodak) and 5 minutes in fixer solution (Pix-fixer, 
Picker). Densitometry on autoradiograms was performed 
on a Scanner Model Joyce Automatic Recording 
Microdensitometer {Model MK 111c Joyce, Loebl, and Co).

2.3.8 Immunoblo.tting Procedure (Towbin et al., 1979)

After the completion of electrophoresis,
N

the gel was removed and placed into electroblot buffer 
(192mM glycine, 20k methanol, 24mM Tris, pH 8.3). The 
gel, in contact with a nitrocellulose filter (BA 85, 
Schleicher and Schuell), was placed into the Electoblot 
Apparatus (Hoeffer). After transfer was complete (16 
hours at 0.1 amps), the marker lanes were removed and 
stained 2 min with amido black (O.lg amido black, 45k 
methanol, 10k acetic acid) and destained for 15 min in 
10k acetic acid, and 45k methanol. This was done to 
verify complete transfer of proteins to the 
nitrocellulose filter and for molecular weight 
determination.

For the blotting reaction, the filters were placed 
in a heat-sealable plastic bag ("seal-a-meal", Dazey) 
and incubated 1 hour in blocking buffer containing 3k 
gelatin in Tris buffered saline (TBS) (50mM NaCl, 20mM 
Tris, pH 7.5). At the end of the incubation period, 
the bag was opened at a corner and the blocking buffer
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was squeezed out and replaced with a primary antibody 
solution (i.e. antibody to the viral protein) in 1% 
gelatin. The bag was resealed and incubated on a 
shaker for 1 hour at room temperature. The filters were 
then washed in TBS four times, placed into new bags 
and incubated with goat anti mouse immunoglobulin 
conjugated with horse radish peroxidase (Bio Rad) for 
1 hour on a shaker at room temperature. The filter 
was then washed four times and developed in a solution 
of 0.05k 4 chlor-l-napthol, 0.01k H^O^in TBS. When the 
filter was fully developed (approximately 15 minutes), 
it was rinsed with H^O and photographed. It may be 
stored in the dark at 4°C (in H^O) for several months.
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2.4 PROCEDURES FOR DNA ANALYSIS

2.4.1. Determination of Viral DNA Synthesis 
(Horwitz et al.,1981)

Cultures were infected with Ad2 as previously
described. At appropriate times pi, the cells were
pulse labelled with^H-thymidine (TdR) (S.A 79 Ci/mM) at
5.0 uci/ml for one hr at 37°C followed by a 30 min

-5chase in 2 X 10 M TdR. Incorporation was terminated
by scraping the cells into the medium and pelleting
them at the 500 X g. The pellet was washed with PBS
and resuspended in 0.15 M NaCl for immediate analysis
on freshly prepared alkaline sucrose gradients.

Gradients were preformed in cellulose nitrate
tubes (0.5 by 4 in.) for centrifugation in the SW 27.1
rotor of a Beckman ultracentrifuge. A cushion of 0.5 ml
of CsCl^in water (p=1.8) was placed in the bottom of
the tube followed by a linear 15 ml gradient (5 to 20%
sucrose) prepared in 1.0 M NaCl, 0.19 N NaOH, and 0.01
M EDTA. 0.5 ml of the NaOH-NaCl-EDTA solution
(without sucrose) containing 0.5% sodium deoxycholate
was placed over the preformed gradient. Cells in 0.5
ml of 0.15 M NaCl were carefully layered onto the

ogradients. Centrifugation was performed at 4 C for 16 
hours at 24,000 rpm. Gradients were fractionated with
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a polystaltic pump through a hollow tube placed 1.5 cm 
above the bottom of the tube. Fractions were collected 
drop-wise (approximately 0.5 ml per fraction). Under 
these conditions, replicated cell DNA sedimented onto 
the CsCl^ cushion and virus DNA appeared in mid 
gradient.

2.4.2 Recombinant Plasmid DNA

Plasmid DNA's were obtained from other 
laboratories and used without further genetic 
manipulation. Purified pAdD26SV(A)#l was provided by 
R.Kaufman and used directly. pMKSV40(Bgl I-R)(6-l) was 
provided by Y. Gluzman, in XI776. The plasmid was 
reisolated in this laboratory and introduced into DH-1 
for routine experimental purposes (Litzkas et al.,
1984). Purified DNA was kindly provided by Dr. K.K.
Jha. All procedures involving recombinant DNA were 
performed in accordance with NIH guidelines.

2.4.3 Isolation of Cellular DNA for DNA analysis

Cells were-grown to confluence in 100mm Petri 
dishes and refed 24 hours before harvesting. Monolayers 
on 4-5 Petri dishes were washed once with sterile PBS
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and scraped with a rubber policeman into PBS (5 
ml/Petri dish). Cells were pelleted by centrifugation 
for 5 min at 600 rpm in 15 ml conical polypropylene 
tubes. The PBS was decanted and the cells were 
resuspended in 2.5 ml of lysis buffer (lOmM Tris, pH 
7.9, lOmM Na EDTA, lOOmM NaCl). SDS was added to a 
final concentration of 0.2k and tubes were immediately 
incubated at 65°C for 15 min to inactivate endogenous 
nucleases. Tubes were cooled to room temperature and 
proteinase K (Boehringer Mannheim, 5mg/ml stock) was 
added to a final concentration of 100 ug/ml, mixed by 
inversion and incubated at 37°C overnight. The cell 
lysate was extracted with an equal volume of 
buffer-saturated redistilled phenol; phases were 
separated by centrifugation at 2000 rpm for 15 min at 
room temperature. The aqueous phase was removed with a 
wide-bore pipette and re-extracted with 
phenol:chloroform:isoamyl alcohol (48:48:2) once, 
followed by two extractions with chloroform:isoamyl 
alcohol(24:1). The viscous aqueous phase was 
transferred to a glass corex tube; 2.5 volumes of ice 
cold 95k ethanol was added and the mixture was swirled 
gently to precipitate the DNA. The DNA precipitates 
were centrifuged at 2,000 rpm for 20 minutes. The 
pellet was washed in 70k ethanol and dried under 
vacuum. The pellet was dissolved in TE buffer plus 10 
ug/ml RNAse A overnight at 37°C. It was then dialyzed
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against TE buffer and the DNA concentration was 
determined by diluting the sample 1:50 in TE and 
reading the uv absorption at 260nm (1 O.D.is equivalent 
to 50 ug/ml double-stranded DNA).

2.4.4 Agarose gel electrophoresis (Southern, 1980)

For preparation of a 10 % agarose gels, the 
correct amount of powdered agarose (Seakem, ME) was 
added to a measured amount of Tris phosphate (TPE) 
electrophoresis buffer (0.08 M Tris-phosphate, 0.008M 
EDTA). Agarose was melted by brief autoclaving in a 
pressure cooker, allowed to cool to 50°C, ethidium 
bromide was added to a final concentration of 0.5 
ug/ml, and the mixture was poured into the agar-sealed 
bed of a horizontal electrophoresis apparatus. A 
well-forming comb was immediat.ely set into position 
and the gel allowed to harden at room temperature, 
after which enough TPE (containing 0.5 ug/ml ethidium 
bromide) was added to the apparatus to cover the gel to 
a depth of lmm. The well former was carefully removed 
and the gel was pre-run at 30 V (constant voltage) for 
at least 10 min. Cellular or plasmid DNA was digested 
overnight at 37°C with excess Eco R1 or Hind III restriction 
enzymes under conditions recommended by the supplier 
(Bethesda Research Laboratories). The reaction was
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terminated by addition of EDTA to 10 mM. DNA samples 
were mixed with a vortex in 0.1 volume of 10X gel 
loading buffer (0.25% bromophenol blue, 10X TPE, 0.1% 
SDS, 25% Ficoll 400 [Pharmacia] in H^O), heated at 65°C 
for 10 min, and applied to the slots of the submerged 
gel with a micropipettor. Ten micrograms of cellular 
DNA was loaded per slot. Electrophoresis was conducted 
at 40 V for 16 hours. Lambda phage DNA cleaved by the 
restriction enzyme Hind III was used as a molecular 
weight marker. DNA in the gel was visualized on an 
ultraviolet transilluminator light box (wave length is 
302 nm) and photographed with a Polaroid camera using 
type 57 film.

2.4.5 Transfer of DNA from agarose gels to 
nitrocellulose (Southern, 1975)

After electrophoresis, gels were soaked in 500 ml 
of a solution of 0.5 M NaOH and 1.5 M NaCl for 1 hour 
at room temperature with constant shaking to denature 
the DNA. Gels were rinsed twice with distilled water 
and neutralized by soaking in 500 ml of a solution of 
0.5 M Tris-HCl (pH 8.0) and 1.5M NaCl for 1 hour at 
room temperature with constant shaking. A stack of 
Whatman 3MM paper (9 X 11 inches) 12 layers thick in a 
plastic cafeteria tray was saturated with 20 X SSPE
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<3.6 M NaCl, ZOOmM NaH-jPCfy, ZOmM EDTA, pH 7.4). The 
gel was placed on top of the stack, carefully removing 
any air bubbles by rolling with a glass rod. A piece of 
nitrocellulose paper (BA, Schleicher and Schuell) cut 
to the size of the gel was pre-wet in water and placed 
with forceps on top of the gel, removing air bubbles as 
before. Two pieces of 3MM paper also cut to size and 
pre-wet in water, were placed on top of the 
nitrocellulose filter. A stack of paper towels (Z-3 
inches high) cut to the size of the gel was placed on 
top of the 3MM paper; a glass plate was put on top of 
the stack and weighed down with a 1 kg weight. Transfer 
of DNA was allowed to proceed for 16 hours. The stack 
was then disassembled; the nitrocellulose filter was 
peeled off the dehydrated gel and rinsed briefly in ZX 
S5PE. The wet filter was sandwiched between two pieces 
of 3MM paper and baked for Z hours at 80°C under 
vacuum.

2.4.6 Nick translation of DNA

5*P-labeled DNA probes with a specific activity 
greater than 10 cpm/ug were prepared by the method of 
Rigby et al. (1977) as modified by Maniatis et al.
(198Z). The nick translation reaction was set up by 
the addition of the following reagents to a 1.5 ml



Eppendorf tube: 1 nmole of each ulabeled dNTP 
(generally dGTP and dTTP), 100 pmolee of each (32.-P) 
dNTP (New England Nuclear, specific activity 800 
Ci/mmole; generally dCTP and dATP), 1 ug of DNA, 5 ul 
of 10X nick translation buffer (0.5 M Tris-HCl, pH 7.2,
0.1 M MgSCty , ImM DTT, 500 ug/ml BSA), and deionized H^O 
to a final volume of 47 ul. The mixture was chilled on 
ice for 5 min, after which time 1.5 ul of 100 ng/ml 
solution of DNase I (Worthington) in 50k glycerol was 
added and mixed by mixing thoroughly with a vortex.
The nicking reaction was allowed to proceed on ice for 
10 min, after which 1.5ul (10 units) of E. coli DNA 
polymerase I (Boehringer Mannheim) was added. The nick 
translation reaction was performed at 15°C for 60 min.
The reaction was terminated by addition of 2 ul of a 0.5M 
EDTA and heating at 65°C for 5 min. The nick-translated 
DNA was separated from unincorporated dNTP's by "spun-column" 
chromatogrphy as described in Maniatis et al. (1962).
The bottom of a 1 ml tuberculin syringe was plugged 
with a small amount of glass wool. The syringe was 
packed with Sephadex G-50 (pharmacia) previously 
swelled in STE (100 mM NaCl, lOmM Tris-HCl, pH 8.0, ImM 
EDTA) by centrifugation in a 15 ml conical centrifuge 
tube at 1600 X g for 4 min until the packed column 
volume was 0.9 ml. One hundred microliters of STE was 
added to the column and recentrifuged under identical 
conditions. This step was repeated once. The nick
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translation reaction, brought to a volume of 100 ul 
with STE, was applied to the column which was then 
centrifuged exactly as before, collecting the 100 ul of 
effluent from the syringe in a decapped Eppendorf tube.
(The unincorporated [32-P]dNTP's remain in the syringe, 
which is discarded). The recovered probe DNA (mouse 
DHFR containing plasmid Chang et al. (1978) and large 
Pst I fragment of SV40 eluted from agarose gel), was 
diluted with TE to a final volume of 0.5 ml; a small 
aliquot was used to determine specific activity of the 
probe by liquid scintillation spectrometry.

Z.4.7 Hybridization and autoradiography of Southern filters

The hybridization procedure described by Wahl et 
al. (1979) was followed with slight modification. The 
baked filter was immersed in 2x SSPE for 2 min, then 
placed into a "seal-a-meal"bag sealed on three sides.
Ten ml of prehybridization solution (consisting of 5X 
SSPE, 5X Denhardt's reagent (0.1k Ficoll, o.lk 
polyvinyl pyrrolidone, 0.1k BSA), 0.5k SDS, and 100 
ug/ml heat-denatured, sheared salmon testis DNA,
(Calbiochem) was added to the bag, which was then 
sealed and incubated for at least 3 hours hours 
submerged in a water bath at 45°C. A corner of the bag 
was cut off and the prehybridizatio.n solution was
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squeezed out. Five ml of hybridization solution 
(consisting of 50% formamide, 5X SSPE, 10% dextran 
sulfate (Pharmacia), 0.1% SDS, 100 ug/ml heat-denatured 
salmon testis DNA, and 5 X 10*cpm of heat-denatured 
P-labeled probe DNA) was added to the bag. Excess air 
was removed from the bag, which was then heat-sealed 
and incubated for 16 hours submerged in a water bath 
at 45 C. At the end of the hybridization, the filter 
was placed in a glass tray containing 2X SSPE and 0.5%
SDS at room temperature and agitated for 5 min. The 
solution was decanted and a fresh 2X SSPE and 0.1% SDS 
was added at room temperature for 15 min with 
occasional shaking. It was finally washed with 0.1X SSPE 
and 0.1% SDS with gentle agitation at 50°C for 2 hours. 
The filter was blotted between 2 sheets of 3 MM paper 
and wrapped while still damp in Saran Wrap. In a 
darkroom, the filter was mounted in an x-ray film 
holder; a single sheet of Kodak X-Omat AR-2 film was 
placed between the filter and an intensifying screen 
(Cronex Lightning-Plus, Dupont) following the method of 
Laskey and Mills (1977). The film holder was wrapped in 
aluminum foil and placed at -70°C for the duration of 
exposure. The X-ray film was developed manually by 
conventional photographic processing methods as 
described previously.
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2.4.8 Dot Blot Hybridization (Kafatos, 1979)

Appropriate dilutions of DNA for the purpose of 
quantitation are made in ImM EDTA, ImM Hepes, pH 7.5, 
and 0.3 N NaOH, in a total volume of 50 ul. Samples 
were incubated overnight at room temperature to 
hydrolyze the RNA. Before dotting, a precut 
nitrocellulose filter (BA85, Schleicher and Schuell) was 
soaked in H^O for 15 minutes followed by 1M ammonium 
acetate for 15 minutes. The nitrocellulose filter was 
placed on a Filtration Manifold (Minifold, Schleicher 
and Schuell) on top of 2 pieces of Whatman type filter 
paper so that the sample would spread more evenly over 
the membrane surface within each well. Immediately 
before the DNA was added to the wells, an equal volume (50 
ul) of 2M ammonium acetate was added to the samples.
The DNA was added to the wells under vacuum. The filter 
was then removed and washed in 6 X SSC for 10 minutes 
and baked for 2-3 hours at 80°C under vacuum.
Subsequent hybridization was performed as described for 
the Southern Procedure.
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CHAPTER 3: RESULTS

3.1 Ad2 INFECTION OF CHINESE HAMSTER CELLS

This laboratory is engaged in the long term study 
of the regulation of mammalian cell DNA synthesis. 
Emphasis has been placed on genetic approaches such as 
the isolation of conditional-lethal, temperature- 
sensitive mutants in pathways directly relevant to DNA 
synthesis in established Chinese hamster cell lines. 
Biochemical analysis of such mutants is often quite 
complicated. Virus infection frequently utilizes a 
wide-range of host functions. The virus-cell 
interaction has been successfully exploited, in many 
cases, as a model system for analyzing cell as well as 
viral biochemistry. The human adenoviruses are a caBe 
in point. This thesis was undertaken to characterize 
the parameters of virus-cell interaction of adenovirus 
and Chinese hamster cells in culture, and determine 
whether such infection could be effective as such an 
approach.

It was reported by Longiaru and Horwitz (1981), 
shortly after the onset of this thesis research, that
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human adenovirus type 2 (Ad2) was able to initiate 
infection of a subline of Chinese hamster ovary cells 
(CHO) in suspension. The infection was, however, 
restrictive since there were 6000-fold less infectious 
virions produced than in a permissive cell line 
(HeLa). As the initial step in these studies, it was 
sought to determine whether these findings were applicable 
to infection performed in monolayer culture with this and 
other Chinese hamster cell lines. Ad2 infection of a 
variety of cell lines was performed under standard 
experimental conditions, involving a 2-hour period for 
adsorption. Samples were harvested following 
adsorption, at 16-24 hrs post infection (pi) prior to 
the expected onset of production of progeny virus 
(“eclipse"), and 3 days and/or 5 days pi when progeny 
virus would have been expected to have accumulated.
The results obtained with a wide-variety of Chinese 
hamster cell lines are presented in Table 6. The 
origins of the cell lines and their relationships have 
been summarized in Tables 2 and 3 in the Materials and 
Methods. None of the cell lines showed significant 
levels over background (i.e. adsorption and/or eclipse 
values) although there was a suggestion of an increase 
in the case of the non-established Chinese hamster 
line CHE. Even in that case, the average yield would 
be less than 0.001 infectious virion per cell. Three 
different human cell lines were included for
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Table 6
GROWTH OF Ad2 IN CH CELLS°“

PFU/CULTURE
CHINESE HAMSTER 
CELL LINES

ADSORPTION ECLIPSE DAY 3

CH0-K1 2.1 X 103 2.7 X 103 3.5 X 103
TNT 1.0 X 103 7.5 X 10* 5.0 X 1C?
DON NDb ND 2.5 X 102
V79 6.3 X 102 2.5 X 1(? 1.2 X 103"
CHE 1.3 X 1C? 1.3 X 1C? 3.8 X io3

HUMAN CELL LINES
HELA ND ND 1.8 X 103
HEK ND ND 6.5 X 10S
HS74 5.0 X 1C? 3.8 X 1C? 1.8 X 106

a Cells were infected at MOI of 0.5 pfu/cell and assayed as 
described in Materials and Methods.

b Not Determined
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comparison; an established cell line commonly used for 
Ad2 replication <HeLa>, and early passage normal 
diploid embryonic kidney cells <HEK> typically used for 
viral plaque assays, and fetal bone marrow derived 
fibroblasts (HS74). All three were permissive 
although the levels of virus produced did vary <range: 
1.9 X 10 - 1.8 X 10). These studies were performed 
under conditions of relatively low multiplicity of 
infection (0.5 pfu/cell) to facilitate detection of 
even modest virus replication. Two representatives of 
established Chinese hamster cell lines were selected 
for more detailed study; TNT derived from CH0-K1 and 
E36-34 derived from V79. Both cell lines were retested 
at a 30-fold higher moi (15 pfu/cell) see Table 7.
Again, no evidence for a significant increase was 
observed. (As expected, there was higher residual input 
or adsorbed virus consistent with the higher initial 
moi). Virus assayed at 3-5 days pi was within 2-fold 
of the minimal, eclipse, value.

Virus infection can be divided into a series of 
convenient stages: adsorption, penetration and 
uncoating of viral particle, expression of early genes, 
viral DNA synthesis, expression of late viral genes 
(after onset of DNA synthesis) and assembly of the 
viral particles. Given the fact that no virus was 
produced, the stage at which viral replication was 
blocked was then examined.
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Table 7
GROWTH OF Ad2 IN CH CELLS AT 2 DIFFERENT MOia

PFU/CULTURE
CELL LINE ADSORPTION ECLIPSE DAY 3 DAY 5
MOI=0.5
V79 3,8 X 103 2.5 X 10* NDb 5.0 X 10
CHO 6.3 X 103 2.5 X 10? 5.0 X 1C? 1.3 X IQ3

MOI=15
V79 3.0 X 10* 5.0 X 10*1 2.1 X 10* ND
CHO 1.8 X 105 1.0 X 1C? 1.5 X 105 1.6 X 105

a procedures as in Table 6 
b Nob Determined
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From data in the preceeding section there was a 

suggestion that virus adsorption and penetration were 
occurring since the titer of virus decreased with time 
post infection. This point was addressed more directly 
by determining the synthesis of early viral proteins 
(not dependent on DNA synthesis) by immunofluorescence 
(IF). The Ad DNA-binding protein of 72,000 daltons 
(72K), was selected as a representative early-protein. 
Coverslip cultures were infected with Ad2 at an MOI of 
84 and harvested at different times post infection.
Cells were fixed and stained (see Materials and Methods), 
the positively stained cells (green fluorescent nuclei) 
were counted, and the percent positive cells were 
calculated. The results are summarized in Table 8.
72K is produced in a significant proportion of the 
cells. The number is dependent on the multiplicity of 
infection (Data not shown). The highest values are 
obtained at 40 hrs pi (Data not shown). At comparable 
virus input, infection is less efficient than in HeLa 
cells; therefore, it was thought that there might be a 
block early in virus infection; for example, prior to 
or at the level of early gene expression. However, at 
the multiplicities of infection of 84, approximately 50H 
or greater of the cells were infected; more than enough 
to show virus production if this were the only problem. 
Consequently, it was concluded that the more critical 
block is subsequent to synthesis of 72K.
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Table 8

PERCENT 7ZK POSITIVE CELLS

CELL LINE 72K

CHO-K1 38
TNT (CHO) 73
A23 (DON) 45
E36-34 (V79) 38
CHE 47
HELA 100

Chinese hamster cells infected at MOI of 84, fixed 36 hr pi. 
HeLa infected at MOI of 17, fixed at 24 hr pi.
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Ad2 DNA replication in CHO, specifically in TNT 

since it seemed most susceptible, was investigated to 
see whether it was taking place and, if so, whether it 
was altered. TNT cells were infected with Ad2 at an 
MOI of 75. HeLa cells were infected with Ad2 at an MOI 
of 6. At 20 hours pi for HeLa, and at 10, 24, 33, 47 
hours pi for TNT, the cells were labeled with high 
specific activity^H-thymidine for one hour followed by 
a chase for 30 min with excess cold thymidine as 
described in Materials and Methods. The time course of 
Ad2 DNA replication was analyzed by alkaline sucrose 
gradients which determines the amount of unit length, 
single strand viral DNA. Cell DNA sediments to the 
bottom of the gradient; viral DNA is in mid gradient.
The results are shown in Figure 4. Ad2 DNA replication 
in these cells occurs to an extent consistent with a 
normal level but is somewhat delayed. Viral DNA was not 
detected at 10 hr pi; however, appreciable levels were 
observed at 24 and 33 hr pi. Incorporation was 
significantly reduced at 47 hr pi. As expected, 
uninfected cells showed extensive incorporation into 
high molecular weight DNA which sedimented much more 
rapidly than viral DNA; there were minimal counts per 
minute in the region in which viral DNA would be 
expected. In a second experiment (Figure 5), it was 
observed that the level of viral synthesis in CHO at 32 
hr pi was similar to that observed in permissive HeLa
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Figure 4: Alkaline Sucrose Gradient Analysis
of the time course of Ad2 DNA synthesis in CHO. TNT
cultures in 60mm dishes were infected at an MOI of 75
pfu/cell and pulse labeled for 1 hr with a total of
25uci in 5ml H TdR (79Ci/mM new England Nuclear)

-5followed by a 30 min chase with 2 X 10 M thymidine. 
Two thirds of the culture were sedimented on a 
gradient as described in Materials and Methods. ( + ) is 
the sample pulsed at 12 hrs pi, <o) is the 24 hr 
sample, (A) is the 33 hr sample, (><) is the 47 hr 
sample, and (0) is the uninfected control.
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Figure 5: Comparison of Ad2 DNA synthesis in CHO
and HeLa cells by Alkaline Sucrose Gradient Analysis. 
Two-thirds of cultures of TNT cells which had been 
mock-infected or virus- infected at an MOI of 75 and 
labeled at 32 hrs pi for 1 hr (panel A) and 1/3 of 
cultures of HeLa cells, mock-infected or 
virus-infected at an MOI of 6 and labelled 20 hrs pi 
for 1 hr (panel B) were processed as described in 
Materials and Methods and the legend to Figure 4. 
Infected samples (O), Uninfected samples (&).
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cells (20 hr pi). These results were 
consistent with those previously noted by Longiaru and 
Horwitz who concluded that peak rates of viral DNA 
Bynthesis in CHO were obtained at 33-36 hr pi and were 
comparable to that in permissive cells.

In another experiment, the relationship between 
virus MOI and DNA synthesis was examined. TNT cells 
were infected with several dilutions of stock Ad2
i.e., 1:50, 1:100, 1:250, and 1:1000 (estimated moi 
between 40 and 2 pfu/cell). Samples were labeled and 
harvested at 36 hr pi. Figure 6 shows the results.
The amount of DNA synthesis taking place is dependent 
upon the amount of input virus. It can also be 
determined from these data that a 1:2 dilution of the 
standard dilution of 1:50 (used throughout most of this 
study) does not reduce the amount of DNA synthesis by
2-fold. This result is important to note because it 
indicates that the input virus is in excess.

The levels of 72K protein and DNA synthesis do 
not seem to explain the deficiency in virus production. 
Indeed these results are in perfect agreement with the 
findings of Longiaru and Horwitz. However, they 
reported an inability to detect late viral protein 
production. We consequently examined infected cells 
using the same IF methods as for the 72K with a variety 
of monoclonal antibodies to late proteins including 2 
structural proteins (Hexon and Fiber) and a
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Figure 6: Alkaline Sucrose Gradient Analysis of
viral DNA synthesis as a function of different input 
MOI. Virus and mock infected cultured TNT cells were 
pulse labelled at 36 hr pi and processed as described 
in Materials and Methods and legend to Fig 4. Virus 
(1 X ld°pfu/ml) was diluted in 1% FBS-DME and used for 
infection at 1:50, M01=40 pfu/cell (0), 1:100, M01=20
pfu/cell <A), 1:250, M01=10 pfu/cell <+), and a 1:1000, 
M0I=2 pfu/cell (><) and mock-infected with diluent alone 
(0).
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nonstructural protein (100K). Controls included HeLa 
infected with Ad2.

The results are summarized in Table 9. The 
coverslip cultures were fixed 40 hr pi. The monoclonal 
antibody directed against the 100K protein, the major 
late non-structural protein, is reactive with free 100K 
and lOOK-hexon complex. The number of positive cells 
varied among the several hamster cell lines; in all 
cases, it can be seen that the 100K is somewhat reduced 
compared to the percent positive for 72K in the same 
experiment, (see Table 8)

The monoclonal antibody directed against the 
hexon, the major virion capsid protein, is reactive 
against hexon trimers and their association into 
ninemers but not to the monomer form of hexon. From 
the numbers in Table 8, a further reduction of 
percent positive cells is observed compared to 100K and 
72K. The percent of cells positive for fiber, the 
spike like protein found at the vertices of the 
icosohedral structure, was even more drastically 
reduced. The monoclonal antibody is reactive with 
free and assembled fiber.

From these findings it was concluded that there is 
expression of at least some late proteins, confirminmg 
DNA synthesis. Some of the late proteins are expressed 
to a lesser degree than others, especially fiber 
protein. The failure to detect viral proteins at
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Table 9
IMMUNOFLOURESCENT STAINING FOR LATE VIRAL PROTEINS 

PERCENT POSITIVE CELLS

CELL LINE 100K HEXON FIBER
CHO-K1 19 5 < 0.3
TNT 14 3 < 0.3
A23 0 NT 0
V79 8 < 1 < 1
CHE 25 NT 3
HELA 100 100 100

Chinese hamster cells infected at MOI of 84, fixed at 40 hr pi. 
HeLa cells infected at MOI of 17, fixed 24 hr pi.
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normal levels was not due to poor quality of the 
immunoreagents since 100k of the HeLa cells were 
positive in all instances. A possible explanation 
for the reduced frequencies could be that expression 
and/or accumulation of these polypeptides in CHO 
were delayed, as suggested by the fact that DNA 
synthesis is delayed. When the stained cultures were 
looked at very late after infection (57 hrs pi), it was 
difficult to evaluate the coverslips because of 
alterations in cell morphology (rounding). Therefore, 
the amount of late proteins that were made could have 
been underestimated. To evaluate that possibility, 
it was decided to analyze infected cells using PAGE.

CHO cells were infected with AdZ at a MOI of 150 
pfu/cell. The cells were labelled for 24 hr ("long 
label") or 2 hr ("pulse label") with 3*S-Methionine at 
different times pi (as described in Materials and 
Methods). Figure 7 shows an autoradiograph of such a gel 
including extracts from HeLa as a permissive infection 
for comparison. Lane A contains uninfected HeLa 
lysate whereas lane B contains infected HeLa, readily 
demonstrating 5 major viral proteins (among others): 
the hexon polypeptide at 120K, 100K, Penton at B5K, the 
DNA binding protein at 72K, and Fiber at 65K. As 
expected, there is also a shut off of host protein 
synthesis. Lanes C to F contain the CHO lysates which 
were pulsed for 2 hrs; uninfected (lane C) or at 1, 2,
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Figure 7: PAGE analysis of whole cell
lysates:comparison of HeLa and CHO cell lines. 
Mock-infected or infected cells were labelled with
•15J S-methionine at different times pi. HeLa cells were 
infected at a MOI of 5 pfu/cell and pulse-labelled from 
24-26 hrs pi. CHO cells (TNT subline) were infected at 
a MOI of 150 pfu/cell and labelled for 2 hrs or for 
approximately 24 hrs as indicated for each lane. Whole 
cell lysates were prepared and analysed by PAGE and 
autoradiography as described in Materials and Methods. 
Equal amounts of TCA-precipitable cpm were loaded in 
each lane <2 X 10s cpm).
Lane A 
Lane 5 
Lane C 
Lane D 
Lane E 
Lane F 
Lane G 
Lane H 
Lane I 
Lane J 
Lane K

HeLa, mock-infected pulse labelled 24-26 hr pi. 
HeLa, infected, 24-26 hr pi.
CHO, mock-infected pulse labelled 19-21 pi.
CHO, infected, 19-21 hr pi.
CHO, infected, 43-45 hr pi.
CHO, infected, 66-68 hr pi.
CHO, mock-infected long labelled, 21-43 hr pi.
CHO, infected, 21-43 hr pi.
CHO, infected, 43-66 hr pi.
CHO, infected, 66-90 hr pi.
HeLa, as marker.
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and 3 days pi (lanes D, E and F, respectively). Lane D 
is essentially not different from the uninfected 
lysate; however, one can see a 72K band in lanes E and 
F. Lanes G to J contain CHO lysates from cells which 
were labelled continuously for 24 hr intervals: 
uninfected (lane G) or from 1 to 2 days, from 2 to 3 
days, or from 3 to 4 days pi (lanes H, I, and J 
respectively). The only viral band which is readily 
detectible is again the 72K. From the fluorescent 
antibody data, it was known that the 100K and hexon 
were being produced. The high background of cell 
proteins, most likely because of persistant host protein 
synthesis by the residual population of uninfected 
cells (25-50%), is presumably masking their detection. 
Immunoprecipitation on these lysates to look for these 
viral late proteins was performed.

Late viral proteins were looked for using 
immunoprecipitation in conjunction with PAGE. The 
antibodies used were the same as those in the IF 
studies unless otherwise noted. First, to confirm the 
finding for 72K, the samples were assayed with antibody 
prepared against purified 72K protein in rabbit. This 
polyvalent antisera should precipitate only the 72K 
protein. Immune complexes were adsorbed with bacteria 
bearing Staph A, washed extensively and eluted for 
PAGE. Figure 8 is the resultant autoradiograph of 
such an immunoprecipitation and electrophoresis. The
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72K protein is clearly detectible in all the infected 
samples (lanes B, D, E, G-I). An immunoprecipitate 
from a small amount of lysate prepared from infected 
HeLa is included as molecular weight marker in the 
outside lane (J).

The late viral proteins were then looked for 
using immunoprecipitation. Equal volumes of samples were 
immunoprecipitated using monoclonal antibody directed 
against the 1O0K protein provided by Or. C. Cepko.
Figure 9 is the resultant autoradiograph of the 
appearance of 100K protein at different times pi.
Lysate from infected CHO cells pulse labelled at day 1 
(lane C) is not different than the uninfected control 
(lane B). This result is as expected. Since 100K 
is a late protein; its production begins after 
DNA synthesis has been initiated. The pulse time at 
19-21 hrs pi is before the peak of ONA synthesis, 
estimated to be after 24 hrs pi for these cells.
Lysates from infected cells pulse-labelled at day 2 
(lane E) and day 3 (lane F) clearly show the presence 
of the 100K protein although a relatively long exposure 
is required, making contaminting cell proteins more 
evident. Samples prepared from infected cells labelled 
for long periods day 1-2 (lane H), day 2-3 (lane 1), and 
day 3-4 (lane J> all show the presence of 100K protein

Another late protein that was not detected in the
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Figure 8: PAGE analysis of ̂ S-methionine labelled
CHO cell lysates immunoprecipitated with antibody 
against 72K protein. CHO samples were infected 
and labeled as described in Materials and Methods 
and the legend to figure 7. Equal volumes of 
lysates (200 ul) were immunoprecipitated with 2 ul 
of rabbit anti 72K protein antibody. Half of the 
immunoprecipitated sample was loaded onto the gel.
Lane A: CHO, mock-infected, pulse labelled 19-21 hr pi.

contained 3.8 X 10* TCA precipitable cpm.
Lane B: CHO, infected, 19-21 hr pi, 2.8 X 10** cpm.
Lane C: CHO, mock infected, 43-45 hr pi, 2.8 X 10 cpm.

TLane D: CHO, infected, 43-45 hr pi, 2.2 X 10 cpm.
TLane E: CHO, infected, 66-68 hr pi, 1.7 X 10 cpm.

Lane F: CHO, mock-infected, long labelled, 21-43 hr pi,
T3.6 X 10 cpm.

Lane G: CHO, infected, 21-43 hr pi, 1.5 X lO^cpm.
6Lane H: CHO, infected, 43-66 hr px, 6.4 X 10 cpm.
(tLane I: CHO, infected, 66-90 hr pi, 5.6 X 10 cpm.

Lane J: HeLa, infected, 19-21 hr pi as markers.
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Figure 8
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Figure 9: PAGE analysis of ** S-methionine cell
lysates immunoprecipitated with monoclonal 
antibody against 100K protein. CHO samples were 
infected, labeled and equal volumes were 
immunoprecipitated as described in the Materials 
and Methods section and in legend to figure 8.
The HeLa immunoprecipitate was performed with 1/8 
the volume of CHO.
Lane A: HeLa , infected, pulse labelled 19-21 hr pi.
Lane B: CHO, mock-infected, pulse labelled 19-21 hr pi.
Lane C: CHO, infected, labelled 19-21 hr pi.
Lane D: CHO, mock-infected, labelled 43-45 hr pi.
Lane E: CHO, infected, labelled 43-45 hr pi. •

Lane F: CHO, infected, labelled 66-68 hr pi.
Lane G: CHO, mock-infected, labelled 21-43 hr pi.
Lane H: CHO, infected labelled 21-43 hr pi.
Lane Is CHO, infected labelled 43-66 hr pi.
Lane J: CHO, infected labelled 66-90 hr pi.
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whole lysate gel was hexon. This protein has a 
molecular weight of 120K and is made in largest 
amounts in HeLa cells. The PAGE of the 
immunoprecipitation using monoclonal antibody directed 
against hexon trimers and ninemers is shown in Figure 
10. Again the sample pulse labelled at day 1 (lane C) 
is not different than the corresponding uninfected lane 
(B). Comparison of samples pulse-labelled at day 2 
(lane E) and day 3(lane F) with that of uninfected 
cells (lane D) appears to show a very slight band at 
the hexon region. The infected samples which were 
continuously labeled day 1-2 (lane H), day 2-3 (lane 
I), and day 3-4 (lane J) all show a hexon band. It 
seems to be reduced compared to the 100K. It 
should be emphasized that there is much more hexon than 
100K in infected HeLa. However, the amount of hexon 
could be underestimated due to the fact that the 
monoclonal antibody is directed against hexon trimers 
and their association into hexon ninemers. It is not 
reactive against hexon monomers. Hence, this antibody 
will not rule out the possibility that hexon is 
produced but is not associated into trimers or 
ninemers.

Immunoprecipitation for fiber was performed 
next on these samples. Figure 11 presents a time 
course of samples immunoprecipitated with monoclonal 
antibody directed against fiber protein. None of the
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35Figure 10: PAGE analysis of S-methionine cell

lysates immunoprecipitated with monoclonal 
antibody against hexon protein. CHO cells were 
infected, labeled and equal volumes of lysates 
were immunoprecipitated as described in Materials 
and Methods and in the legend to figure 8.
Lane A: HeLa , infected, pulse labelled 19-21, as markers.*
Lane B: CHO, mock-infected, 19-21 hr pi.
Lane C: CHO, infected, 19-21 hr pi.
Lane D: CHO, mock-infected, 43-45 hr pi.
Lane E: CHO, infected, 43-45 hr pi.
Lane F: CHO, infected, 66-90 hr pi.
Lane G: CHO, mock-infected, long labelled 21-43 hr pi.
Lane H: CHO, infected, 21-43 hr pi.
Lane I: CHO, infected, 43-66 hr pi.
Lane J: CHO, infected, 66-90 hr pi.

* extract had been manipulated prior to analysis so 
that the distribution of viral polypeptides is 
not representative of such an extract (cf. Figure 7)
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samples were positive for fiber and longer incubation 
of the autoradiograph failed to show an increase in the 
fiber band.

The amount of fiber in these samples is barely 
detectible and this was true regardless of the 
antibody used and at all times pi. To rule out the 
possibility that the monoclonal antibody was not 
recognizing the particular antigenic determinant, I 
repeated this immunoprecipitation for fiber on these 
same samples using polyvalent antibody raised in 
rabbit against purified fiber protein. Figure 12 
lanes B and C are immunoprecipitates of infected HeLa 
lysates obtained with rabbit antiserum and mouse 
monoclonal antibody to fiber. Comparable amounts of 
fiber are observed in both cases; however, there are 
differences in the level of hexon precipitated. It 
would appear that the monoclonal antibody 
preferentially precipitated fiber which has not been 
assembled into virus particles, although it may be 
assembled into a subunit structure as in association 
with pentons <85K>. Conversely, the rabbit antiserum 
reacts with all classes of fiber. Hexon (and penton) 
co-precipitated because of its association with fiber 
in virion-like particles. It is not possible to comment 
on the relative distribution of these forms of fiber in 
this particular extract since attempts were not made to 
optimize precipitation with the different antibody
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35Figure 11: PAGE analysis of S-methionine labelled cell
lysates immuneprecipitated with monoclonal antibody 
against Fiber protein. CHO cells were infected, labeled 
and equal volume of lysates were immunoprecipitated as 
described in Materials and Methods and in the legend to 
figure 8. The order of the samples in the lanes is as 
for figure 10.
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specificities. It is known that excess fiber monomers 
are synthesized in infected HeLa cells (see 
INTRODUCTION >.

The samples for CHO cells are shown in lanes G-K 
Uninfected cell extracts were incubated with the 
rabbit antiserum; no precipitation of fiber-like 
protein (65K) was observed with pulse labelled (lane
G) or long labelled (lane I) lysates, as previously 
observed with the monoclonal antibody. 
Immunoprecipitation of the pulse labelled lysate (lane
H) shows a faint band in the position of fiber and 
also hexon in the midst of a considerable background 
of cellular proteins. The samples with extracts 
prepared from cells long labelled at 2-3 days pi (lane 
J) and 3-4 days pi (lane K) similarly show a
band at a position consistent with hexon. The 
background is much improved. More importantly, these 
samples show hexon coprecipitation. This can be 
interpreted to mean that some fiber is made in these 
samples and some virus assembly is taking place, by 
virtue of the fact that this rabbit antiserum is 
reactive against virion-assembled fiber and there is 
20 times more hexon than fiber per virion. In 
conclusion, the amount of fiber synthesized is very much 
lower than hexon or 100K protein.

Concluding that there is a differential effect on 
late viral proteins and that this pattern of selective
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Figure 12: Comparison of antifiber antibodies.
35Autoradiograph of PAGE analysis of S-methionine

labeled extracts where Cultures were infected,
labelled immunoprecipitated and processed for PAGE
as described in Materials and Methods and legend
to Figure 8. HeLa cell extracts were
immunoprecipitated with rabbit antiserum (lane A)
and with monoclonal anti fiber antibody (lane B).
In the case of CHO equal volumes of samples were
immunoprecipitated using rabbit antiserum
directed against fiber protein (lanes G-K).

5Lane A: HeLa, infected, 7.0 X 10 cpm.
5Lane B: HeLa, infected, 7.0 X 10 cpm.

Lanes C-F: removed from analysis, not relevant.
1Lane G: CHO, mock-infected pulse, 2.7 X 10 cpm.

nLane H: CHO, infected, labelled 43-45 pi, 2.1 X 10 cpm.
1Lane I: CHO, mock-infected, labelled 21-43 pi, 3.S X 10 cpm.

(9Lane J: CHO, infected, labelled 43-66 pi, 6.5 X 10 cpm.
(oLane K: CHO, infected, labelled 66-90 pi, 5.6 X 10 cpm.
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inhibition is reminiscent of the block in monkey cells,
I looked at the Ad2 infection of monkey cells for 
comparison.

Figure 13 shows the whole lysate infected profile 
of HeLa <lanes A, B), CV1 (lanes C, D) and CHO (lanes 
E, F). The patterns are different among the three 
infected cell lines with the CV-1 (lane 0) quite 
similar to that of HeLa (lane B). However, this is 
mostly due to the marked degree of inhibition of host 
protein synthesis upon infection in the two primate 
cells (compare lanes B with A and D with C), as 
contrasted to CHO (lane F with uninfected lane E).
More importantly, however, a fiber and a penton band is
not detectible in the monkey lysate (lane D) fiber 
is not found in the CHO (lane F) lysate in contrast to 
the infected HeLa cells. Other viral-encoded proteins 
are apparent in both primate cell lines. Upon
immunoprecipitation of these samples for fiber, Figure 14
shows that fiber protein is precipitable from the monkey 
cell lysate (lane C) and is barely detectible in the CHO 
sample (lane A), as previously noted. The densitometer 
tracing of the whole lysate gel of Ad2 infection of CV-1, 
CHO and HeLa is shown in Figure 15. The tracing also 
emphasizes the absence of a discrete peak in the position 
expected for fiber in CV-1 and CHO. In addition, it 
permits an approximate estimate of the level of other 
major viral proteins in the two systems since the
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Figure 13: PAGE analysis of whole lysates:
comparison of primate and CHO cell lines. Mock 
infected or infected cells were pulse- labelled 
with ^S-methionine for 2 hours and analyzed as in 
figure 7. HeLa and CV-1 cells were infected at a 
MOI 1 pfu/cell and pulse-labelled at 24-26 hr pi, 
CHO cells were infected at a MOI of 15 pfu/cell 
and pulse labelled at 43-45 hr pi. The subline 
clone 41D-7 was employed, its designation and 
properties are described in chapter 3.3. 
Equivalent amounts of a culture were loaded for 
each cell line.

SLane A: HeLa, mock-infected, 9.8 X 10 cpm.
SLane B: HeLa, infected, 2.8 X 10 cpm.

SLane C: CV-1, mock-infected, 3.6 X 10 cpm.
5Lane D: CV-1, infected 1.0 X 10 cpm.

sLane E: CHO, mock infected, 3.8 X 10 cpm.
Lane F: CHO, infected, 1.8 X lcf cpm.
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Figure 14: PAGE analysis of ̂ 5S-methionine cell
lysates immunoprecipitated with monoclonal
antibody against fiber protein. Pulse- labelled
infected lysates were prepared as for Figure 13

band approximately 4 X 10 cpm were 
immunoprecipitated per sample.
LANE A: CHO, TNT subline.
LANE B: CHO, uninfected.
LANE C: CV-1, infected.
LANE D: HeLa, markers.
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Figure 14
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viral proteins in CHO are visible on the gel from this 
experiment in contrast to a previous experiment (see 
figure 7). The area under the peak was determined by a 
planimeter. The outlines of the peak were indicated 
as dotted lines in the figure. This selection was 
made to minimize the contribution of the residual host 
proteins in CHO. The calculated data are presented in 
Table 10. The area in the region of 72K serves as a 
control and is roughly equivalent in the CV-1 and 
CHO. In HeLa cells, the late viral proteins are the 
predominant species with hexon in greatest excess.
More specifically, hexon (and fiber) exceed 100K by a 
considerable amount. In CV-1, hexon is reduced to the 
level observed for 100K. In addition, the penton base 
and protein VI are indetectible. In CHO both hexon and 
100K are reduced with hexon further reduced to a level 
less than 100K. These data suggest that the low level 
of hexon deduced from the immunoprecipitation data 
with the monoclonal antibody was not grossly misleading 
since no large pool of hexon monomers was detected. It 
further confirms that the level of fiber synthesis is 
most reduced since it is indetectibe (or barely 
detectible) when.both 100K and hexon can be observed 
as in immunoprecipitates and PAGE.

How low is the amount of fiber produced in Ad2 
infection of CHO? It is less than 100K. There is no 
reason to believe that the 100K protein is
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Figure 15s A densitometer tracing of a PAGE analysis 
of Ad2 infected HeLa, CV-1 and CHO cells whole lysates 
from figure 13. (Planimeter Noris Instruments,
Germany).
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Table 10

Measurement of area under peaks representing 
some late viral proteins in Ad2 infected 

HeLa, CV-1 and CHO

cell line Hexon 100K Fiber

HeLa >1266 54 566
CV-1 246 208 <51
CHO 62 91 ND

. planimetry were performed as described in text
b Not determined. The background in this area precluded 

estimation of the viral-specific protein.
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overproduced in CHO. Less fiber is produced in CHO 
than in monkey cells based on the immunoprecipitation 
analysis. In monkey cells the 100K protein is 
synthesized at normal levels and the hexon is somewhat 
reduced. This decrease in"fiber synthesis leads to a 
1000 fold decrease in infectious virus as pfu (Klessig 
and Anderson, 1975). Since in CHO there is even less 
fiber, it follows that the pfu produced would be 
further reduced. Therefore, the fiber defect would 
be sufficient to explain the absence of infectious 
virus in CHO. Comparison of the level of 100K and 
fiber in immunoprecipitates prepared from the same 
cell extracts should, therefore, provide a convenient 
indicator of the extent of restriction in Chinese 
hamster cells.
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3.2 Ad2 INFECTION OF CHINESE HAMSTER AND 
HUMAN CELL HYBRIDS

The role of host factors in virus replication is 
readily demonstrable by observations as those described 
in the preceding chapter. Further insight can be 
obtained by use of cell hybrids between cells with 
different degrees of permissivity for adenovirus. As 
summarized in the INTRODUCTION, cell hybrids between 
semi-permissive monkey cell (fiber-defective) and 
permissive human cells restored fiber synthesis as 
assayed by immunofluorescence (Anderson, 1981). Such 
results indicated that monkey cells are deficient in a 
host factor rather than that they contain an inhibitor 
of expression of fiber proteins. The investigators 
were unable to take their genetic analysis further 
because of genetic and cytogenetic limitations in that 
cell system. We elected to ask whether the defect in 
fiber synthesis observed in Chinese hamster cells was 
similarly regulated; i.e. whether human genes would 
make Chinese hamster cells permissive for Ad2 
expression and replication. We could examine this 
question more fully because of the favorable genetics
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in our system. Stable cell hybrids exist between 
Chinese hamster and human cells so that we can perform 
experiments with more nearly homogeneous cell
populations than possible with the mixed cell
populations obtained soon after cell fusion. 
Furthermore, cell hybrids are also available with 
various combinations of human chromosomes such that we 
might be able to identify one (or a few) chromosomes
which confer the required genes for permissivity. We
initiated such studies in collaboration with Dr. Uta 
Francke (Yale Medical School) who provided the cell 
hybrids and verified their complement of human 
chromosomes.

We evaluated Chinese hamster X human cell hybrids 
to determine whether permissivity was expressed. In 
contrast to prior studies, we could determine whether 
all restrictions were corrected by assessing synthesis 
of progeny infectious virus. Two systems were 
examined: a CHO X human fibroblast hybrid cell line 
(UF11) which contains 19 human chromosomes and a V79 X 
human lymphocyte 'hybrid cell line (X7A) which contains 
the full complement of 23 human chromosomes (22 
autosomes plus the X) in at least one copy each. In 
each case, the individual human chromosomes are present 
in at least 20X of the cell population. (The cell 
lines are identified more fully in the Materials and 
Methods, Table 4). A growth curve of Ad2 in these
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cells was performed and as can be seen from Table 11 
there was a marked increase of virus over the input, 
adsorbed or eclipsed virus. There was no increase in 
virus post infection in either Chinese hamster parent 
alone as shown previously (Table 6) and confirmed in a 
parallel experiment with the cell hybrids (data not 
shown). In both cell hybrids, the virus yield at 3 
days was approximately 500-fold greater than the
eclipse value (16-24 hr pi). This is a particularly

\sensitive indicator since it corrects for differences 
due to improved virus adsorption due to possible cell 
surface receptors for adenovirus contributed by the 
human genes. Although the yield was significantly 
lower than that obtainable for highly permissive cells 
such as HeLa, it is quite consistent with yields obtained 
for human fibroblasts (HS74) such as those used in the 
CHO cell fusion. It was therefore concluded that 
permissivity was "dominant" and the study of which 
human chromosome or chromosomes was responsible for 
this aspect of permissivity to Ad2 was undertaken.

Dr. Francke provided this laboratory with a set of 8 
previously-karyotyped hybrid cell lines involving V79 
as the Chinese hamster parent. The cells contained 
different combination of human chromosomes (see Table 
12). Two types of experiments in these cells were 
performed: a labelling experiment to assay for fiber 
production by immunoprecipitation and PAGE as well as a
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Table 11

Ad2 Growth in X-7A and UFll^
AdZ Virus Yield (pfu/culture)'9 

Cell Line Adsorbed Eclipse Day 3

X7A 1 X 101 0.8 X 103 3.9 X 10*

UF11 NDC 7.5 X 103 4.8 X 106

a cells were infected at an moi of 1 pfu/cell as described 
in Materials and Methods.
(pfu/0.2ml X 25 = pfu/culture)
Not determined



Table 12
Karyotype of Chinese hamster X human cell hybrids 

cell Human Chromosomes
line

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
UF1 — + P + + — — + — ' — + + — + + + + — + + + + +
UF2 + - — - - — + - - - + + - P +
UF3 + — + + — + — + P — — + • + + + + — + + L + + +
UF4 — - - - + — - — - - - - — + - + - — — — - + +
UF5 + + + + + + + — + + + + + + + + — + + + + + +
UF6 P + + + + + + - - + - + + + + + - + + + + + -
UF7 + + + P + P — + + — P + — + + + + + + + + + +
UF8 P + P + + P + + _ + + + + + + — — + + + + +

a Partial chromosome is present
b the chromosome is present in < 209s of the cells.
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virus growth curve. Not all the cells were ready at 
the same time, so a preliminary labelling experiment 
with ̂ S-methionine was done with UF3, UF6 and UF7 in 
which the hybrids were pulse labelled at 48-51 hrs pi 
and continuously labeled between 27-51 and 51-76 hrs 
pi. This was done in an attempt to establish a good 
labelling protocol that would be most representative.
Figure 16 shows the pattern of PAGE for a whole lysate 
of these samples. Equal volumes of lysates, were 
applied and run on the gel. Lanes A and M are HeLa 
markers. Lanes C and D represent the pulse label of 
virus infected UF3 and UF6, respectively. Compared to 
the uninfected UF3 (lane B), one can clearly see a 
hexon band. Lanes F, I and K represent long label 
samples of UF3, UF6 and UF7, respectively.
Again the hexon is clearly visible. The long label 
uninfected controls and the 51-76 hr pi label of the 
infected cells (UF3, UF6) had a 10-fold decrease in the TCA 
precipitable radioactivity and, therefore, were not 
detectible on the autoradiograph.

Since every band that was present in the infected 
pulse sample was also present in the infected long 
label sample, it was decided that all further labelling 
experiments will be done with long label. Such a 
protocol measures an accumulation of a protein rather 
than rate of synthesis and lessens the likelihood of 
inadvertently selecting a non-representative time pi
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Figure 16: PAGE analysis of whole cell lysates
of UF3, UF6 and UF7. Cells were infected with an 
MOI of 50-100 pfu/cell. Infected and mock 
infected cells were pulsed and continuously 
labelled with S-methionine at different times pi. 
Whole cell lysates were prepared and analyzed by 
PAGE and autoradiography as described in 
Materials and Methods. Equal amounts of lysates
were loaded in each lane.
LANE A: HeLa marker
LANE B: UF3, mock infected, 48-51 hr Pi , 1 .5 X 105 cpm.
LANE C: UF3, infected, 48-51 hr Pi, 4.8 X s10 cpm.
LANE D: UF6, infected, 48-51 hr Pi, 2.1 X 10* cpm.
LANE E: UF3, mock infected, 27-51 hr Pi , 1.6 4X 10 cpm.
LANE F: UF3, infected, 27-51 hr Pi, 2.4 X 10* cpm.
LANE G: UF3, infected, 51-76 hr Pi, 7.0 X io3 cpm.
LANE H: UF6, mock infected, 27-51 hr Pi , 6 .2 X 10H cpm.
LANE I: UF6, infected, 27-51 hr Pi, 1.1 X 10* cpm.
LANE J: UF6, infected, 51-76 hr Pi, 8.9 X it? cpm.
LANE K: UF7, infected, 51-76 hr Pi, 9.5 X 10s cpm.
LANE L: Blank lane.
LANE M: Marker.
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Figure 16

hexon

penton
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for analysis.

Equal volumes (which approximated equal TCA 
precipitable counts) were immunoprecipitated for fiber 
using rabbit and monoclonal anti fiber antibodies.
Figure 17 shows an autoradiograph of the PAGE. All 
samples are clearly positive with samples 
immunoprecipitated with rabbit sera in lanes A-F 
showing slightly more fiber than in the monoclonal anti 
fiber in lanes G-L. Immunoprecipitation of extracts of 
UF7 brought down the most fiber in this experiment.
Hexon and penton were also immunoprecipitated by both 
antibodies, demonstrating that the fiber was assembled 
into virus-like particles, as well.

When the rest of the hybrids grew out, UF1, UF2,
UF4, UF5 and UF8, they were infected. UF7 was also 
retested to permit comparison with the previous experiment. 
Cultures were labelled at 42-66 hr pi, which became the 
standard labelling time for most of the cell hybrid 
experiments. Equal volumes of samples were 
immunoprecipitated with anti fiber antibody. Figure 18 
shows the result of this experiment. In the cases of 
UF5 and UF7 (lanes F and H respectively), appreciable 
fiber was precipitated compared to the other samples of 
UF1, UF2, UF4 and UF8 (lanes B, C, D and I, 
respectively). It is further seen that hexon and 
penton are brought down with the fiber 
immunoprecipitate indicating that some assembly is
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Figure 17: PAGE analysis of UF3, UF6, and UF7
lysates immunoprecipitated for fiber. Cells were 
infected and labelled as described in Materials 
and Methods and legend to Figure 16. Set of 
samples were matched for counts and 
immunoprecipitated using anti fiber monoclonal 
and polyvalent antibodies. One half of the 
immunoprecipitate was loaded on the gel. Lanes 
A-F are samples immunopreciptated with rabbit 
antibody and lanes G-L with monoclonal antibody.
LANE A: HeLa , infected , as marker.
LANE B: UF3, mock, 48-51 hr pi, 2.8 X 106 cpm.
LANE C: UF3, inf ected, 48-51 hr pi/ 4.5 X 10^ cpm.
LANE D: UF3, infected, 27-51 hr Pi / 4.0 X 106 cpm.
LANE E: UF6, infected, 27-51 hr Pi/ 2.3 X 106 cpm.
LANE F: UF7, infected, 51-76 hr Pi/ 2.8 X 106 cpm.
LANE G: HeLa , infected , as marker.
LANE H: UF3, mock, 48-51 hr pi, 2.8 X 106 cpm.
LANE I: UF3, inf ected , 48-51 hr Pi/ 4.5 X 10G cpm.
LANE J: UF3, infected, 27-51 hr Pi/ 4.0 X 106 cpm.
LANE K: UF6, infected, 27-51 hr Pi/ 2.3 X 10fc cpm.
LANE L: UF7, infected, 51-76 hr Pi/ 2.8 X 106 cpm.



Figure 17
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taking place. Lanes E and G are uninfected controls 
and are negative, as are lanes K (the long label) and 
lane L (the pulse label) of infected V79.

These same samples were then examined for 
immunoprecipitation of 100K protein to ensure that the 
quality of infection was comparable among all these cell 
lines. Figure 19 shows the result of such an 
immunoprecipitation where the same equal volumes of cell 
extracts were immunoprecipitated using monoclonal 
antibody against 100K protein. With the exception of 
UF2 (lane C) and V79 (lane K), all the cells seem to 
show a comparable infection. UF1, UF4, UF5, UF7 and 
UFB (lanes B, D, F, H and I, respectively).

It was concluded that, by the criterion of fiber 
production, UF1, UF2 (a repeat experiment, data not 
shown) UF4, UF8 are negative and UF3, UF5, UF6 and UF7 
are positive. Failure to see fiber where there was an 
adequate amount of 100K polypeptide precipitated indicates 
a block to fiber production rather than a poor infection.

Careful examination of the karyotype of these 
cells (Table 12) show that there is a complete 
concordance of fiber protein synthesis with human 
chromosomes 3,6 and 18. Hybrids UF3, UF5, UF6 and UF7 
are all positive for fiber and all contain chromosomes 
3, 6 and 18. The other hybrids are negative for fiber 
and all three chromosomes as in the case of UF2 and 
UF4. UF1 is missing chromosome 6 and 18 but contains a



-  121 -

Figure 18: Fiber immunoprecipitation and PAGE
analysis of hybrid cells UF1, UF2, UF4, UF5,
UF7 (repeat), UF8 and V79. Cells were infected 
and processed for PAGE and autoradiography as 
described in legend to figure 16. Samples were 
labelled at 42- 66 hr pi, and immunoprecipitated 
with monoclonal antibody directed against the 
fiber protein. Equal volumes of lysates were 
immunoprecipitated. Half the immunoprecipitate 
was loaded on the gel.
LANE A: HeLa , marker.
LANE B: UF1, infected, 2.1 X 10^ cpm.
LANE C: UF2, infected, 2.4 X 10^ cpm.
LANE D: UF4, infected, 3.2 X 10^ cpm.
LANE E: UF5, mock infected , 1.3 X 10^ cpm.
LANE F: UF5, infected, 2.9 X 10^ cpm.
LANE G: UF7, mock infected , 1.4 X 10*"cpm.
LANE H: UF7, infected, 1.9 X 10^ Cpm.
LANE I: UF8, infected, 3.5 X 10^ cpm.
LANE J: V79, Mock infected , 42-66 hr pi, 4. 8 X (o10 cpm.
LANE K: V79, infected, cpm not determined.
LANE L: V79, mock infected , 43-46 hr pi, 1. 7 X cpm.
LANE M: V79, infected, 43- 46 hr pi, cpm not determined
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Figure 19: 100K immunoprecipitation and PAGE analysis
of hybrid cells UF1, UF2, UF4, UF5, UF7, UF8 and V79. 
Cells were infected, labelled, immunoprecipitated, 
processed for PAGE and autoradiography, as described 
in legend to figure 18. Samples were 
immunoprecipitated with monoclonal antibody directed 
against the 100K protein. Samples are in the same 
order as those described for figure 18.
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partial chromosome 3. UF8 is missing chromosome 18 and 
a part of chromosome 3 and 6.

These results indicated that a definite assignment 
of "permissivity" to a unique chromosome could be possible. 
It was a matter of sorting out among chromosomes 3,6 and 18.

As a further degree of analysis, a viral growth 
curve was performed on these hybrid cells as described 
in the Materials and Methods section. The results are 
summarized in Table 13. Times corresponding to 
adsorption, eclipse, 3 days pi and, in some cases 5 
days pi were analyzed and the increase over the eclipse 
value was calculated. Cell hybrids which showed a 
good level of virus production (i.e. >50-100 fold 
increase over the eclipse value) were considered 
positive. These were UF3 and UF5, both of which were 
also positive for fiber production. From the table 
one can see that some fiber-positive hybrids were not 
able to synthesize appreciable levels of virus, e.g.
UF6 which was negative for virus production and UF7 
which is ambiguous since it seems to be variable and 
show generally borderline levels of virus yield. These 
results may reflect more subtle differences in the 
quantitative aspects of infection since UF5 was 
positive for virus production only at high MOI of 
infection. Possible interpretation of this
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Table 13
GROWTH OF Ad2 IN HYBRID CELLS UF1-UF8

PFU/CULTURE
Cell
Line

Input
MOI

Ads0" Eclipse^ day I3c

DF1 1 1 X 103 1.1 X i d 2.9 X io3
UF2 1 7.5 X 101 3.8 X i d 1.2 X io2
UF3 1 4.4 X 103 5.0 X i d 3.6 X 10s
UF4 1 5.0 X l / 7.5 X i d 2.5 X i d

UF5 1 2.3 X 10* 4.0 X i d 1.1 X i d

38 1.0 X 10s 7.0 X c10
UF6 1 1.5 X io3 1.9 X i d 1.2 X 10^
UF7 1 5.0 X io3 1.5 X i d 2.7 X 10^

1.6 X 10^ 3.8 X io5
1.5 X i d 8.8 X 10**

38 1.1 X 105 6.2 X io6
UFB 1 2.4 X io3 2.5 X i d 6.1 X io3

36 1.2 X 10s 1.4 X i d 1.1 X 10&

day 5

1.4 X 107

6.0 X 105

b1.4 X 10

a adsorption value harvested immediately following infection, 
b eclipse value harvested at day 1. 
c day 3 harvested three days pi.
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discrepancy are presented more fully in the discussion 
section. It should be pointed out here that the cells 
for both radiolabelling experiments and the growth curve 
were subcultured and infected at the same time. The 
growth curve was harvested by freezing and storage at 
-20°C until all the samples were collected; they were 
then plague assayed together. This point is important 
because as these hybrid cells divide, it is possible 
that they might segregate human chromosomes and a loss 
in ability to support viral growth may be due to a 
loss of a particular chromosome.

To clarify further the possible roles of 
chromosomes 3 and 6, Dr. Francke sent another hybrid 
cell line made from a fusion of Chinese hamster cell and a 
human lymphocyte, designated UF9, which presumably 
contained only human chromosomes 3 and 6. Cells were 
infected and labelled from 48 to 72 hr pi in parallel 
with appropriate positive and negative controls. Figure 
20 shows the resulting autoradiograph of a PAGE of 
equal volume samples immunoprecipitated for 100K protein 
using rabbit antiserum and fiber using monoclonal antibody. 
UF9 (in lane E) shows a greater amount of fiber protein 
than the negative control UF8 (in lane C) and a little 
less than the positive control UF7 (in lane F). Lanes 
B and D are uninfected UF8 and UF9, respectively. The 
immunoprecipitation for 100K protein (lanes G-K) shows a 
good level of production, indicating that the quality of



-  128 -

Figure 20: Fiber, 1OOK protein immunoprecipitation
and PAGE analysis of UF9. Cells were infected at an 
MOI of 50-100, labelled at 48-72 hr pi and processed 
for PAGE and autoradiogrphy as described in 
Materials and Methods and legend to figure 16.
Equal volumes of samples were immunoprecipitated 
with monoclonal anti fiber antibody (lanes B-F) and 
with rabbit antibody against 100K (lanes G-K). Half 
of the immunoprecipitate was loaded on the gel.
LANE A: HeLa , used as marker.
LANE B: UF8, mock infected, 6.4 X 106cpm.
LANE C: UF8, infected, 7.1 X 10^ cpm.
LANE D: UF9, mock infected, 6.4 X 10&cpm.
LANE E: UF9, infected, 1.9 X 106 cpm.
LANE F: UF7, infected, 3.9 X 10& cpm.
LANE G: UF8, mock infected, 6.4 X 10fc cpm.
LANE H: UF8, infected, 7.1 X 106 cpm.
LANE I: UF9, mock infected, 6.4 X 106, cpm.
LANE J: UF9, infected, 1.9 X 10^ cpm.
LANE K: UF7, infected, 3.9 X 10& cpm.
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Figure 20

100K
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infection is comparable in these three cell lines.

Since UF9 was positive for fiber production, 
either chromosome 3 or 6 looked very promising.
It was determined that only fifty percent of the 
cell population of UF9 contained chromosome 3. > To 
further test the possibility that chromosome 6 is 
the one responsible for permissivity, it was reasoned 
that by seeding UF9 under cloning conditions and picking 
random clones, a collection of subclones would be obtained 
some of which would contain only chromosome 3 or 6, both 
3 and S, or possibly neither. Infection and testing of 
these clones for fiber production and then examination 
of the karyotypes should help in determining whether 
chromosome 3 and/or 6 is essential for permissivity.
For example, if chromosome 6 is involved, subclones of 
UF9 containing chromosome 6 should be fiber positive 
and subclones of UF9 which do not contain chromosome 6 
should be fiber negative. The same reasoning holds for 
the presence or absence of chromosome 3.

Seven subclones of UF9 were picked and were tested 
for their ability to support viral growth and ability 
to synthesize fiber. All seven subclones were infected 
and radiolabelled at 40-60 hr pi. Figure 21 is the 
result of an autoradiograph of PAGE of an 
immunoprecipitation of fiber using monoclonal antibody. 
Clones B1 and Cl in lanes E and G, respectively, were 
positive as was the positive control, UF9 in lane A.
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Clones A2, A3, A4, B3 and C4 (in lanes B, C, D, F and 
H, respectively) were negative as was V79 in lane I.
Lanes J and L are uninfected controls with UF9 and C4 
respectively. As in other experiments, the 100K protein 
was immunoprecipitated to monitor the quality of infection 
and Figure 22 shows the result of this 
immunoprecipitation using the rabbit antiserum. With 
the exception of UF9, B1 and V79 (lanes A,E and I), all 
other samples showed a poor 100K protein production 
indicating that, in this particular experiment, Ad2 
did not infect all the clones equally well. It was 
therfore, not valid to call these clones negative for fiber 
production. However, some statements can be made. B1 
and Cl are fiber positive as both exhibited good fiber 
production. B1 was positive for 100K as well. Cl is 
positive by virtue of the fact that it made fiber 
despite a low 100K protein production. UF9 is positive 
as it was in previous experiments and V79 is negative 
(good 100K production, low fiber). The experiment was 
repeated under a slightly different protocol. Clones 
were infected with two different concentration of virus 
and labelled at different times pi. The clones were 
infected with virus at an MOI of 62 pfu/cell and 
labelled at 24-48 hr pi; and at an MOI of 6 pfu/cell 
and labelled at 40-60 hr pi. This was done to obviate 
the possibility that labelling at 40-60 hrs using the 
higher MOI is not efficient due to cell killing.
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Figure 21: Fiber immunoprecipitation and PAGE
analysis of UF9 subclones A2, A3, A4, B1, B3, C,
C4 and V79. Cells were infected, labelled 40-60
hr pi., immunoprecipitated with monoclonal
antibody and prepared for PAGE and
autoradiography as described in legend to figure
16 and Materials and Methods. Half the
immunoprecipitate was loaded on the gel.

5LANE A 
LANE B 
LANE C 
LANE D 
LANE E 
LANE F 
LANE G 
LANE H 
LANE I 
LANE J 
LANE K 
LANE L

UF9, infected, 5.8 X 10 cpm.
A2, infected, 3.4 X 10^ cpm.
A3, infected, 3.9 X 10^ cpm.
A4, infected, 1.4 X 10^ cpm.

5B1, infected, 6.9 X 10 cpm.
5B3, infected, 1.8 X 10 cpm.
5Cl, infected, 1.5 X 10 cpm.
uC4, infected, 2.0 X 10 cpm.

V79, infected, 7.9 X 10* cpm.
c;UF9, mock infected, 2.5 X 10 cpm.- 

UF9, mock infected, 1/25 of sample, 
C4, mock infected, 2.2 X 10 cpm.
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Figure 22: 100K protein Immunoprecipitation and
PAGE analysis of UF9 subclones: A2, A3, A4, B1,
B3, Cl, C4 and V79. Cells were infected, labelled 
immunoprecipitated with'rabbit anti 100K 
antibody, processed for PAGE as described in the 
legend to Figure 21 and the Materials and 
Methods. Samples are in the same order as they 
are for Figure 21.
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Figure 22
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The resultant immunoprecipitation for fiber of the 
infection with the higher MOI is shown in Figure 23.
Cl, C4, A3 (possibly) and UF9 (lanes F, G, C and H, 
respectively) are positive. Cl and C4 show more fiber 
than UF9; that is reasonable since Cl and C4 are a pure 
population as opposed to UF9. Clones A2, A4 and B3 
(lanes B, 0 and E) are negative as is the negative 
control V79 (lane I). Examination of the companion gel 
with 100K protein immunoprecipitation with rabbit antiserum 
Figure 24, shows that the infection was much improved, 
in general. Most showed a comparable infection (A3,
A4, B3, UF9 and V79 in lanes C, D, E, H, and I, 
respectively) with Cl and C4 in lanes F and G somewhat 
higher for 100K polypeptide. Clones A2 (lane B) remained 
uninterpretable in view of low 100K as well as fiber band.

Samples that were infected with 10-fold less virus 
were also tested and labelled at 40-60 hr pi (data 
not shown). The fiber immunoprecipitate was practically 
negative as very little fiber was detectible in all 
the samples including UF9, Cl and C4. Synthesis of 
100K protein was similarly very low in all cases. From these 
experiments, it was concluded that clones Cl, B1 and C4 were 
positive for fiber production, clone A3 exhibited a low 
level fiber production and clones B3 and A4 were 
negative. Data on clone A2 were inconclusive.

A viral growth curve was performed on A3, A4, B3 
Cl and C4. Table 14 shows the result of the plaque assay.
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Figure 23: Fiber immunoprecipitation and PAGE
analysis of UF9 subclones. Cells were infected 
at MOI of 50-100 pfu/cell and labelled at 24-48 hr 
pi. Equal number of radioactive counts (3.0 X 
IC^cpm) were immunoprecipitated with 
monoclonal anti fiber antibody. The samples 
were prepared for PAGE as described in 
Materials and Methods.
LANE A 
LANE 5 
LANE C 
LANE D 
LANE E 
LANE F 
LANE G 
LANE H 
LANE I

HeLa, marker. 
A2, infected. 
A3, infected. 
A4, infected. 
B3, infected. 
Cl, infected. 
C4, infected. 
UF9, infected. 
V79, infected

LANE J: V79, uninfected.
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Figure 24: 100K immunoprecipitation and PAGE
analysis of subclones of UF9. Cells infected 
and processed as described in the legend to 
figure 23. Rabbit anti 100K antibody was used 
for the immunoprecipitation. The samples are 
in the same order as for figure 23.
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The result of this growth curve indicates that 
neither UF9 nor its segregants support viral growth 
even though some of the segregants do produce fiber.
Selected clones were sent back to Dr. Francke for 
karyotyping. The results of the karyotype are shown- in 
Table 15. This result was disappointing in that it 
failed to assign permissivity to either chromosome 3 or 
6. However, it ruled out chromosome 6 as a likely 
candidate. The Cl result was curious. The Cl cell 
population did not seem to have a recognizable human 
chromosome. A plausible explanation is that one or 
more small translocations of human chromosomes to 
Chinese hamster chromosomes had occurred. This subclone 
was examined for the presence of human DNA sequences.
A dot blot DNA hybridization was performed as described 
in Materials and Methods. The resultant autoradiograph 
did not demonstrate the presence of human repetitive 
sequences unambiguously (data not shown). If human 
sequences were present, they represented less than 0.01% 
of the total cellular DNA based on reconstruction experiments.

Results of the experiments on UF9 subclones 
eliminated chromosome 6 as the one relevant to 
permissivity. B3 which contained chromosome 6 and a 
partial chromosome 3 was negative for fiber. The only 
statement that can be made about Cl is that possibly 
a small human DNA sequence translocated onto a hamster 
chromosome allowing for the fiber positive nature of
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Table 14

Ad2 Virus Yield in UF9 subclones0,
(pfu/culture)

Cell Line Day 1 Day 3 Yield/Eclipse
UF9 7.5 X 10* 3.7 X io3 5.0
A3 1.5 X 10** 1.0 X 10S 6.0
A4 3.7 X io3 7.5 X 103 2.0
B3 1.5 X 10* 1.4 X 10** 0.9
Cl 2.5 X 103 2.8 X 10** 11.0
C4 1.5 X 10*1 9.3 X 10M 6.2

a Cells were infected at a rooi of 1 as described in the 
Materials and Methods, 

b yield/eclipse is the ratio of progeny virus to input 
virus.



Table 15

Karyotype of UF9 Subclones 

Hybrid Fiber Chromosome 3 Chromosome 6

Cl +
C4 + + <9030
A4 - <f-
B3 - Q + (903;)

a short arm of the chromosome.
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this subclone. Nothing could be said about the origin 
of this sequence so chromosomes 3 and 18 are not ruled 
out.

A set of hybrids resulting from a CHO X human cell 
fusion (UF11-UF13) were received next. These were actually 
received while the subclones of UF9 were being picked.
These hybrids were selected for testing because they all 
contained chromosomes 3 and 18 and each contained a
different fragment of chromosome 6. The karyotypes are

\in Table 16. The following experiment was actually 
done before the results of the subclones of UF9 were 
completed. It was of particular interest that 
chromosome 6 might be involved since chromosome 6 has 
many markers on it; this set of hybrids offered a 
possibility of actually mapping "permissiveness" to a 
distinct arm of the chromosome.

These cells were infected and labelled at 40-60 hr 
pi. Equal counts were immunoprecipitated for fiber and 
100K protein and Figure 25 shows the results of this 
experiment. All these hybrids (UF7, UF10, UF11, UF12 
and UF13) were positive for fiber production (lanes H,
I, J, K, and L respectively). They all exhibited good 
100K protein production (Lanes B, C, D, E and F). This 
added to the thesis that chromosome 6 is not relevant but 
these cell lines contained chromosomes 3 and 18.
Hybrid UF10 which is the result of a fusion between 
V79 and human lymphocytes was also analyzed.



Table 16

Karyotype of Chinese hamster ovary X human cell hybrids

Cell Human Chromosomes
Lines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20 21 22 X
UF11 + — + + + + + + + + + + + + + + + + — — + — +
UF12 + + + P - P + - - + L + + L + + - + - + + — +
UF13 + + + P + P + + + + + + + + + + + — _ + + +

a partial chromosome is present.
b chromosme is present in less than 20% of the cells.

Sfr
T
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Figure 25: Immunoprecipitation and PAGE analysis
of infected Chinese hamster ovary X human cell 
hybrid cells. Cells were infected at a MOI 
50-100 pfu/cell and processed for PAGE as 
described in legend to figure 16. Cells were 
labelled 46-68 hr pi. Equivalent 4 X lO^cpm were 
immunoprecipitated with monoclonal antibody 
against fiber (lanes H-M) and rabbit antibody to 
100K protein (lanes B-G).
LANE A 
LANE B 
LANE C 
LANE D 
LANE E 
LANE F 
LANE G 
LANE H 
LANE I 
LANE J 
LANE K 
LANE L 
LANE M

HeLa, marker.
UF7, infected.
UF10, infected.
UF11, infected.
UF12, infected.
UF13, infected.
UF7, infected, 1/5 as much as in lane B. 
UF7, infected.
UF10, infected.
UF11, infected.
UF12, infected.
UF13, infected.
UF7, infected, 1/5 as much as in lane H.
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Figure 25
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It contains chromosomes 3 and 18 but is missing 6.
At the time that this experiment was performed, 

the finding that all the hybrids were positive for 
fiber production was disappointing, as this added 
evidence to the irrelevancy of chromosome 6. The fact 
that the Chinese hamster parent (CHO) in this set of 
hybrids was different than the Chinese hamster parent 
(V79) involved in the other fusion could not be the 
explanation since UF10 also demonstrated that 
chromosome 6 was not relevant. The findings with the 
subclones of UF9, described above, served to provide 
final documentation.

A viral growth curve was performed and the results 
are show in Table 17. UF10 is negative for viral 
growth but UF11, UF12 and UF13 show a marked increase 
over CHO.

The next set of hybrids were chosen by Dr. Francke 
as a blind experiment to try to sort out the 
involvement of chromosome 3 or 18. Hybrids designated 
as UF14, UF15, UF16 and UF17 were received. Virus 
growth and fiber production assays were performed at 
standard virus concentration and labelling protocol.
Equal number of counts were immunoprecipitated with the 
two antibodies. Figure 26 shows the resulting 
autoradiograph of the PAGE, lanes A-E are samples 
immunoprecipitated for fiber and lanes F-K are the same 
samples immunoprecipitated for 100K protein. From this figure
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Table 17
Ad2 yield in CHO X Human Cell Hybrids

(pfu/culture)
Hybrid DAY 1 Day 3 Yield/e
- UF10

[C>oKin <2.5 X 10^ < 5
3 (oUF11 7.5 X 10 4.8 X 10 640

UF12

iftoHXin•
N 4.5 X 106 1800

3 J&UF13 6.3 X 10 4.0 X lCT 634
TNT 2.1 X 103 <2.5 X 103 < 1-2

a Data obtained as described in Table 14
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it can be clearly seen that UF15 (lane C), UF16 which 
turned out to be the same hybrid as UF10 (blind study, 
lane D) and Cl (lane F) are clearly positive. UF15 is 
a result of a fusion with a different Chinese hamster 
parent A23 cells, so it is not appropriate to compare 
it with the other hybrids. Cl was redone at this point 
after the results of the karyotyping of the subclones of 
UF9 were known. It was still fiber positive. UF17 in 
lane D, though not seen too clearly on this gel, was 
unambiguously positive when rerun on a subsequent gel.
The 100K protein immunoprecipitation shows a good infection 
with UF15 and UF16 (lanes I and J, respectively) 
producing more 100K protein than UF17 and Cl (lanes K 
and L, respectively). UF14 was determined to be negative 
for fiber production (data not shown). Though less 100K 
(data not shown) was immunoprecipitated from this 
hybrid than the other hybrids tested along with it, 
enough was made so that the fiber immunoprecipitation 
would obviously be positive if this hybrid had over­
come the block to fiber production. The results of the 
growth curve are found in Table 18. Only UF16 is 
positive for virion production. It should be noted 
that UF16, is the same as UF10 but received at a 
different time. UF10 was, however, negative for virion 
production. This discrepancy could be possible because 
it is feasible that when the cells were thawed for the 
experiments, their genetic makeup was no longer
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Figure 26: Fiber, 100K protein immunoprecipitation
and PAGE analysis of UF15, UF16, UF17 and Cl. Cells 
were infected, labelled from 40-60 hr pi 
immunoprecipitated and processed for PAGE as 
previously described in the legend to figure 16 and 
Materials and Methods. Equivalent counts were 
immunoprecipitated (1.5 X 1<3 cpm) with monoclonal 
anti fiber antibody (lanes A-F), and monoclonal anti 
100K antibody (lanes G-L). Half of the 
immunoprecipitate was loaded on the gel.
LANE A: HeLa, 19-21 hr pi, cpm not determined.
LANE B: UF16, mock infected.
LANE C: UF15, infected.
LANE D: UF16, infected.
LANE E: UF17, infected.
LANE F: Cl, infected.
LANE G: HeLa, 19-21 hr pi, cpm not determined.
LANE H: UF16, mock infected.
LANE I: UF15, infected.
LANE J: UF16, infcted.
LANE K: UF17, infcted.
LANE L: Cl, infected.
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Table 18
Ad2 yield in hybrids UF14, UF15, UF16 and UF17£

(Pfu/Culture)
Hybrids Day 1 Day 3
UF14 2.0 X 10^ 2.6 X 105
UF15 2.5 X 104 6.0 X 105
UF16 1.5 X 10H 6.0 X io6
UF17 5.7 X 10** 2.1 X 10^

Yield/Eclipse 
13 
24 

600 
< 1

a Data obtained as described in Table 14
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identical, thus giving conflicting results. These 
cells were never rekaryotyped. The karyotype of this 
new set of hybrids is shown in Table 19. The results 
ruled out chromosome 18 as relevant; UF14 which 
contained chromosome 18 was negative for fiber and UF17 
which was positive for fiber did not have chromosome 18.

The possibility that "permissivity" might be 
uniquely assigned to chromosome 3 was examined.
Again two hybrids were recieved in the hope to 
finally make a definite assignment. These hybrids were 
tested for fiber production. Figure 27 shows the 
results of immunoprecipitation with anti fiber 
monoclonal antibody. Both UF18 and UF19 are fiber 
positive. A growth curve was performed on these cells 
but not processed. The results were disappointing as 
one of these hybrids did not have chromosome 3 yet was 
fiber positive.

Therefore, it was not possible to make an unambiguous 
assignment of "permissivity" to a distinct human 
chromosome.



Table 19

Karyotype of Chinese hamster X human cell hybrids
Cell Human Chromosomes
Line
UF 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

10 — — + — — — * + — — + — + P* _ + _ + + _ +
16
14 — — — — + — + + + — — — + P +

/
— + + + + + +

15 — — + + + — + + + + + — — + + + + + + + — + P
17 - - + — - + - - — - - + + + + + - — — — + — -

18 - — + P — + + — — + + + — — + — — — — + + + +
19 — — — — + — + + — — — + + — — + — + — +

a partial chromosome is present.
b chromosome is present in less than 20X of the cells.
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Figure 27: Anti fiber immunoprecipitation and PAGE
analysis of selected hybrids and UF18 and UF19.
Cell lines were infected at MOI of 25 pfu/cell and 
labelled at 24-48 hr pi. Samples were prepared for 
PAGE as described in Materials and Methods. 
Equivalent cpm were immunoprecipitated with the 
monoclonal antibody.
LANE A: HeLa, 18-21 hr pi, cpm not determined.
LANE B: V79 
LANE C: UF3 
LANE D: UF6 
LANE E: UF10 
LANE F: UF18
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Figure 27
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3.3: Role of SV40 T antigen in Adenovirus
replication in CHO

Klessig and Anderson <1975) reported that when 
AdZ infects CV1 cells, there is a drastic reduction in 
the production of fiber protein with a reduction to a 
lesser degree of other late proteins as compared to 
infection of permissive human cells. Some late 
proteins, such as 100K and IVaZ, were made at normal 
levels. A similar response with AdZ infection of 
Chinese hamster cells was observed except that the 
whole pattern of synthesis of late viral proteins was 
comparably reduced even further. Whereas it was possible 
to detect a fair amount of fiber in CV1 cells using 
immunoprecipitation, none or negligible amounts was 
detected in the Chinese hamster cells.

It was first reported by Rabson et al. (1964) that 
coinfection with SV40 enhances the replication of AdZ 
in CV1 cells to a level comparable to that found in 
human cells as discussed in the INTRODUCTION. It 
seemed appropriate to ask whether T antigen would also 
enhance Ad replication in Chinese hamster cells. I 
was, however, unable to perform a standard coinfection
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experiment with SV40 and Ad2 (as done originally for 
CV-1 cells) because Chinese hamster cells are resistant 
to infection with SV40 virions (La Bella et al., 1985).
This block is at a level prior to viral gene expression 
since transfected SV40 DNA does express T antigen.

A family of nondefective hybrid adenoviruses 
(AdND) which are able to replicate on both monkey and 
human cells was isolated by Lewis et al. (1969;1973).
The genomic structure of these viruses was determined 
and all the hybrids were found to contain a segment of 
SV40 DNA inserted at a site in region E3 (map position 
0.85) from which Ad2 sequences had been deleted. The 
inserted SV40 sequences begin at the SV40 map position 
0.11 and extend for various lengths into the SV40 early 
region. The SV40 sequences in Ad2NDl is from SV40 map 
position 0.28-0.11. A fusion polypeptide is synthesized.
The fact that the carboxyl end of the SV40 T protein 
provided a helper function for Ad2 infection of CV1 
cells led to to the question of whether this protein 
(although not an intact T antigen sequence) can provide the 
factor necessary for Ad2 infection of Chinese hamster cells.

The infection of CHO with Ad2NDl was analyzed.
Two stocks of virus were usedt Pool 1 was provided by 
T. Grodzicker, Pool 2 was prepared in this laboratory 
by infection of CV-1 cells with pool 1 as described in 
Materials and Methods. Table 20 shows the data which 
were used to calculate the titer of infectious virus in
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pool 2. Two types of experiments were performed to 
assess whether CHO cells were permissive! virus yield 
and immunoprecipitation for fiber with PAGE. A growth 
curve of AdZNDl was performed in CHO in parallel with 
HeLa and CV-1 cells. The results are presented in 
Table 21. There is greater than a 1000-fold decrease 
in virus (as pfu) in CHO cells as compared to primate 
cells. Clearly, therefore, CHO are not permissive for 
AdNDl Although the values obtained in CHO are all within 
experimental error, there is a suggestive pattern of a 
progressive increase over the 3-day period (5-fold).
The radiolabelling studies are discussed later in the 
context of clone 41 (pl68).

The possibility that T antigen was not being made 
in sufficient amounts to act effectively as helper was 
considered. Perhaps not enough T antigen (as an 
Ad-SV40 fusion protein (Grodzicker, et al., 1976)) is 
being made in the murine environment of the Chinese 
hamster cells. In an attempt to investigate whether 
the T antigen would act as helper if it were made in 
sufficient quantities, I undertook the construction of 
a Chinese hamster cell line which would be producing 
large amounts of SV40 T protein such that an infection 
of these cells with Ad2 might mimic levels attainable 
in coinfection of SV40 and Ad2 in CV-1 cells.

An SV40 genome was introduced into CHO by 
co-transfection with the coding sequence from the gene



Table 20
TITRATION OF Ad2NDl IN CV-1 CELLS 

Virus Dilution used Cells positive Infectious . Calculated
prep for infection for 72K (*)*" Virus (units) virus cone. C-
Pool 2 undiluted 100 > io7 —

1 : 2 99 *7> 10 —

1 s 10 63 5.2 X 10^ 5.2 X 107
1 : 50 30 58.0 X 10 4.0 X 107

Pool 1 undiluted 95 > i o "7 —

a Coverslip cultures of subconfluent CV-1 were infected with 
virus as described in Materials and Methods. Twenty-four 
hours after infections, cultures were fixed and processed 
for immunofluorescence with rabbit antibody to Ad2 72K protein.

b The number of infectious virions was determined form the
standard curve comparing infectious virus (as pfu) and percent 
viral infected cells, see Figure 1 in Materials and Methods.

c Number of infectious virions multiplied by dilution of virus 
used for infection.
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Table 21

GROWTH CURVE OF Ad2NDl°w
Cell Line (pfu/culture)

Hours post HeLa CV-1 CHO^
Infection

2 1.6 X io5 1.3 X 10* 1.0 X
6 2.9 X 10s 8.5 X 10“ 5.0 X
24 3.5 X 101 1.9 X ion 6.6 X
48 1.0 X 10^ 00•

t'- X 10* 1.6 X
72 7.8 X 10* 1.4 X 10^ 2.6 X

a Subconfluent cultures were infected with Ad2NDl 
(pool 2, undiluted) and harvested for virus at 
different times post infection. Virus yield was 
determined as plaque forming units on HEK cells. 
Procedures were as described in Materials and 
Methods.

b The TNT subline of CHO was used.
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for dihydrofolate reducatase (DHFR, EC 1.5.1.3). The 
two recombinant DNAs are diagrammed in Figure 28.
This was done for two reasons; first CHO are already 
"transformed" for growth control so that direct 
selection for transfectants involving' SV40 is not 
convenient; second, amplification of the dhfr locus by 
subsequent treatment of cells with methotrexate (MTX) 
could result in co-amplification of the SV40 early 
region were it to become linked as is often observed 
with DNA co-transfer techniques (Nigler et al., 1980).
As SV40 DNA, the origin defective mutant was used, pMK 
SV40 <Bgl I-R) isolated by Gluzman (1979). The origin 
defective mutant was chosen because it was reasoned that 
efficient expression of T could promote replication of 
a resident competent SV40 genome with possible loss of 
sequences and/or cell death. (Low levels of 5V40 DNA 
replication have been found to occur in CHO cells, La 
Bella and Ozer, 1985). This possibility would serve as 
a counterselection to the goal of isolating a cell 
producing a high level of T antigen. As a source of 
DHFR sequences, the recombinant pAdD26SV(A)#l constructed 
by Kaufman and Sharp (1982) was used. It contains 
the mouse cDNA for DHFR under control of the Ad2 late 
promotor. They have shown that this recombinant (or 
its relative pAdD26SV(A)#3 which contains an intact 
SV40 origin and early region) can transform DHFR 
negative CHO (DDK cells isolated by L. Chasin, 1980) to
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Figure 28: Schematic diagram of plasmids used.
An Ad2 major late promoter DHFR cDNA recombinant 
pAdD26SV(A) # 1  (A). A SV40 origin deficient
recombinant pMK16/SV40 Bgll resistant, (B). SV40 
genome map with relevant restriction sites (C).
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FIGURE 28
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DHFR positive and can become amplified in MTX <Kaufman 
and Sharp, 1982). They did not, however, observe 
persistence of T antigen in any amplifiaant of 
pAdD26SV(A)#3. It was thought that because they were using 
a plasmid with an intact SV40 origin that they were possibly 
excising the integrated viral genome(s) and causing 
cell death. If that were the case, these experiments 
should succeed by using the origin defective mutant. The 
DUK cells were cotransfected with the two DNAs by the Ca-P 
co-precipitation method in the absence of carrier to 
maximize intracellular linkage, probably through 
homologous recombination involving the respective 
plasmid sequences. DHFR positive cells were selected in 
DME medium with dialyzed serum supplemented with 
proline (CH0-K1, the parent of DUK, is a proline 
auxotroph). Two weeks after the transfection, 54 
colonies were picked and propagated in two parallel 
cultures; one containing coverslips so the cells could 
be screened for the presence of SV40 T antigen by 
immunofluorescence and the other for passage of cells 
for further experiments and long term storage. The 
colonies were assayed for T antigen using monoclonal 
antibodies provided by E.T. Gurney (1980)* pAb 101 
directed against the carboxyl terminal end and pAb 108 
directed against the amino terminal end. Most of the 
colonies were positive for T when reacted with pAblOl 
but gave a negative reaction with pAbl08. Clone 41
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was picked for further experiments because it gave 
positive reactions with both antibodies though the 
reaction was somewhat stronger with the antibody 
directed against the carboxyl terminal region.
Eventually clone 41 also lost its ability to react with 
the antibody directed against the amino terminal 
region. Since the T helper function was mapped to the 
carboxyl end of the protein, the pursuing of these 
experiments further was justified. Clone 41 was 
amplified as follows: 5 X 10* cells were seeded per 
dish and incubated with DME medium containing O.OluM 
MTX (Calbiochem) supplemented with 10% dialyzed FBS and 
proline. After two weeks, involving repeated changes 
of medium, colonies resistant to this concentration of 
MTX were picked, screened for the presence of T antigen 
by immunofluorescence, and grown for the next step in 
amplification which was growth in 0.02 uM MTX. This 
procedure was repeated until colonies resistant to 
0.01, 0.02, 0.1, 1.0 and 5.0 uM referred to as 41A, 41B, 
41C, 410 and 41E respectively were collected. At all 
stages of this selection, colonies were screened for 
the presence of T antigen and frozen down for future 
studies.

After isolation of these putative amplificants, clones 
41, 41A, 41D and 41D-7 (a clone of 41D> were infected with 
Ad2 and Ad2NDl. The results of the virus growth curve 
is shown in Table 22. Infection with these viruses
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differed among the cell lines but in no case was there
a significant increase over the eclipse value. As
previously shown in Table 21 the yield of AdZNDl in

qpermissive cells is approximately, 1 X 10 pfu/culture 
under comparable conditions.

Cells were also infected and labelled with 
^S-methionine from 43-68 hr pi. AdZ and AdZNDl were 
examined in parallel in clone 41 D-7, CV-1 and HeLa.
PAGE analysis of the whole lysate is shown in Figure 
29. Comparison of the uninfected (lane A) and infected 
(lanes B and C> lysates of clone 41 shows evidence of 
infection by the presence of a broad band in the 
position of 72K and a weaker band in the position of 
hexon. Samples prepared from both infected cultures 
were quite similar. No fiber polypeptide is evident.
The other samples verify the expected results for 
AdZNDl (and Ad2). Infection of HeLa cells (lanes H and 
I) shows prominent viral polypeptides. Although the 
levels are somewhat different with the two virus 
infections. Infection of CV-1 with Ad2 (lane E) shows 
the same viral polypeptides with selective reduction of 
penton,fiber and a polypeptide of 24 kd (protein VI or hexon- 
associated protein I); a faint band in the position of 
fiber is evident on longer exposure. Infection with 
Ad2NDl (lane F) shows restored synthesis of both 
polypeptides to levels comparable to those observed in 
HeLa cells. Hence, the Ad2NDl was functioning
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Table 22

Ad2 infection of clone 41
Virus Yield <PFU/Culture)?"

Cell line Virus Day 1 Day 3 Day 5
DUK Ad2 <2.5 X 103 1.2 X 103 <2.5 X 10

Clone 41A Ad2 1 X 10s 1.8 X 10S NDC
clone 41D-7 Ad2 2.6 X 105 6.3 X ios ND
Clone 41D-7 ND1 8.8 X l o f 1.9 X io6b ND

2.8 X 10s ND ND

a Virus infection was performed as described in materials 
and methods, using Ad2f pool 2 and Ad2NDl, pool 1. Virus 
yield was determined as plaque forming units on HEK 
monolayers.

b Virus yield was determined on CV-1 monolayers. Plaque 
assay of Ad2NDl on HEK and CV-1 indicated a 2-4 fold 
higher titer on the latter cell line.

c Not determined.
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Figure 29: Whole lysates of CHO (subline 41D-7),
CV-1 and HeLa, infected with Ad2 and Ad2NDl. CHO 
were labelled at 43-67 hr pi. HeLa and CV-1 were 
labelled 24-48 hr pi. 10 ul volumes of extracts 
were analyzed by PAGE.

<5LANE A: clone 41D-7, uninfected 1.9 X 10 cpm
LANE B: Clone 41D-7, Ad2 infected, 9.3 X 10^cpm
LANE C: Clone 41D-7, Ad2NDl infected, 1.7 X 1C? cpm

5LANE D: CV-1 uninfected, 1.8 X 10 cpm
*/LANE E: CV-1, Ad2 infected, 5.0 X 10 

LANE F: CV-1, Ad2NDl infected, 2.0 X 10Scpm
5LANE G: HeLa, uninfected, 4.9 X 10 cpm 

LANE H: HeLa, Ad2 infected, 1.4 X 10*̂ cpm 
LANE I: HeLa, Ad2NDl infected, 4.5 X 10 cpm
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Figure 29
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consistent with previously published data (Lewis, 1973).

Immunoprecipitation studies were performed on 
these samples (and others) and the result of PAGE are shown in 
Figure 30. Lane L shows an immunoprecipitation of 
CV-1 infected with Ad2 which demonstrates that 
considerable fiber is present in extracts from these 
cells. Much lower levels are present in the CHO and clone 41 
extracts. There appears to be an increase in the 
amount of fiber made in the Ad2NDl infection of CHO 
cells (lane I) compared to Ad2 infection of CHO (lane J). 
Although equal amount of radioactivity were used 
for immunoprecipitation in both lanes, this result 
cannot be interpreted as a real increase in 
fiber production. This reservation is due to the data 
from the immunoprecipitation for 100K protein as shown in 
Figure 31. Comparison of immunoprecipitation for 100K 
of Ad2NDl infected CHO (lane I) and Ad2 infected CHO 
(lane J) shows that the overall Ad2 infection was not 
equivalent. Consequently, one should expect 
immunoprecipitation for fiber to be poorer.
In any case, the pattern of infection with this virus 
in these cells was the best for demonstrating virus- 
specific proteins (compare figures 7, and 29).
A densitometry tracing of the Ad2NDl infected lanes 
of the PAGE analysis is shown in Figure 32. (The
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Figure 30: Monoclonal antifiber immunoprecipitation
and PAGE analysis of CHO subclones, CV-1 and HeLa. 
Cells were infected with Ad2 and ND1 at comparable 
MOI. CHO subclones were labelled 40-60 hr pi. Hela 
and CV-1 were labelled 24-48 hr pi.
LANE A: 6DUK, uninfected, 2.6 X 10 cpm.
LANE B: DUK, Ad2 infected, 2.4 X 10^cpm.

f

LANE C: bclone 41D-7, Ad2 infected, 2.3 X 10 cpm.
*

LANE D: 6clone 41D-7, Ad2NDl infected, 2.3 X 10 cpm.
LANE E: 7clone 41, Ad2 infected, 1.8 X 10 cpm.
LANE F: clone 41A, Ad2 infected, 1.8 X 10^ cpm.
LANE G: 7clone 41D, Ad2 infected, 1.8 X 10 cpm.
LANE H: clone 41D-7, uninfected, 1.8 X 107 cpm.
LANE I: TNT, Ad2NDl infected, 1.4 X 107cpm.
LANE J: (oTNT, Ad2 infected, 3.7 X 10 cpm.
LANE K: TNT, uninfected, 1.5 X 107cpm.
LANE L: 6CV-1, Ad2 infected, 4.1 X 10 cpm.

s

LANE M: 6HeLa, Ad2 infected, 3.7 X 10 cpm.
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Figure 30
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Figure 31: 100K immunoprecipitation with samples
described in legend to figure 30 order of the 
sample is the same as in figure 30.
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Figure 31
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densitometry tracing of the Ad-infected lanes was 
previously presented as figure 15).

The amount of fiber produced in these cell lines 
was not very much and, at best, at the same level as 
AdZNDl infection of TNT. A possible explanation for the 
failure to see enhancement due to T helper is that in 
isolation of the MTX resistant clones the T antigen 
sequences did not get amplified as was expected.
Therefore, verification of amplification of the DHFR 
sequences and the presence of amplified SV40 sequences 
as well in the MTX treated derivatives of clone 41 was 
sought. DNA was prepared from 3 cell lines (clone 41,
41-CC, and 41-DD), digested with Hind III, and analysed 
by the Southern procedure. Figure 33 panel A was 
obtained by hybridization of the Southern blot with 
nick-translated recombinant DNA containing only the 
mouse cDNA for DHFR in a plasmid (i.e. different from 
either original recombinant DNA used in the transfection 
see Materials and Methods). After the autoradiograph was 
obtained, the nitrocellulose filter was dehybridized, 
verified to be free of residual radioactivity, and 
rehybridized to detect SV40 sequences (Figure 33 panel B). 
Since pAdD26SV(A)#l contains approximately 800 base pairs of 
SV40 as a source of the poly A addition sequences (see 
Figure 28), it was important to use a probe for 
rehybridization which is directed against the relevant 
SV40 sequences but does not include these 800 base
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Figure 32: A densitometer tracing of a PAGE analysis
of AdZNDl infected Hela <A), CV-1 (B)r and CHO (C) 
cells whole lysates from figure 13.
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Figure 32
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pairs found in the pAd plasmid. Therefore, the large 
Pst I fragment was prepared from SV40 DNA (isolated 
from purified virions) and used to make the second 
nick-translated probe.

Hybridization in part A was evident with both MTX- 
resistant cell lines (lanes 2 and 3) but not clone 41 
itself (lane l)r demonstrating at least some increase 
in copy number consistent with amplification of the 
donor DHFR sequence. It is furthermore likely that the 
DHFR sequences are present at a higher molecular weight 
than the comparably digested transfected DNA 
containing DHFR sequences (compare lanes 2 or 3 with 
lane 7).

Hybridization for the SV40 sequences demonstrated 
the same result; namely, the MTX-amplified cell lines 
were more reactive with this probe, indicating 
amplification of SV40 sequences as well. Moreover, the 
SV40 sequences were organized in an interesting 
fashion. The Hind III digested cellular DNA contained 
sequences of a higher molecular weight than the input 
pMKSV40 (compare lanes 2 or 3 with lane 5).
Furthermore, these high molecular weight sequences were 
superimposable with those in part A, suggesting that 
the SV40 and DHFR sequences were in the same DNA 
fragment. Finally several, of the other amplified SV40 
sequences co- migrated with the SV40 sequences in the 
input DNA, indicating that the SV40 sequences were
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Figure 33; Southern analysis of CHO (DHFR ) that 
were co-transfected with pAdDZ6SV(A}#1 and 
pSVori- and selected for expression of DHFR. A 
clone was isolated (clone 41) and further 
selected for increasing resistance to MTX. 41-CC 
amd 41-DD are pooled populations resistant to 
0.1 uM and 1.0 uM MTX, respectively. DNA was 
prepared from the 3 cell lines, digested with 
Hindlll, and analysed. Panel A was obtained by 
hybridization of the gel with nick-translated 
DNA containing plasmid and dhfr (mouse cDNA). 
After the autoradiograph was obtained, the 
nitrocellulose filter was dehybridized, verified 
free of residual radioacitvity, and rehybridized 
with the large Pstl fragment from SV40 isolated 
from purified virions (panel B).
LANE 1: Clone 41.
LANE Z; Clone 41-CC.
LANE 3: Clone 41-DD.
LANE 4: pMK SV40 digested with EcoRl.
LANE 5; pMK SV40 digested with Hindlll.
LANE 6; pAdDZ6SV(A)#l digested with EcoRl.
LANE 7; pAdDZGSV(A)#! digested with Hindlll.
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Figure 33
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unlikely to be grossly rearranged consistent with 
functional expression. It should also be noted that 
the "SV40 sequences" being detected were authentic 
since the probe did not react with the pAdD26SV(A)#l 
(Data not shown).

Although the 5V40 sequences seem to be 
increasingly amplified in the MTX resistant cell 
lines, pulse labelled cell extracts which were 
immunoprecipitated with antibody against T antigen did 
not demonstrate increasing amount of T antigen by PAGE 
and autoradiography (C. Prives, personal 
communication). To verify this result, a Western blot 
was performed as described in Materials and Methods to 
assess the steady-state level of T antigen. Figure 34 
shows that clone 41 and its MTX resistant derivates 
have similar amounts of immunoreactive T antigen (lanes 
b-e). This level is consistent with that observed in 
a monkey cell line (COS 7) containing a single 
integrated copy of pMKSV40BglIR (lane a). Moreover, the 
T antigen is approximately of the same size. T antigen 
in COS 7 is biochemically functional in all respects 
(Gluzman, 1981).

As a final approach, whether the mutation in the 
Ad DBP gene which corrected the restriction for 
Ad in CV-1 would function similarly in Chinese hamster 
cells was examined. These host range (hr) mutants replicate 
as efficiently on CV-1 as HeLa cells, in the absence of
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Figure 34: Western Blot analysis of clone 41
and its MTX resistant derived clones. 
Confluent monolayers were extracted with HIP 
buffer ( . 14M NaCl, .01M Hepes, . 001M MgC^, 
.5k NP40 and PMSF). The cells were scraped 
and centrifuged in a microfuge for 15 
minutes. 15 ul of the supernatant were loaded 
on a gel. Transfer of proteins onto a 
nitrocellulose filter and subsequent 
immunoblottibg were carried out as described 
in Materials and Methods. Samples were 
immunoblotted with monoclonal antibody 
against SV40 T antigen {lanes a-g). Samples 
in lanes (h-K) were reacted with normal
serum.
LANE a : COS cells, positive control.
LANE b: clone 41.
LANE c: clone 41 C.
LANE d : clone 41 D
LANE e : clone 41 E-l.
LANE f : clone 41 E-Z.
LANE g : CHO (TNT).
LANE h : COS.
LANE i: clone 41 E-l.
LANE D I clone 41 E-2.
LANE k: CHO (TNT).
LANE 1: ami do black stained to verify
LANE m : molecular weight marker.



- 185 -

Figure 34
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any SV40 sequences. The data on virus production with 
Ad2hr400 and Ad2hr401 are shown in Table 23. The 
infection is restricted for these viral mutants as 
well. Both viruses replicated in control cell lines as 
expected with virus yields between i t  - 1<? in CV-1 (and 
HeLa). This is not unexpected since the mutations 
presumably select for an improved interaction between 
the Ad OBP and cell proteins. The change appropriate 
for monkey cells need not be relevant to cells from 
unrelated species.
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Table 23

Infection of CHO by Ad2 Host Range Mutants

(Virus Yield (pfu/culture)
Hours PI Ad2 Ad2hr400 Ad2hr401

2 hr < 2.5 X i o 3 < 2.5 X 7.5 X 10^
6 hr < 2.5 X 103 1.3 X io 3 6.3 X 10^

24 hr < 2.5 X 103 1.5 X 103 3.9 X i o 3

48 hr < 2.5 X 10* 7.5 X 10* 7.3 X i o 3

72 hr < 2.5 X io a 1.5 X io 3 8.3 X i o 3

a CHO cells (TNT subline) were infected as
described in Materials and Methods. Virus yield 
was determined by plague aB&ay on HEK monolayers.
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CHAPTER 4: DISCUSSION

Chinese hamster cell lines such as CHO and V79 
offer considerable advantages for genetic and 
biochemical studies. It is remarkable that little is 
known about viral replication in these cells. In fact, 
the available literature indicates that no DNA viruses 
replicate efficiently in these cells. Because one of 
the major interests of our laboratory is host cell 
factors in virus-cell interaction, the characterization 
of the infection of Chinese hamster cells with adenovirus 
was undertaken. This problem was examined because 
of two long term considerations. First, analysis 
of viral replication in mutant or wild type cells may 
be restricted in some manner. A study of this 
restriction should provide insight into cell functions 
needed by the virus in different aspects of the 
virus-cell interaction. Second, since Ad2 is rather 
well characterized in terms of its genome structure and 
molecular biology, it provides an elegant probe or 
model for different aspects of cellular macromolecular 
biosynthesis since it uses host functions extensively.

In characterizing the infection of Chinese hamster
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cells by Ad2 it was found that there is a block in virus 
replication. Production of infectious progeny virus is 
markedly inhibited in several Chinese hamster cell 
lines, including CH0-K1 and V79. One subline derived 
from CH0-K1 (lab designation TNT) was selected for more 
detailed study. Virus enters the cell and early viral 
genes are expressed. Viral DNA synthesis occurs 
although both the onset and maximal rate of viral DNA 
synthesis is somewhat delayed in CHO (e.g. at 24-36 hr 
pi compared to prior to 24 hr in Hela). A MOI of 1-10 
infects virtually all primate cells (HeLa, CV-1) with 
Ad2, as shown by IF assay for the 72K protein. On 
the other hand, approximately 38-73 % of CHO were 
infected at a MOI of 84. However, such a reduction 
should have only a marginal effect on virus yield. 
Longiaru and Horwitz (1981), examined viral DNA 
synthesis in_ vivo in greater detail and concluded that 
viral DNA replication was essentially normal except for 
its delayed peak of synthesis. Hence, in all these 
areas, the efficiency of infection is reduced but only 
to a limited extent.

On the other hand, a marked reduction of several 
late viral structural proteins was observed. This 
finding was made in three ways: immunofluorescence for 
individual viral proteins; polyacrylamide gel 
electrophoresis in SDS (PAGE) of 3*S-labelled cell 
sonicates, and immunoprecipitation of cell extracts
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followed by PAGE.

Immunofluorescence studies showed that even under 
conditions in which most CHO cells are infected 
(positive for 72K protein), a minority of cells 
synthesize hexon and virtually none synthesize fiber. 
These studies were limited by the requirement to 
examine infected cells within the first 2-3 days post 
infection, i.e. before changes in cell morphology 
complicated the microscopic examination. Since viral 
DNA synthesis is somewhat delayed, it is conceivable 
that there is insufficient time for accumulation of 
these late proteins. This interpretation is supported 
by the finding that another class of late protein 
(100K) was present in more cells, although the incidence 
was less than that positive for 72K.

Consequently the emphasis was shifted to 
radiolabelled cell extracts. However, basically 
the same pattern of results were observed. Of the major 
viral proteins (i.e. 72K, hexon, penton, and fiber), 
only 72K was consistently evident against the 
background of persistent cell synthesis. 
Immunoprecipitation of cell extracts followed by PAGE 
markedly improved the ability to detect viral proteins, 
as expected. Conditions were determined for 
effectively immunoprecipitating 72K, hexon (two 
subclasses), 100K and fiber from infected HeLa cells, 
using a variety of rabbit antisera and/or mouse
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monoclonal antibodies (as ascites) from different 
laboratories and staph A (pansorbin). When Ad2 
infected CHO were examined, a differential pattern of 
expression was observed. First, 100K was readily 
detectible. Second, hexon was detectible but in much 
reduced amounts. A partial explanation is provided by 
the fact that the monoclonal antibody used has a 
restricted reactivity (trimers and ninemers, but not 
monomers or assembled virus particles). In one series 
of experiments, a weak band of hexon was evident in 
direct PAGE of labelled CHO cell extracts (see Figure 13) 
Its level was consistent with significant 
inhibition, i.e. less than 72K and equivalent to 100K 
in the same extracts. In a permissive infection much 
more hexon than 100K is synthesized. Third, and most 
dramatic, fiber was virtually undetectible. These 
results were observed over a variety of experimental 
conditions including different times after infection 
(up to 4 day pi), short labelling (2 hrs) in low 
methionine containing medium or long labelling (16-24 
hr) regimens in reduced methionine-containing medium, 
and a range of MOI with purified virus (with and 
without prior dialysis) or unpurified virus.

The restriction to Ad replication in Chinese 
hamster cells was due to an apparent deficiency state 
since cell hybrids between CHO and human fibroblasts or 
V79 and human leukocytes or fibroblasts were
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permissive, yielding 500-fold more virus than either 
Chinese hamster parent. This result was a novel 
finding since there were no prior reports on 
permissivity of propagated cell hybrids involving 
cells restrictive to Ad. (Prior studies had reported 
that heterokaryons or 50-100 cell hybrid clones 
involving human cells and restrictive cells 
(non-Chinese hamster) also restored permissivity.) As 
expected, there was also an increase in fiber 
production. The correction in fiber synthesis or virus 
production was still below the level observed in 
permissive cells, although readily distinguishable from 
that of the Chinese hamster cell parent.

Taken together, this pattern of restriction was 
reminiscent of that previously reported for Ad 
infection of monkey cell lines. As discussed in the 
INTRODUCTION, there is a range of restriction 
depending, at least in part, on which monkey cell lines 
are examined. Nonetheless, there is a clear pattern 
of reduced fiber synthesis and decreased virus 
production. Furthermore, this restriction is 
corrected in short-term cell fusion studies. Therefore 
a comparison of Ad2 infection of CV-1 to that of CHO 
was made in a limited fashion.

Klessig and Anderson (1975) reported a depression 
in late viral protein synthesis in unenhanced Ad2 
infection of monkey cells. They also reported that
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some late proteins such as the 100K and IVaZ protein 
were made at a normal level. In our hands, AdZ infection 
of CV-1 and PAGE analysis of S-methionine pulse 
labelled extracts confirmed previous results.
Due to efficient suppression of host synthesis, the 
major viral proteins including 7ZK, 100K, and hexon 
were readily apparent. Penton and fiber were barely 
visible. The amount of fiber protein synthesized in the 
infected Chinese hamster cells is much lower than the 
amount made during AdZ infection of monkey cells, 
however. A considerable amount of fiber protein on 
PAGE was observed when immunoprecipitation of fiber from 
infected monkey cells was performed, whereas there was 
difficulty in detecting fiber immunoprecipitated from 
infected Chinese hamster cells (see Figure 30, chapter 
3.3).

Several attempts were made to quantify the 
results. First, direct densitometry measurements of 
autoradiographs were performed and the areas under the 
peaks calculated. Although patterns were readily 
interpretable for AdZ- infected HeLa and CV-1 cells, 
the level of viral proteins were generally too low in 
Ad infected CHO. In one experiment, densitometry 
analysis was possible, (see figures 15 and 3Z). Even 
though the cells had been infected for Z to 3 days 
(labelled 40-60 hr pi), 7ZK represented the major viral 
protein. Comparison of the levels of the other viral
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proteins to 72K in that cell line vs the primate cell 
lines readily demonstrates the discrepent patterns.
Due to differences in labelling conditions among cell 
systems, it is not possible to make further direct 
comparisons with confidence. Furthermore, because of 
the high background of cellular proteins in the CHO 
gel, it was also difficult to quantitate the relevant 
viral proteins. It is apparent, however, that the 
level of hexon in CHO is reduced since it is

s
comparable to 100K in contrast to their respective 
levels in HeLa cells in this figure. It should also 
be noted that Ad2 infection of CV-1 can show reduction 
of hexon synthesis to the level of 100K polypeptide 
(Klessig and Anderson, 1975). As a second approach,
I rehydrated the dried gel and cut out the region 
corresponding to the relevent band on the autoradiograph. 
Samples were counted by scintillation spectrometry. 
However, the counts were variable and, because of the 
high background on the gel due to the presence of 
labelled cellular proteins, were not consistent.

Taken together, the marked reduction in the levels 
of the major viral structural proteins would appear to 
be a sufficient basis for the failure to observe 
production of progeny virus. The level of fiber in 
monkey cells has been suggested to explain the 
1000-fold reduction in virus yield as compared to HeLa 
cells. The level of fiber in Ad2 infected CHO is
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considerably more than an order of magnitude lower than 
in Ad2 infected CV-1, consistent with the further 
reduction in virus yield. Ad infection of CV-1 is 
considered a semi-permissive infection since 
detectible, although low, levels of virus are produced. 
If the restriction in CHO represented a further 
quantitative defect of the same sort, one would be 
tempted to consider this interaction as semi-permissive 
as well. Strictly speaking, however, we were unable to 
demonstrate any significant increase in virus yield 
over a 5-day period, more consistent with a 
non-permissive virus infection. A low but significant 
level of virus prodution was observed in one experiment 
with early passage Chinese hamster fibroblasts.

Since the restriction in fiber synthesis was 
the most dramatic, it was emphasized in these 
investigations of CHO (and the Chinese hamster X human 
cell hybrids to be discussed later), although it cannot 
be concluded that such is the sole basis of the 
restriction. Several possibilities for the failure to 
detect fiber were considered. First, it was possible 
that the monoclonal antibody that was routinely used had 
restricted specificity. Fiber exists in multiple 
structural forms including monomer, trimer, in 
association with penton base as penton, and in 
association with hexon in virus particles. The 
-monoclonal antibody immunoprecipitated predominantly
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free fiber from infected HeLa extracts {see figure 12). 
Low levels of penton and hexon were also in the immune 
precipitate. It could not be concluded unequivocally 
that this represented precipitation of associated 
hexon (although this is likely to be the case) since it 
is the major labelled protein in the extract and could 
non-specifically contaminate the immunoprecipitate.
For example, it is also present in the 
immunoprecipitate with rabbit anti 72K. Therefore, I 
also utilized a polyvalent rabbit antiserum prepared 
against purified fiber. It precipitated a 
significantly higher amount of assembled fiber as well 
as unassembled fiber as evidenced by the hexon and 
penton upon PAGE. When infected CHO (figure 11 and 12) 
and selective cell hybrids (figure 17) were examined with 
both of the antibodies, corresponding levels of fiber 
were immunoprecipitated. In addition, that monoclonal 
antibody co-precipitated hexon from several hybrids in 
which hexon was not the major labelled protein in the 
extract. Therefore, there is no evidence for a defect 
solely in a subclass of fiber being responsible. A 
second possibility involves glycosylation of fiber, 
which this study did not evaluate. Chee-Sheung and 
Ginsberg (1982) reported that a ts mutant in the fiber 
gene synthesizes a polypeptide which is not immuno- 
precipitable with their antiserum, presumably due to a 
defect in the glycosylation of fiber. This study did not
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evaluate whether the antibodies which were utilised would 
only recognize glycosylated fiber. It was not possible to 
evaluate glycosylation of fiber in CHO or V79 directly 
since there would be insufficient levels to follow the 
polypeptide in the absence of antibody (e.g. analysis 
of whole cell extracts as in figure 7).

A third possibility which is modelled on the 
restriction of Ad in monkey cells is favored; namely, at 
a stage prior to translation as discussed in the 
INTRODUCTION. Although there is controversy as to the 
specific step most responsible, cell studies concur that 
the fiber polypeptide is synthesised in reduced amounts.
It was observed by Fox and Baum (1972) that adenovirus mRNA 
failed to associate with monkey cells polyribosomes and 
it was deduced from this that the monkey cell protein 
synthesis machinery could not translate these 
particular viral mRNA causing a reduction in fiber 
synthesized. It should be noted that the viral late 
proteins are all transcribed under control of a common 
major late promotor. It is then curious why there 
should be a differential reduction in the synthesis of 
these late proteins; that is, the 100K protein is 
synthesized in a normal amount, hexon is reduced 
(variably in different cell lines) and fiber is even 
further reduced. It was then reported by Anderson and 
Klessig (1983) that monkey cell ribosomes were able to 
translate mRNA from Ad2 infected cells as efficiently
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as human cells in a cell free system. A more plausible 
explanation was put forth by Klessig and Chow (1980) 
who showed, using electron microscopy, that approximately 
15?S of the fiber message in infected CV1 cells contain 
long segments of RNA between the tripartite leader and 
the fiber encoding portion of the message. These are 
normally removed by splicing in a permissive infection. 
These data suggest a defect in the fiber message 
splicing mechanism in monkey cells. Anderson and 
Klessig (1984) examined the 5' ends of fiber messages 
isolated from permissive and semipermissive infected 
cells. They particularly looked at the "x", "y" and 
"z" ancillary leaders on fiber messages. This was of 
interest because these leaders are encoded by sequences 
within early region 3 and do not occur in any other 
late messages except the fiber mRNA. They reported a 
direct correlation between the synthesis of the fiber 
polypeptide in vivo and the presence of the "x" and/or 
"y" ancillary leaders on messages encoding the fiber 
polypeptide. It is only the fiber RNA that can 
contain the “x" and 11 y" leaders, and the fiber protein 
is the only late protein which is glycosylated. They 
postulate that these ancillary leaders play a role in 
the synthesis of this glycoprotein, as well as that of 
the Ad2 19K glycoprotein encoded by early region 3 
whose mRNA also contains the "x" and "y" leaders.
Whether the block to AdZ replication in Chinese hamster



- 199 -
cells is -the same as the block to AdZ replication in 
monkey cells is not known. Such detailed studies into 
the nature of the block in Ad2 infection of Chinese 
hamster cells have not been performed.
One experiment that would be interesting to 
perform is the infection of monkey X Chinese hamster 
cell heterokaryons to determine whether they 
complemented each other as assayed by fiber synthesis 
using immunofluorescence.

In view of this model of Ad in monkey cells, I 
examined three approaches which were effective in 
correcting the host restriction in that system;namely, 
the role of SV40 T antigen as a helper in an acute 
infection (Rabson, 1964) or in a cell system expressing 
an integrated copy of that gene <Shiroki and Shimojo,1971) 
and the role of host range mutations in the Ad DNA binding 
protein (hr400 and hr 401, Klessig and Grodzicker, 1979). 
None supported efficient replication of infectious virus in 
the Chinese hamster cell. However, negative results 
can frequently be interpreted in multiple ways and each 
experimental approach has its own potential limitation.

Coinfection of monkey cells with adenovirus and 
SV40 leads to an enhanced infection. The factor 
responsible for this enhancement resides in the 
carboxyl terminal region of SV40 T antigen. The fact 
that the SV40 T antigen functions in the role of helper 
can be rationalized by making the observation that
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SV40 T antigen, a protein synthesized during an 
infection of monkey cells by a simian virus, is adept 
at interacting with monkey cellular proteins which 
might be needed by the virus to replicate (Tornow et 
al.,1985). Adenovirus needs host factors to complete 
its replication, some of which may be shared with SV40. 
Perhaps the SV40 T antigen which is better suited for 
interaction with monkey host cell proteins facilitates 
a viral-host cell protein interaction which is needed 
for the replication of adenovirus. Given that the SV40 T 
antigen acts as a helper, the question was asked whether it 
could function in that same capacity in CHO. A mixed 
infection such as the one that was done in the enhanced 
infection of monkey cells could not be performed because 
SV40 does not enter CHO well. Initially the non­
defective hybrid virus AdZNDl was exploited. When 
this approach was ineffective, the development of a 
CHO cell line which would constitutively produce high 
levels of T antigen was undertaken by co-transfecting the 
SV40 T antigen gene (on a pMK plasmid) with another 
plasmid containing a mouse cDNA DHFR gene under the 
control of the adenovirus major late promotor (see 
Figure 28). This latter plasmid was chosen because 
the gene amplification phenomenon by MTX selection could 
be exploited to manipulate the amount of T antigen which 
is being made in the transfected cell (Wigler, 1980)
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It was observed that a number of specific genes
can undergo amplification when mammalian cells are
placed under selective conditions (Schimke, 1984). ,

10N -methylenetetrahydrofolate is a coenzyme that serves 
as an electron donor and as a one-carbon donor in the 
methylation reaction of dUMP — > dTMP and in steps in de 
novo purine biosynthesis. Tetrahydrofolate is 
regenerated through the reduction of dihydrofolate by 
the enzyme dihydrofolate reductase (EC 1.5.1.3).
Analogs of dihydrofolate such as aminopterin and 
amithopterin (methotrexate) are potent inhibitors of 
this enzyme.' Mammalian cells selected in MTX can 
become resistant to this drug. MTX resistance can come 
about as a result of three mechanisms. These include 
altered transport of MTX (Sirotnak et al., 1981), 
reduced affinity of DHFR for MTX (FIintoff et al.,
1976) and overproduction of DHFR (Alt et al., 1976). 
Step-wise selection greatly favors the last mechanism.
I performed step-wise MTX selection on clone 41 which 
was isolated from DHFR-deficient DUK cells after 
cotransfection with the plasmids described above. I 
selected clones in up to 5 uM MTX (clone 41 E). A 
southern blot analysis of the DNA probed with the Pst I 
large fragment indicated that the SV40 sequences which 
were integrated in the CHO were indeed amplified. A 
western blot was performed to assess whether the T 
antigen protein was overproduced. However, there was
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no difference between clone 41 and its amplified 
derivatives, suggesting that regulation of the level 
of this protein was occurring. It was not higher than a 
monkey cell line (COS) which has a single integrated 
copy of the T antigen gene, similarly derived from the 
origin-defective SV40 pMK recombinant, and expresses T 
antigen constitutively. Infection of unamplified and 
amplified cells with Ad2 (or Ad2NDl) failed to produce 
fiber protein upon immunoprecipitation and PAGE.

There are several explanations for the negative result. 
First, it could be because not enough SV40 T was being 
synthesized. T protein is autoregulated due to binding 
of the protein to two sites on the SV40 genome (Di Mayo 
and Nathans, 1982; Rio and Tijian, 1983). One site had 
been mutated due to the 6-base pair deletion at the 
origin; however, the other (site II) would be expected 
to be functional although this was not directly 
verified. Alternately, a mutation in cellular factors 
could have occurred. T antigen has effects on cellular 
gene expression and chronic high levels may not be 
compatible with good cell growth. This interpretation 
would also be consistent with the failure of Kaufman 
and Sharp to find even a single intact copy of the gene 
for T antigen in the amplified cell lines that they 
derived (Kaufman and Sharp, 1982). A second 
possibility is that the T antigen could not function 
properly in the environment of the hamster cell.
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Although there is no direct information on this point, 
it is known that T is a multifuntional protein and 
different monoclonal antibodies recognize different 
subsets of T (Prives, 1983). Clone 41 did show 
differential reactivity with two monoclonal antibodies 
directed against T antigen. A third possibility is 
that the SV40 T antigen was made in a sufficient amount 
but was not functional. A single experiment to assess 
the functionality of T antigen in supporting DNA replication 
was inconclusive and was not pursued (data not 
shown).

One of the genetic advantages of Chinese hamster 
cells is the availability of stable interspecific 
hybrids, especially those with human cells. Upon 
infection of a Chinese hamster cell (V79) X human cell 
hybrid (Hybrid X-7A) and assay for the production of 
mature virion by plaquing on HEK cells, an increase 
in the amount of infectious virions made in this cell 
line over that made in the Chinese hamster parent of 
this hybrid was found. This hybrid culture was a mixed 
population of cells where every one of the human 
chromosomes were present in at least 20k of the 
culture. Since the hybrid cells were positive for Ad2 
replication, the availability of karyotyped Chinese 
hamster X human cell hybrids presented the opportunity 
to identify the human genes which are involved.
Two criteria were employed: (1) an increase in progeny
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infectious virus and/or (2) an increase in fiber 
synthesis. In the case of the former, the criteria 
were relatively clear since viral production in V79 was 
minimal and X-7A showed over a 500-fold increase. It 
was, however, plausible that the restoration of virus 
synthesis involved more han one human gene. For 
example, it was found that the Ad 72K protein was 
involved in virus assembly in a host-dependent fashion 
in different human cells <Nicolas et al.,1983). One 
might expect this to involve a function separate from 
efficient synthesis of viral structural proteins. Even 
if both were mediated by 72K, as might be suggested by 
Ad hr mutants, one might expect them to involve 
interactions with different cell functions or different 
domains of 72K. Alternatively, there could be 
deficiencies in the synthesis of other viral proteins 
than the viral structural proteins which have been 
evaluated. Therefore, fiber synthesis was also 
examined. This approach, although conceptually 
simpler, suffered from greater experimental 
complexities. First, it was difficult to assess 
synthesis of the viral proteins quantitatively even 
after immunoprecipitation and PAGE, as discussed 
earlier. This problem was frequently true, even in 
cell hybrids. Second, infection and labelling of 
multiple different cell lines would be required, making 
comparisons more difficult. Third, the kinetics of viral
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synthesis might differ. Finally, the presence of the 
appropriate gene product in less than 100% of the cells 
might be associated with incomplete restoration of 
synthesis of fiber as might fluctuating levels of the 
putative function due to uncontrolled variables. It 
was not feasible to do detailed examinations of each 
cell hybrid as if they were independent experimental 
systems. As a practical compromise, fiber synthesis was 
evaluated at a “standard" time post infection which had

s
yielded reproducible results in the Chinese hamster 
parents (40-60 hr pi). By utilising a long labelling 
regimen, the minimization of those variables was anticipated 
involving variations in the time course of infection.
Most important, the control for the quality of infection 
and labelling by normalization of fiber by an internal 
control; namely, synthesis of 100K in the same cell 
extracts was attempted. This protein was selected because 
it was unaffected in the Ad2 restriction in CV-1 and 
was synthesised in readily detectible levels in 
infected V79 and CHO cells. Two antibodies were 
available. The rabbit antiserum was more effective in 
immunoprecipitation that the monoclonal and was used in 
all but the initial experiments.

After Ad2 infection of 15 different Chinese 
hamster X human cell hybrids and 3 different CHO X 
human cell hybrids, a unique assignment of permissivity 
to a single human chromosome could not be made.
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Experiments were performed with positive
and negative controls included in each analysed
series. These results were quite disappointing in view
of the initial suggestion that such an assignment might
be possible, as discussed in the relevant chapter. The
composite data for virus production and fiber synthesis
are summarised in Tables 24 and 25 respectively as
concordant or discordant. (Concordant means the
chromosome and function are either both present or both
absent.) These analyses were performed to minimize the
impact of any single hybrid. In the case of virus production,
it can be seen that an unexpected correlation with chromosome
1 is evident since 14 of 17 are concordant with the presence
of the long arm of that chromosome. 12 that are concordant
have the entire chromosome and 2 that are discordant
have only the short arm (p) on that chromosome. Two
other discordant hybrids are also interesting. Hybrid
UF7 gave equivocal results in that some increase in
virus was often observed. Hybrid UF2 was clearly
negative but had few human chromosomes (only 5 .in. toto
including chromosome 1). This latter finding suggested
the possibility that chromosome 1 might be necessary
but not sufficient. Unfortunately, there were
relatively few hybrids which were permissive and were
concordant for chromosome 1. Examination of their
karyotypes indicated that a large number of chromosomes
(including chromosome 3) were shared by these 5 hybrids
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Table 24

Summary of Concordance and Discordance 
of Selected Chromosomes for Virus production

Cell Virus
Human Chromosomes

8 12 14 18 X
lines C D C D C D C D C D C D C D C D

UF1 — + P + + + + + +
UF2 - + + + + + P + +
UF3 + + + + + + + + +
UF4 - + + + + + + + +
UF5 + + + + + + + + +
UF6 - P + + + + + + +
UF7 - + P P + + + + +
UF8 - P P P + + + + +
UF9 - + + + + + + + +
UF10 - + + + + + P + +
UF16 + +
UF14 - + + + + + P + +
UF15 - + + + + + + + P
UF17 - + + + + + + + +
UF18 NT
UF19 NT
UF11 + + + + + + + + +
UF12 + + + + + + P + +
UF13 + + + + + + + + +

C/Total 14/16 10/16 12/16 8/16 10/16 6/16 11/16 8/16

a concordant 
b discordant
c partial chromosome present 
d Not Tested
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Table 25

Summary of Concordance and Discordance 
of Selected Chromosomes for Fiber

Human Chromosomes
Cell Fiber 1 3  6
lines C D C D C D

UF1 — + P +
UF2 - + + +
UF3 + + + +
UF4 - + + +
UF5 + + + +
UF6 + + + +
UF7 + + + +
UF8 - P P P
UF9 + + + +
UF10 + + + +
UF16
UF14 - + + +
UF15 + + + +
UF17 + + + +
UF18 + + + +
UF19 + + + +
UF11 + + + +
UF12 + + + +
UF13 ' + + + +

8 12 14 18 X
C D C D C D C D C D

+ + + + +
+ + P + +
+ + + + +
+ + + + +

+ + + + +
+ + + + +

+ + + + +
+ + + + +
+ + + + +

+ + + + +
+ + P + • +

+ + + + +
+ + + + +
+ + + + +

+ + + + +
+ + + + +

+ + P + +
+ + + + +

10/18 17/18 8/18 9/18 11/18 9/18 14/18 10/18

a summary of data for concordance with fiber. 
Analysis of chromosomes not listed (2, 4, 5, 
7, 9, 10, 11, 13, 15, 16, 17, 19, 20, 21, 22) 
showed more discordant than concordant.



-  209  -

and absent from hybrid UF2. There are additional 
limitations to be considered. First a single hybrid 
was obtained and tested independently on two separate 
occasions, yielding two different results. It is, of 
course, plausible that a minor component of the 
population had chromosome 1 and was not evident in 
UF1G. Secondly, only two of the positive hybrids 
involved V79 whereas all three hybrids involving CHO 
supported virus. This could represent a bias of an 
indeterminate sort.

The results for restoration of fiber synthesis 
were even less conclusive, which might be attribute to the 
experimental difficulties cited above. As expected 
from the original analysis, only a single hybrid (UF19) 
was formally discordant for the long arm of chromosome 
3. (No other had less than 4 discordant hybrid cell 
lines.) As noted in the text, there was a reluctance to 
assign the putative human gene solely to that chromosome, 
however. First, UF19 did not have the chromosome, yet 
restored fiber synthesis. Secondly, although UF9 was 
concordant, two subclones were not since both Cl and 
C4 had no evidence for any large segment of chromosome 
3. It is possible that a segment of that chromosome 
had become translocated to a Chinese hamster 
chromosome. Dr. Francke examined these hybrids with 
detailed Qiemsa 11 banding (McKay, 1973) but was unable to 
recognize a human segment. In the case of Cl, I
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attempted to demonstrate human repetitive sequences but 
was unsuccessful; less than 0.01% of human equivalents 
could have been missed. More sensitive Southern 
analysis was not performed. Consequently, the two 
exceptions are particularly compelling. It should be 
emphasized that expression of complex function can be 
particularly difficult to assess in cell hybrid <Davis 
and Adelberg, 1973). In addition, examples are known 
in which genes which are present may not be expressed. 
This suppression has been most clearly demonstrated for 
human ribosomal sequences in human X mouse hybrids 
(Croce et al. 1977). Unfortunately, that is the 
converse of what was observed. Table 26 considers the 
possibility that chromosome 3 is necessary but not 
sufficient in the relevant hybrid cell lines. I 
omitted UF9 (and its subclones) since it would be 
patently incompatible and must be explained on other 
grounds, in any case. UF19 will be considered 
separately in this model. UF10 and UF16 are considered 
as a single hybrid since they both supported fiber 
synthesis. It is evident that several other 
chromosomes are present in virtually all cases. Two
chromosomes (14 and 16) are present in all cases. Six
chromosomes are present (6, 12, 13, 15, 21, and X) in all
but one case. If UF19 were considered to have an 
inapparent segment from chromosome 3, it may be 
interpretated as an independent assessment. It
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Table 26

Concordance of other chromosomes with 
chromosome 3 and Fiber production

Human Chromosomes
Cell 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

lines
UF3 c — c — c - c c - — c c c c c — c c c c c c
UF5 c c c c c c — c c c c c c c c — c c c c c c
UF6 c c c c c c — — c — c c c c c — c c c c c c
UF7 c c c c c — c c — c c — c c c c c c c c c c
UF10 - — — — — c c — — c — c c — c — c — c — — c
UF11 c — c c c c c c c c c c c c c c c — — c — c
UF12 c c c — c c — — c c c c c c c — c — — c — c
UF13 c c c c c c c — c c c c c c c c c — — c c c
UF17 - — - - c - - — - - c c c c c — - - c c - -

C 7 5 7 5 8 6 5 4 5 6 8 8 9 8 9 3 8 4 6 8 5 8
chromosome 
present in 
UF19

N N Y N Y N N N

c: concordant 
discordant 

N: not found 
Y : present
C: total number of times a particular chromosome is concordant
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contains only 13 and 15 of the relevant chromosomes.
Hence no other chromosome and 3 are invariably present, 
although several are compatible in the general sense 
(single exceptions). The caveats cited in the 
preceeding paragraph apply to these analyses as well.

In conclusion, it was not possible to make the 
unique assignment sought in the cell hybrid experiments. 
The involvement of multiple unlinked genes was not ruled 
out. It was entirely possible, however, that experimental 
variability was the overiding consideration in this 
complex virological and biochemical phenomenon. In any 
case, it was possible to delineate successfully the 
basic parameters of Ad2 infection of Chinese hamster 
cells and narrow the focus for future, more directed 
analysis.
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