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Preface

The oncogenic virus can only be studied as a carcinogen when
its relation to the host cell in which it resides is understood.
The interaction between tumor virus and host cell was the subject
of a recent North Atlantic Treaty Organization Advanced Study
Institute. This volume is the edited proceedings of this study
institute. One problem of fundamental importance in understanding
malignant transformation is the mechanism by which the oncogenic
vector promotes the aberrations in the host cell regulatory appara-
tus resulting in a cancerous cell. It is partly the purpose of
this volume to help clarify this problem, and to stimulate the
interest of others to continue the research necessary to this end.

The meeting from which this volume is compiled took place in
the Principality of Monaco with the patronage of Her Serene High-
ness, Princess Grace and was supported principally by a grant from
the North Atlantic Treaty Organization. The editor wishes to thank
the North Atlantic Treaty Organization, Princess Grace of Monaco,
and the Bureau de Tourism Monaco for their generous support. Addi-
tional financial assistance was provided by the Deutsches Studium
Gesellschaft and I would like to thank Prof. Klaus Munk, Deutsches
Krebsforschungszentrum, for his help in obtaining this aid. I
would also like to thank the Verwaltung of the Deutsches Krebsfor-
schungszentrum for their administrative help.

I would like to acknowledge the assistance of Jan McInroy
(Professional Manuscript Service, Carrboro, North Carolina) and
Janet Kolber for their competent preparation of the meeting pro-
ceedings into manuscript form. Lastly, I would like to thank the
meeting participants for their contributions.

Carrboro, North Carolina Alan Kolber
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SIMIAN VIRUS 40
AND POLYOMA VIRUS



KNOWLEDGE AND IGNORANCE ABOUT THE MOLECULAR BIOLOGY OF SMALL

ONCOGENIC DNA CONTAINING VIRUSES

R. Dulbecco
Imperial Cancer Research Fund Laboratories

London, U.K.

I intend first to examine what we know about the molecular
biology of polyoma virus and SV40 and then to consider obscure
points, speculating about their possible significance. What is
known is summarized in Table 1. Let's now consider some outstand-
ing questions relating to the wvarious points.

PERMISSIVENESS

A generalization from work with both SV40 and polyoma virus is
that cell types cannot be simply divided into permissive and non-
permissive to wild-type virus, since there are intermediate types.
An outstanding example is given by BHK cells in which polyoma virus
elicits the synthesis of V antigen, and under special conditiomns
may even produce infectious virus. Stable transformants of these
cells are probably produced by defective genomes of polyoma virus,
which lack functions detrimental for cell growth or survival.

The degree of permissiveness and how it affects the expression
of the viral genome accounts for the various types of stably trans-
formed cultures. They can be totally non-productive (PV-BHK);
productive only upon fusion to permissive cells (SV-3T3); productive
spontaneously but in a small proportion of cells (some PV-rat) and
further inducible by fusion.

Probably, two main conditions determine permissiveness: how
frequently the provirus is detached from the host chromosome and
how efficiently the detached genome can be expressed. The latter
point in turn may depend on the replication, transcription and
translation of the genome.
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TABLE 1. Main known properties of polyoma and SV40 viruses
and of the infected cells

11.

12.

The DNA is cyclic; its detailed anatomy is established using
restriction enzymes.

Consequences of infection are cell-dependent. Cell Permissive-
ness.

New antigens appear in the cells after infection. U, T, V, and
surface antigens (TSTA and fetal antigens).

Viral DNA aberrations are formed during replication. Oligomers,
deletions.

The viral DNA is integrated into the cellular (or viral) DNA as
provirus.

Cellular DNA is integrated in cyclic viral DNA molecules.

The provirus can be detached. Effect of fusion with permissive
cells; effect of IUDR.

Hybrids (viral-cellular, or biviral) are formed and processed.
Transcription of the viral DNA follows a characteristic pattern.
Cellular functions are activated

Cellular DNA replication
Cellular mRNA transcription
Enzymes
Surface features (antigens, lectin sites, transports)
Pre-existing proviruses may be activated
Helper function?
Mutations. Ts: Late, affecting viral capsid proteins
tsa, affecting viral DNA replication, perhaps

integration
ts3 ) . . .
) affecting transformation, activation
hr ) of cellular functions

Transformation depends on the expression of both viral and cell-
ular genes.
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The role of cell permissiveness in the expression of viral
mutations will be considered later.

NEW ANTIGENS

The questions are what they are molecularly and how they are
specified. A molecular weight of about 80,000 has been assigned
to the T antigen. If this is a monomer, it can marginally fit
within the size of the viral genome specifying early functions, to
which it belongs. Therefore, this part of the genome cannot also
specify two additional molecules, corresponding to the U and TSTA
antigens. The dilemma is solved if the three antigens are differ-
ent determinants of the same molecule, or cellular molecules modi-
fied by the virus. A final solution requires the purification of
the antigens and the determination of their sequences. The hypo-
thesis of a single molecule with three determinants may have some
validity for the following reasons.

1) The early SV40 region is tramscribed by a single stable
mRNA, which owing to the monocistronic nature of cellular mes—
sengers, will be probably transcribed into a single polypeptide
chain.

2) Information obtained with non-defective adeno SV40 hybrids
is compatible with the hypothesis that this polypeptide chain is
the T antigen and that it evolves by cleavage. A first cleavage
with elimination of the N-terminal fragment would generate the TSTA
antigen, and a further cleavage would generate the U antigen.
Furthermore, since the TSTA antigen appears at the cell surface, it
may be further modified by glycosylation by host enzymes.

DNA ABERRATIONS

The question is the mechanism. These aberrations may be
important for studying viral DNA recombination in the absence of
conventional genetic recombination. Oligomers of complete as well
as of defective molecules could be produced either by an accident
of replication, i.e., lack of separation of daughter molecules, or
by homologous recombination. Incomplete separation would yield
dimers whose two parts are mirror images of each other, a feature
that should be demonstrable by EM after denaturation and reanneal-
ing. Dimers in turn would generate tetramers, but not trimers.
Trimers might derive from tetramers after excising a monomer; but
then one would expect them to be rarer than tetramers. Present
evidence on their proportions is ambiguous. Homologous recombina-
tion can also account for oligomer formation in cases where trimers
are more frequent than tetramers, as in the tsa-3T3 cells. 1In
these cells at high temperature recombination may proceed without
DNA replication. The formation of monomers in cells infected by
oligomers may also arise by the same mechanism. Deletions and
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inversions probably arise by a rarer non-homologous recombination.
Therefore the DNA aberrations suggest that recombination of the
viral DNA occurs by the mechanisms recognized in the cellular DNA.

INTEGRATION

There are several questions concerning the mechanism of inte-
gration: the integration sites on the cellular chromosome (and on
the DNA of other viruses, such as Adenoviruses for SV40 integration)
--receptor sites; the sites of the viral chromosome that partici-
pate in integration--donor sites; and the enzymes involved. The
problem of the receptor sites is now being attacked; methodology is
developing rapidly, so that we can hope to have soon some answers.
If either receptor and donor sites are non-specific, integration is
likely to occur by non-homologous recombination, like the integra-
tion of the F episome in bacteria. The position of the donor site
in the viral DNA can be inferred from the pattern of transcription
of integrated genomes (see below), which suggests a positiom
between 7 and 12 o'clock on the SV40 map. As to the enzymes, they
may include the product of the viral A gene (identified by the
tsa~-type mutation) since the function of that gene is required
transiently for the stable transformation of BHK cells by polyoma
virus. However, since the normal role of this gene is in the repli-
cation of the viral DNA its requirement for integration may be
indirect, through a requirement for replication.

The evaluation of the findings with polyoma virus and BHK cells
depends also on an assessment of the role of integration in abortive
transformation. If integration is required for stable but not for
abortive transformation, it is likely that the gene A function is
directly required for integration, since abortive transformation by
the tsa mutant is temperature-independent. Therefore, it would be
interesting to determine whether integration occurs in cells abor-
tively transformed by the tsa mutant at the non-permissive tempera-
ture.

There are also some general questions concerning integration.
For instance whether integration has other roles besides anchoring
the viral to the cellular DNA, e.g. in transcription of the viral
genome; or whether it causes transformation, by producing insertion
mutations in cellular genes. I will return to these questions
later.

Another general question is whether integration is required
for stable transformation in all systems, since the alternative of
a plasmidial state has been proposed. One wonders however whether
the presence of an integrated genome in cells containing also a
number of plasmidial forms has been excluded.



MOLECULAR BIOLOGY OF SMALL ONCOGENIC DNA-CONTAINING VIRUSES 7
CELLULAR DNA IN VIRAL DNA

The presence of cellular DNA in viral DNA is interesting
because it may allow the transduction of cellular genes, a possi-
bility which has not yet been exploited. There are two main ques-
tions concerning this phenomenon: whether any part of the cellular
DNA is preferentially integrated, and whether cellular DNA inte-
grated in viral DNA pldys any role in transformation. Since the
cellular participation in different viral clones seems variable
depending on their history, whereas all clones transform, it seems
unlikely that the cellular DNA has an essential transforming role.
The question whether there is preferential incorporation of certain
parts of the cellular DNA is difficult to answer because the inser-
tions we observe are those that do not confer any selective disad-
vantage on the viral DNA during serial passages in the presence of
helper. Therefore, these molecules must be able to replicate as
rapidly or more rapidly than the helper, and must be efficiently
encapsidated. I suspect these limitations severely curtail the
number of detectable insertionmns.

DETACHMENT OF THE VIRAL DNA

The main question is whether it requires any viral function.
This question must be considered in view of the behavior of the tsa
3T3 line, which is stable at high temperature when the polyoma
genome is defective, owing to the mutation in the A gene. When the
temperature is lowered, reactivating the A gene, many cells initiate
a lytic cycle. However this behavior is not decisive for supporting
a role of the A gene in excision. 1In fact, it is not conclusively
established that tsa-3T3 cells contain only integrated genomes.
Furthermore, the behavior of tsa-3T3 cells is also compatible with
the interpretation that the A gene causes the multiplication of
spontaneously detached genomes.

A similar uncertainty concerns the events occurring after the
fusion of SV3T3 cells with permissive cells. Since in these cells
the whole early region of the genome is transcribed, the A gene is
likely to be expressed, unless there is a post-transcriptional
block. Nevertheless, no massive excision occurs, since the trans-
formed cells are stable. Hence, it seems more likely that excision
is not promoted by the A gene. A picture to be considered is that
in SV3T3 cells excision promoted by non-viral factors occurs at a
low continuous rate, and that owing to the lack of late viral pro-
teins (since the cells are non-permissive) the DNA is then degraded.
If so, the role of IUDR in considerably increasing the proportion
of cells that yield virus after fusion might be to enhance excision
rate. In trying to test this possibility one might consider that
excision may be lethal for the cells since otherwise virus-free
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SV3T3 derivatives should be found; but this is contrary to exper-
ience.

A general question concerning both excision and integration is
whether they are carried out by the Campbell model, i.e., through
a single act of recombination between specific sites. That a
single recombination is involved seems likely, because the viral
DNA is cyclic and native linear intermediates are unknown. Failure
to isolate "cured" SV3T3 cells may indicate that the host chromo-
some is not resealed. Concerning the second point, whether there
are specific viral sites for insertion and excision, we lack direct
evidence and must look for hints. The inferences we can make
depend on the structure of the provirus and on requirements for
infectivity of the excised genome. We can consider three possibil-
ities. If proviruses were always integrated in tandem pairs, the
detachment of a complete viral DNA molecule could occur by homo-
logous recombination within the, two proviruses, without need for a
specific site. But there is no evidence for tandem proviruses (it
should be looked for). Secondly, if a single provirus is inte-
grated, and the whole DNA, to the last nucleotide, is required for
infectivity, then there must be specific sites. Finally, if a part
of the genome is not required for infectivity, specific sites are
not required because any crossing over in that region, provided it
generates a molecule of the right length for encapsidation, would
generate an infectious molecule. Under the latter model one would
expect infectious molecules to be generated in a minority of excis-
ion, most being of aberrant sizes and composition. Since the direct
product of excision is not known, this possibility cannot be ruled
out.

PATTERN OF TRANSCRIPTION: FORMATION OF HYBRID MESSENGERS

The main question is what determines the pattern of transcrip-
tion. The question is especially difficult because although we
know lots about the stable transcripts, we do not know much about
transcription itself. Since in some cases at least the primary
product of transcription is processed--i.e., partly degraded to
yield the stable transcripts—-we cannot infer how transcription
occurs from our knowledge of stable messengers.

Another complicating event is that in the cells there may be
more than one kind of template. For instance, in late lytic infec-
tion the cells contain both free and integrated viral DNA. Since
these DNAs have a different topology, it is unlikely that they are
transcribed equally.

Let us look first at transcription in transformed cells, such
as SV3T3, in which the viral DNA is integrated. There the direct
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product of tramscription is often quite long, including the early
sequences, plus anti-late sequences, mostly to the left of early
(i.e., clockwise), and cellular sequences. These probably transcribe
the part of the cellular DNA adjacent to the provirus, suggesting
that when the SV40 genome is integrated, the ring opens in the late
region to the left (clockwise) of the early region. Transcription
of these messages would begin in the cellular DNA, continuing on the
late region of the viral DNA but on the wrong strand, generating
anti-late sequences and then true early sequences. Transcription
appears to terminate sometimes at the right end of the early region
where there may be a normal terminator, but often, proceeds a little
beyond it, indicating that termination is inefficient. In the
nucleus the cellular and anti-late sequences are removed, implying
that there are processing signals at both sides of the early
sequences. The size distribution of the unprocessed nuclear mes-—
sengers after a short pulse suggests that in SV3T3 cells many RNA
molecules may contain just early sequences; these messengers would
initiate at a viral promoter at the left end of the early region

and terminate at the terminator at the right end of this region.

In late lytic infection in mouse kidney cells polyoma virus
mRNA is also heterogeneous. The strand orientation of the long
messengers is not determined; they also may contain cellular, anti-
late, and early sequences. This finding has led to the suggestion
that lytic transcription may come from integrated genomes. One
important difference from the SV40 transformed cells is that the
large lytic messengers seem not to be processed, since they con-
tinue to accumulate even after a 6 hour chase. 1Is it possible
that the cells used in the experiments lacked the necessary pro-
cessing enzymes? In late infection of SV40-infected BSC-1 cells
most of the pulse-labeled RNA is similar in size to the stable
messengers, suggesting that the transcription may come from free
templates, beginning at the physiological promoter and ending at
the physiological terminator. These RNAs may be subsequently pro-
cessed to yield smaller species.

Early lytic transcription of SV40 genomes in BSC-1 cells pro-
duces a proportion of long messenger, again raising the question
whether a proportion of early lytic transcription is from integrated
genomes. However, it is not clear that these messengers contain
cellular sequences; they might simply arise when tramscription on
free genomes fails to terminate. A possible way to solve this
difficulty is to establish whether integration requires the A gene
function. If so, clearly early transcription could not come from
integrated genomes.

A reasonable position at the present time is that physiological
lytic transcription comes from free genomes, starting at a viral
promoter and ending at a viral terminator, whereas in transformed
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cells transcription can originate either at a viral or at a cellular
promoter, often but not always ending at a viral terminator. The
efficiency of the viral initiation and termination signals would be
greater when free DNA is template perhaps owing to its supercoiled
state. Transcription from integrated genomes in lytic infection
may be functionally irrelevant.

In this discussion I have so far avoided reference to the
evidence that in late lytic infection the SV40 genome is transcribed
symmetrically. The meaning of this observation is not clear. Since
it has not yet been confirmed in work from other laboratories, it
may depend on some special condition of the experiment (e.g., the
state of the cells, the virus strain, or multiplicity of infection).
An alternative interpretation of the observations should be con-
sidered, i.e., that extensive complementarity arises in systems in
which termination is especially inefficient, possibly leading to
complete transcription of one or both strands. If the extra
sequences were not removed by processing, extensive messenger com-
plementarity would result. Therefore, it is not clear at the
present time that meaningful transcription must necessarily be
symmetrical.

ACTIVATION OF CELLULAR FUNCTIONS

The main question here is how the cellular functions are acti-
vated. It may occur at the transcriptional level because SV40
induces a marked stimulation of cellular mRNA synthesis; however,
it is not known whether any of the extra messengers is due to
transcription of genes previously silent. Activation could also be
post-transcriptional, but nothing is known about this possibility.
As to the mechanism of activation, two main models can be considered:
a functional model in which a viral protein interacts with a cellu-
lar regulatory system whose breakdown then activates the cellular
functions; and a steric model in which the integration of the viral
DNA inactivates a cellular function (controlling a negative regula-
tor) from which the activation of cellular genes results. This
point is clarified by the study of mutatiomns.

MUTATIONS

The study of mutations appears to support the functional model,
since a temperature-sensitive mutation (ts3) makes many aspects of
transformation temperature-dependent. Temperature-dependence would
be difficult to reconcile with the steric model. The ts3 mutant
may be related to the host range (hr) mutants which Tom Benjamin
will discuss in the meeting, and only multiply in transformed cells.
As I will report later in this meeting, the ts3 mutant also has a
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marked cell dependence at high temperature, similar to that of the
hr mutants. However, the ts3 mutant has also some mysterious pro-
perties, which I will discuss later.

The dependence of transformation on cellular functions can be
explained if a transforming virus activates a specific part of the
genome, including that corresponding to these functions. Especially
interesting is the recent demonstration that a cellular function
required for the expression of transformation by SV40 is not
required by murine sarcoma virus. This finding suggests that dif-
ferent transforming viruses activate different parts of the host
genome.



STUDIES OF SV40 DNA REPLICATION

George C. Fareed® and Norman P. Salzman
Laboratory of Biology of Viruses, National Institute of
Allergy and Infectious Diseases, National Institutes of

Health, Bethesda, Maryland

The genome of Simian Virus 40 (SV40) is a covalently closed
duplex DNA molecule of 3.6 x 10 daltons. We have been concerned
with defining the mechanism by which SV40 DNA is replicated during
the permissive infection. The small size of SV40 DNA and its
replicative intermediates has permitted both the biophysical and
biochemical studies which we shall summarize in this communication.

COVALENTLY CLOSED TEMPLATE STRANDS AND SUPERHELICAL STRUCTURE

Replicating DNA molecules of SV40 have been found to contain
newly synthesized strands noncovalently associated with covalently
closed template strands (Sebring et al., 1971; Jaenisch, Mayer,
and Levine, 1971). In electron micrographs, the majority of repli-
cating molecules observed have a superhelical, unreplicated branch
and two untwisted, replicated branches. When pulse-labeled repli-
cating molecules are banded in cesium chloride density gradients
containing ethidium bromide or propidium diiodide, a fraction of
the labeled molecules bands at the same density as DNA II (inter-
rupted, circular SV40 DMNA) and the remaining labeled DNA bands at
densities greater than that of DNA II (Sebring et al., 1971).
While "mature" replicating molecules (those near to completion of
replication) band with DNA II in dye-density gradients, partially

*Department of Biological Chemistry, Harvard Medical School,
Boston, Massachusetts 02115

13



14 GEORGE C. FAREED AND NORMAN P. SALZMAN

replicated molecules band at densities between those of DNA I and
DNA II. This assessment was made by analyzing the sizes of the
newly synthesized strands from molecules banding at different den-
sities in the gradient. An inverse relationship was observed
between the extent of replication and the banding density (Sebring
et al., 1971). Replicating molecules of SV40 DNA can thus be
fractionated simply by nonartifactual means.

The unwinding of the template strands in replicating SV40 DNA
has been demonstrated (Sebring et al., 1971; Mayer and Levine,
1972; Salzman, Sebring, and Radonovich, 1973) by alkaline sucrose
gradient sedimentation. The closed circular template strands
(radio-labeled) sediment with progressively lower S values as the
extent of replication increases. The mechanism by which the tem-
plate strands of SV40 DNA separate as replication proceeds has
not yet been elucidated. An activity capable of removing negative
superhelical turns from closed circular template strands may be
involved. Such an activity was identified in extracts of E, coli
by Wang (1971) and a similar one has also been detected in
extracts of mouse embryo cells using superhelical, polyoma DNA as
substrate (Champoux and Dulbecco, 1972). It has previously been
proposed that SV40 DNA replication may be intermittent in indi-
vidual molecules (Sebring et al., 1971). A rate-limiting, dif-
fusable factor such as a swivel protein may act successively on
several molecules which have undergone different extents of repli-
cation and a given molecule may be blocked in further replication
until the factor(s) binds to it.

ORIGIN AND DIRECTION OF DNA SYNTHESIS

SV40 DNA replication has been shown to start at a specific
site on the viral genome (Nathans and Danna, 1972; Thoren, Sebring,
and Salzman, 1972). In order to determine the direction of SV40
DNA replication and also to substantiate that the origin for repli-
cation was specific, we utilized restriction endonuclease from
E. coli, endo R Eco RI, to cleave fractionated replicating mole-
cules. Endo R Eco RI creates one double~strand break in SV40 DNA
at a specific site (Morrow and Berg, 1972; Mulder and Delius, 1972;
Fareed, Garon, and Salzman, 1972). When replicating molecules of
SV40 DNA were cleaved by this enzyme, examination of the cleavage
products by electron microscopy and sedimentation in sucrose gradi-
ents showed the Eco RI cleavage site to be 33% of the genome length
from the origin of replication (Fareed, Garon, and Salzman, 1972).
Replication was observed to be bidirectional. Similar results
were obtained independently using a different method by Danna and
Nathans (1972).
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INVOLVEMENT OF DNA II IN REPLICATION

The replication of covalently closed, cyclic DNA molecules
has been studied for a number of different viruses, extrachromo-
somal genetic elements and microorganisms (for reference, see
Helinski and Clewell, 1971). In most of these systems, a mechanism
must be present to allow for separation of duplicated molecules
from nonsegregated, circular diploids. The mechanism must also
insure that circularity of the progeny molecules is maintained
after segregation.

In order to learn more about the segregation of circular
molecules, we have examined SV40 DNA II obtained after pulse-
labeling cells that are actively synthesizing viral DNA (Fareed
and Salzman, 1972a; Fareed, McKerlie, and Salzman, 1973). Both
physical and enzymatic techniques were used to evaluate the dis-
tribution of the pulse-label in DNA II. After a short period of
labeling with 3H—thymidine, greater than 90% of the pulse-labeled
DNA in DNA IT sediments at 16S in alkaline sucrose gradient and a
similar amount is susceptible to degradation by exonuclease III
of E. coli (Richardson, Lehman, and Kornberg, 1964). Therefore,
the pulse-labeled DNA is contained in the interrupted strand of
DNA II. 1In order to demonstrate that the interruption in DNA II
is specifically located, pulse-labeled DNA IT molecules were
cleaved by the R; restriction endonuclease. As already discussed,
the cleavage site for the Ry enzyme is about 33% of the genome
length from the origin. Cleavage of DNA II by the Ry nuclease
produces two specific fragments of the newly synthesized linear
strand. Since the small fragment corresponds to 17.7% of the
genome length and the termination point for DNA replication is 50%
of the genome length from the origin (Fareed, Garon, and Salzman,
1972), the interruption in DNA II is situated at the termination
point.

In Figure 1, a schematic diagram is used to summarize the
different steps in SV40 DNA replication. It should be emphasized
that major uncertainties still exist in the understanding of
(1) the primary initiation of DNA replication, (2) the mechanism
by which the template strands are separated and by which segrega-
tion of daughter molecules takes place, and (3) the formation of
superhelical progeny molecules.

DISCONTINUOUS DNA CHAIN GROWTH

In contrast to the process of strand separation, the mechanism
of SV40 DNA chain growth appears to be better understood. We have
investigated this mechanism by pulse-labeling cells infected with
SV40 for different intervals using 3H-thymidine. Very brief periods
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Fig, 1. Scheme for SV40 DNA replication.,

(A) (B)

Fig, 2. Two models for SV40 DNA chain elongation.
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of pulse labeling from 15 to 45 seconds at 37°C were carried out in
order to assess whether a short-lived chain growth intermediate
existed. Nascent short DNA chains were identified sedimenting at
4S in alkaline sucrose gradients under these conditions and were
shown to be precursors of elongating strands (Fareed and Salzman,
1972b. Replicating molecules, fractionated according to extent
of replication, were examined and the 4S DNA was found to be
associated with molecules at all stages of replication prior to
segregation of daughter molecules. Except for its small size
(about 150 nucleotides), the 4S DNA appeared to be analogous to
Okazaki fragments (about 1,000 nucleotides in length) which are
precursors of growing chains in Escherichia coli (Okazaki et al.,
1968; Oishi, 1968). We, therefore, postulated a discontinuous
mechanism for SV40 DNA chain growth in which 4S chains are formed
at the replication forks and, subsequently, linked through phos-
phodiester bonds to the growing chains finally to yield full
length (16S) strands. Recently, a similar process has been
elucidated for the in vitro replication of polyoma DNA (Magnusson
et al., 1973). Furthermore, these investigators have identified
ribonucleotides linked to the 5' termini.

The two most probable models depicting SV40 DNA chain elonga
tion are illustrated in Figure 2 (models A and B). 1In model A,
the 4S chains are formed on both template strands at each growing
point and, therefore, should contain complementary sequences.
Purified 4S DNA from molecules of this type would be capable of
extensive renaturation. In model B, chain growth in the 5' to 3'
direction occurs in a continuous manner while the other daughter
strand, which would require a polymerase with a 3' to 5' activity
if it were to be synthesized continuously, is formed discontinu-
ously. In contrast to model A, the short chains formed on only
one template strand at each form (model B) should not be able to
renature when separated from the template strands. This would be
the case regardless of the extent of replication since the origin
for replication is the same in all molecules. For these models we
have assumed that 4S chains are synthesized in the 5' to 3' direc-
tion (Kormberg, 1960; Mitra and Kormberg, 1966) as are the nascent
short chains of phage T4 DNA (Okazaki and Okazaki, 1969; Sugino
and Okazaki, 1972). ,

In order to test these two alternative possibilities, labeled
4S chains have been purified from partially fractionated and
unfractionated replicating SV40 molecules (Fareed, Khoury, and
Salzman, 1973). The purified 4S DNA was first shown to anneal
exclusively with denatured SV40 DNA immobilized on nitrocellulose
filter discs. Next, the labeled 4S chains from both fractiomated
(Sebring et al., 1971) and unfractionated replicating SV40 mole-
cules were allowed to renature at 68°C in 1 M NaCl solutiom.

After the renaturation process, however, the labeled strands were
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76 to 90% resistant to the N. crassa nuclease; 70 to 927 acted

as double helical DNA on hydroxyapatite. This extensive self-
annealing of the 4S strands demonstrates that complementary genetic
sequences are present and provides evidence for discontinuous syn-
thesis of both daughter strands at each replication form in SV40
DNA (model A in Figure 2). 1In agreement with these results, brief
pulse labeling of infected cells at room temperature has been
observed to introduce greater than 507 of the radioactivity into
4S chains (Fareed and Salzman, unpublished results). Furthermore,
when the infected cells are treated with FUDR to inhibit DNA syn-
thesis and then briefly pulse-labeled with 3H-thymidine to reverse
the inhibition greater than 907 of the label can be located in 4S
strands (Salzman and Thoren, 1973). The primer for synthesis of

a 4S8 strand is, presumably, a short RNA segment annealed to the
template strand. This initiation reaction must be contrasted to
the primary initiation of DNA replication which occurs at a speci-
fic site in all molecules. Further research will be needed to
determine if specific signals (genetic sequences) are required

for the initiation of synthesis of each 4S DNA strand.
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AN ANALYSIS OF THE STRUCTURE OF THE REPLICATING FORK DURING
DISCONTINUOUS SYNTHESIS OF SV40 DNA AND THE DETECTION OF GAP

CIRCLE INTERMEDIATES

Philip J. Laipis and A. J. Levine
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Princeton, New Jersey, U.S.A.

Polyoma and SV40 are small DNA tumor viruses whose well-
defined properties have made them ideal subjects for intensive
investigation over the last ten years (Black, 1968; Eckhart, 1968;
Crawford, 1969; Green, 1970; Sambrook, 1972; Butel, Tevethia and
Melnick, 1972). The DNA of these viruses has been extensively
characterized by Vinograd and his collaborators (Vinograd and
Lebowitz, 1966; Bauer and Vinograd, 1968; Radloff, Bauer and
Vinograd, 1967) and by Crawford (Crawford and Black, 1964;
Crawford, 1969). They have shown that the genome of SV40 is a
single closed-circular molecule of double-stranded DNA containing
about 12-15 negative superhelical turns and has a molecular weight
of about 3 x 100 daltons. Over the last four years experiments
from a number of laboratories working on the mechanism of SV40 DNA
replication have yielded a clear outline of the events of viral DNA
replication (for a recent review see Levine, 1973). These events
may be conveniently divided into four stages: 1) initiation,

2) polynucleotide chain propagation, 3) segregation of the two
newly-made daughter molecules, and 4) maturation of the progeny
molecules.

Initiation of SV40 DNA replication takes place at an unique
site on the SV40 genome (Nathans and Danna, 1972; Thoren, Sebring,
and Salzman, 1972; Fareed, Garon, and Salzman, 1972). Protein
synthesis is required for the start of each round of DNA replica-
tion (Kit and Nakajima, 1971; Kang et al., 1971), and at least one
of these proteins is coded for by the tsA gene product of SV40
(Tegtmeyer, 1972). Once DNA synthesis has begun, replication

21
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proceeds bidirectionally from the unique origin (Danna and Nathans,
1972; Fareed et al., 1972; Jaenisch, Mayer, and Levine, 1971;
Bourgaux and Bourgaux-Ramoisy, 1971). When the replicating molecules
are labeled for very short periods of time (15-45 seconds at 37°C)
with 3H-thymidine, nascent short (4S) DNA chains (about 100-150
nucleotides long) are found associated with the SV40 replicating
forms (Fareed and Salzman, 1972). These fragments can be chased
into the growing progeny polynucleotide strands of SV40 DNA and are
therefore a likely intermediate in the polynucleotide chain propa-
gation step. Similar oligonucleotide intermediates have been
detected by Magnusson et al. (1973) in an in vitro nuclei system
replicating polyoma DNA. Furthermore, these investigators have
demonstrated the existence of ribonucleotides linked to the 5'-
terminus of the 4S5 DNA chains of polyoma DNA. These results are
similar to the polynucleotide chain propagation steps previously
described for E. coli (Okazaki et al., 1968; Sugino, Hirose, and
Okazaki, 1972). They suggest that synthesis of each 4S fragment

is primed by oligoribonucleotides at the replication fork.

The discontinuous synthesis of 4S fragments on SV40 or polyoma
DNA can be exaggerated in the presence of inhibitors of DNA synthe-
sis such as hydroxyurea (HU) (Magnusson et al., 1973; Magnusson,
1973; Laipis and Levine, 1973) or 5-fluorodeoxyuridine (Salzman and
Thoren, 1973). These agents slow the rate of polynucleotide chain
propagation by severely limiting the pool of one of the deoxy-
ribonucleoside triphosphates in the cell (Skoog and Nordenskjold,
1971). TUnder these conditions the 4S oligonucleotide fragments
are readily detected in association with the replicating molecules
even when the labeling times are longer than 15-45 seconds. These
4S fragments observed in the presence of HU are readily chased
into the longer progeny strands of SV40 DNA and less efficiently
into mature closed-circular molecules (Laipis and Levine, 1973).

Polynucleotide chain propagation proceeds until the two replica-
tion forks meet (or almost meet) at the terminus of DNA replication.
Since this terminus is about 180 degrees around the circular genome
from the origin (Danna and Nathans, 1972) it is likely that the
two forks traverse each half of the DNA molecule at about the same
rate. This observation is supported by the electron micrographs of
replicating SV40 DNA (Jaenisch et al., 1971; Sebring et al., 1971)
where the two newly replicated branches of the molecule are always
the same length. The two interlocked replicating circles then
separate, generating two progeny molecules that sediment at 16S.
Failure to separate the replicating daughter molecules apparently
results in the formation of a catenated dimer (Jaenisch and Levine,
1973). These interlocked dimers are unstable and decay, probably
via a recombination event, to either a concatenated dimer or two
monomers (Jaenisch and Levine, 1973). When cycloheximide is used
to inhibit protein synthesis there is a two- to fourfold increase
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in the percentage of viral DNA synthesized in the form of catenated
dimers (Jaenisch and Levine, 1972 and 1973). These data suggest
that protein synthesis is also required for an efficient segregation
of the two newly-synthesized daughter molecules.

The two newly-segregated progeny molecules sediment at 16S and
are composed of a circular template strand and a linear newly-
synthesized progeny strand containing a polynucleotide chain inter-
ruption located specifically at the terminus of replication (Fareed,
McKerlie, and Salzman, 1973). These molecules must be processed to
form the closed-circular and superhelical mature viral DNA.

The experiments presented in this paper deal with two of the
four stages of SV40 DNA replication: the polynucleotide chain
propagation step and the maturation or processing of the post-
segregational 16S intermediate to form mature viral DNA.

. The experiments to be described attempt to elucidate the
detailed structure of the nascent 4S5 fragments and the longer
progeny strand found at the replication fork of SV40 DNA. Two
methods are available to obtain SV40 replicative intermediates with
48 fragments hydrogen bonded at the replication forks: 1) short
pulses with 3H—-thymidine (15-45 seconds) of SV40 infected African
green monkey kidney cells (AGMK) yield replicating molecules labeled
preferentially in the 4S fragments (Fareed and Salzman, 1972) and
2) longer labeling times in the presence of hydroxyurea (Magnusson
et al., 1973; Laipis and Levine, 1973) yield replicating molecules
with the same properties. This latter procedure has the advantage
of yielding a large quantity of labeled replicating DNA and was
therefore employed in the studies described here. The disadvantage
of using an inhibitor like HU is that it may induce some aberrant
form of DNA replication.

To isolate and characterize the viral replicative intermediates
synthesized in the presence of HU, the following experiment was
performed. Monolayer cultures of AGMK cells were infected with
SV40 (moi 50-100 PFU/cell) and 36 hours later HU (10 mM) was added
to half the cultures. Five minutes after the addition of this drug,
3H—thymidine (430 pc/ml) was added to the HU-treated and untreated
cultures for 15 minutes at 37°C. The viral DNA was selectively
extracted by the procedure of Hirt (1967) and banded to equilibrium
in ethidium bromide-cesium chloride (EtBr-CsCl) density gradients.
Under these conditions replicating viral DNA is fractionated into
a graded series of molecules just beginning replication (at a
density adjacent to form I DNA) all the way to molecules that have
almost completed their replication (lighter density regions)
(Jaenisch et al., 1971; Sebring et al., 1971; Mayer and Levine, 1972).
The replicating intermediates isolated in this manner were divided
into three classes: 1) molecules just beginning replication or
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FIG. 1. Alkaline sucrose gradient sedimentation analysis of the
replicative intermediates of SV40 DNA at different stages of re-
plication (early, middle and late).

SV40 infected AGMK cells were labeled with 3H—thymidine for
15 minutes at 36 hrs. after infection and the viral DNA was selec—
tively extracted by the procedure of Hirt (1967). The DNA was
centrifuged to equilibrium in a CsCl-EtBr gradient (Jaenisch
et al., 1971). This procedure separates viral DNA that has just
begun to replicate (early), DNA in the middle of replication
(middle), or DNA completing replication (late). Each one of
these three fractions was then sedimented in a 10-307% alkaline
sucrose gradient (0.75M NaCl, 0.25M NaOH) resting on top of a 60%
sucrose cushion (0.75M NaCl, 0.25M NaOH). Fractions from the
gradient were analyzed as described previously (Laipis and Levine,
1973).

o——o0 32p-labeled SV40 form II DNA marker

o 3H—labeled SV40 replicating DNA
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early replicating forms, 2) molecules about half completed in their
replication or middle replicating forms and 3) molecules almost
completed replication (late replicating forms). Each of these
fractions from the HU-treated or untreated cultures was then sedi-
mented through an alkaline sucrose gradient in order to size the
newly replicated strands of DNA. Figure 1 presents the alkaline
sucrose gradient sedimentation profiles of labeled viral DNA
synthesized in the absence of HU. As replication proceeds (from
early to late replicating molecules) the average size of the

growing progeny strands increases. This can be seen in the increased
sedimentation rate of these DNA molecules compared to a 32p_1abeled
form II sedimentation marker. There is little evidence of any 4S
fragments associated with the replicative intermediates because of
the longer length of time of this pulse-labeling period (15 minutes)
and the rapidity with which these oligonucleotides are joined to

the longer growing strands. During a 15 minute labeling period

the parental or template strands of the replicative intermediate are
not labeled with 3H—thymidine and therefore are not detected in these
gradients. When the early, middle and late replicative intermedi-
ates obtained from HU-treated cells were sedimented through alkaline
sucrose gradients (Figure 2), 4-5S5 oligonucleotide fragments were
observed in addition to the longer growing progeny strands of SV40
DNA. These oligonucleotides were associated with molecules in all
stages of replication (early, middle and late), eliminating the
possibility that the 4-5S fragments were peculiar to the initiation
event (only the early replicating DNA) or the segregation process
(only the late DNA). That the 4S fragments were intermediates in
polynucleotide chain propagation could be demonstrated by pulse-
labeling them in the presence of HU followed by a chase in the
presence or absence of HU (Laipis and Levine, 1973). When the 48
fragments were labeled with 3H—thymidine in the presence of HU for
10 minutes and chased in the presence of unlabeled thymidine for

60 minutes essentially all the 4S fragments were incorporated into
the larger polynucleotide growing strand and 20-30% of these
fragments could be chased into mature closed-circular SV40 DNA.
These observations were independent of whether the chase was per-
formed in the presence or absence of HU (Laipis and Levine, 1973).

Under the conditions of these experiments HU inhibits the rate
of viral DNA synthesis between 85-95% (Laipis and Levine, 1973).
Viral DNA synthesis never completely stops. The rate of poly-
nucleotide chain propagation is slower, however. Since the 4S
fragments do appear to be synthesized in HU, albeit at a slower
rate, the step in polynucleotide chain propagation most sensitive
to HU is the joining of the 4S5 fragments to form the longer growing
progeny strand of viral DNA.

Two general structures might be considered for these HU-treated
replicating molecules. These possibilities are reviewed in
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FIG. 2. Alkaline sucrose gradient sedimentation analysis of the
SV40 replicative intermediates synthesized in the presence of
hydroxyurea.

SV40 infected AGMK cells were labeled with 3H—thymidine five
minutes after the addition of HU (10 mM) for 15 minutes (at 36
hours after infection). The replicative intermediates were isolated
and analyzed as described in Figure 1.

o———o0 32p-labeled SV40 form II DNA

e——=e SH-labeled SV40 replicating DNA synthesized in the
presence of HU
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Figure 3. The short fragments, hydrogen bonded to the parental
strands of SV40 DNA at the replication forks, could be separated
from themselves or from the longer progeny strands by a simple 3'OH,
5'P04 single stranded nick (Figure 3A). Alternatively, these
fragments might be separated by a gap of one or more nucelotides
(Figure 3B). Several variations of these two basic themes might

be imagined, such as the absence of a 5'PO4 group or the presence
of ribonucleotides linked to the 5' end of the deoxyribonucleotide
fragments.

To distinguish between these alternatives, 3H-thymidine-labeled
replicating SV40 DNA synthesized in HU-treated cells was isolated
by EtBr-CsCl density centrifugation as described previously. This
DNA was employed as a template in an in vitro DNA synthesizing
system using purified E. coli polynucleotide ligase and T-4 DNA
polymerase. These enzymes were chosen because E. coli ligase,
unlike T-4 ligase, will not join DNA to oligoribonucleotides
(Olivera and Lehman, 1968), and T-4 DNA polymerase, unlike E. coli
DNA polymerase I, does not possess a 5'exonuclease activity and
cannot nick translate (Cozzarelli, Kelly, and Kornberg, 1969;

Kelly et al., 1969). If the 4-5S fragments were indeed hydrogen
bonded to the template strands of SV40 DNA at the replication forks
(as in Figure 3) then one can distinguish whether there is a nick
(Figure 3A) between the 4~5S fragment and the adjacent longer
polynucleotide strand or a gap (Figure 3B). If a simple break in
the phosphodiester linkage exists between the oligonucleotides and
the growing progeny DNA and if this break is bounded by 5'P04 and
3'0H groups, E. coli polynucleotide ligase alone would join the

48 fragment to the longer DNA strand. If, however, a gap is
present between these DNA molecules (Figure 3B), both DNA polymerase
and polynucleotide ligase would be required to join the longer
progeny strand to the 4S fragment. The absence of a 5'PO4, a
blocked 3'OH group or a ribonucleotide at the 5' end of a fragment
would prevent the joining of the 4S fragment in the presence of
both E. coli ligase and T-4 polymerase.

To test these alternative hypotheses, SV40 replicative inter-
mediates (the late fraction) labeled and synthesized in HU-treated
cells, were isolated by EtBr-CsCl density gradient centrifugation.
These templates were incubated with unlabeled deoxyribonucleoside
triphosphates and cofactors (Laipis and Levine, 1973) in 1) the
absence of any added enzymes, 2) the presence of E. coli DNA ligase,
3) the presence of T-4 DNA polymerase, and 4) the presence of both
ligase and polymerase. DNA synthesis and/or ligation was allowed
to proceed for 20 minutes at 30°C. At that time each sample was
analyzed to determine if the 4S fragments were joined to the longer
polynucleotide chains by sedimentation through an alkaline sucrose
gradient. These results are presented in Figure 4. In Figure 4A
the SV40 late replicative intermediate, incubated in the absence
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FIG. 3. Possible structure for the hydrogen bonding of the 4-5S
fragments in the replicative intermediates of HU-inhibited SV40 DNA.

Model A: The 4S fragments are not separated from each other
and the longer progeny strand. There is a break or a nick in the
phosphodiester backbone of adjacent nucleotides bounded by a
3'-0H and a 5'-PO4 group. This nick is repairable by E. coli
polynucleotide ligase alone.

Model B: The 4S fragments are separated from each other and
the longer progeny strands by gaps of one or more nucleotides
(single-stranded regions). These gaps are repairable by both T-4
DNA polymerase and E. coli polynucleotide ligase but not by DNA
ligase alone.

.
'

FIG. 4. Alkaline sucrose gradient analysis of HU-treated SV40 re-
plicative intermediates incubated in the presence or absence of T-4
DNA polymerase and E. coli DNA ligase.

SV40-infected AGMK cells (36 hours after infection) were
treated with 10 mM HU and the viral replicating DNA was labeled
with 3H—thymidine 5 minutes later for a period of 15 minutes.

The selectively extracted viral DNA (Hirt, 1967) was purified in
EtBr-CsCl gradients (Jaenisch et al., 1971), and the late replica-
tive intermediate was employed as a template for in vitro repair
with E. coli DNA ligase (10 units, 18,000 units/mg protein,

1.8 mg/ml) and/or T-4 DNA polymerase (0.75-1.5 units, 1500 units/
mg protein, 0.05 mg/ml). The reaction mixture of 0.2 ml contained
66 mM Tris, pH 8.0, 10 mM MgCl,, 10 mM B-mercaptoethanol, 0.33 mM
of each of the four deoxytriphosphates, 15 uM DPN and 150 ug/ml

of bovine serum albumin. DNA synthesis was allowed to proceed for
20 minutes at 30°C. The products were analyzed by alkaline sucrose
gradients as in Figure 1.

o——o 32p-$V40 form I and II markers

e—eo 3H—SV40 HU replicative intermediate

A) SV40 template alone, no enzymes

B) SV40 template plus DNA ligase

C) SV40 template plus DNA polymerase

D) SV40 template plus DNA ligase and polymerase
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of any enzymes, contains both the 4S fragments and the longer poly-
nucleotide strands of DNA. Incubation of this template with either
E. coli ligase alone (Figure 4B) or T-4 polymerase alone (Figure 4C)
yielded essentially the same result. When the same template was
treated with both enzymes, however, (Figure 4D) about 50% of the
short oligonucleotide fragments now sedimented as if they were
covalently attached to the longer progeny DNA.

In order to improve the efficiency of joining the 4S fragments
to the longer polynucleotide strands the template DNA for this
reaction was further purified before incubation with these enzymes.
The 3H-labeled SV40 replicative intermediate synthesized in HU-
treated cells, as described previously, was purified by EtBr-CsCl
density gradient centrifugation. The late replicating molecules
were then sedimented through a neutral sucrose gradient where the
replicating DNA sediments at 25S (Levine, Kang, and Billheimer,
1970). 1In addition to the further purification of the replicating
DNA, this procedure separates the 255 replicative intermediate
from the 16S intermediate produced by the segregation of the two
daughter molecules.

When this purified replicating template was incubated with
both DNA polymerase and DNA ligase 80% of the 4S fragments were
joined to the larger progeny strands (Figure 5C) as demonstrated by
the sedimentation of the labeled replicative form through an
alkaline sucrose gradient. Incubation of the HU-treated replica-
tive intermediate with ligase alone does not join the 4S fragments
to the longer viral DNA strand (Figures 5A and 5B). These data
demonstrate that at least 807% of the 4S fragments at the replication
fork of HU-treated SV40 DNA are separated from themselves and from
the progeny molecules by gaps of one or more nucleotides. Most of
these gaps are bounded by 3'OH and 5'PO; groups. A small propor-
tion, about 20%, of the gaps are not repairable in wvitro.

When the HU late replicative intermediates, purified by
EtBr-CsCl density gradients, were repaired with both DNA polymerase
and DNA ligase (Figure 4D) a small percentage (1-4%) of the
labeled DNA sedimented in an alkaline sucrose gradient as mature
closed-circular DNA. When the EtBr-CsCl late replicating fraction
was further purified by a neutral sucrose gradient two species
of DNA were observed. In addition to the 25S replicative DNA, a
16S post segregational intermediate formed by the separation of
the two replicating daughter molecules (Fareed et al., 1973)
was present in this gradient. This 16S DNA contained a circular
parental strand and a linear progeny strand with a polynucleotide
chain interruption. This interruption could be a nick bounded by
a 3'0H and a 5'PO, group or a gap as was found in the replicative
intermediate. To distinguish between these alternatives the 16S
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The conditions of the experiment and enzymes reactions are
identical to Figure 4 except that the HU-treated SV40 replicative
intermediate was purified first in an EtBr-CsCl gradient followed
by a neutral sucrose gradient where it sediments at 258S.
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post segregational intermediate was incubated with E. coli DNA
ligase alone, with E. coli DNA ligase plus T-4 DNA polymerase

or in the absence of these enzymes. The product of these reactions
was analyzed on alkaline sucrose gradients as before. The 16S
template incubated in the absence of enzymes (Figure 6, top panel)
contains a long linear strand and a small level of 4-5S fragments.
Treatment of this template with polynucleotide ligase alone does
not alter this result (Figure 6, middle panel). Incubation of the
16S molecules with DNA polymerase plus DNA ligase converted about
60% of these molecules to the closed-circular form. These
experiments demonstrate that the HU-treated 16S post segregational
intermediate contains a gap of one or more nucleotides in the linear
newly-synthesized progeny strand.

DISCUSSION

The addition of HU to SV40-infected AGMK cells results in an
85-957 decrease in the rate of incorporation of 3H—thymidine into
SV40 replicating DNA. The residual viral DNA synthesized is
initially in the form of 4-5S fragments. Similar oligonucleotide
fragments have been observed when short pulse-labeling times with
3H-thymidine (15-45 seconds) were performed during normal SV40
DNA replication (Fareed and Salzman, 1972). These short DNA frag-
ments are hydrogen bonded to SV40 replicating molecules in all
stages of duplication. Pulse-chase experiments indicated that
these oligonucleotides are likely a normal intermediate in poly-
nucleotide chain propagation.

The in vitro DNA synthesis experiments described in this
paper demonstrate that the 4S fragments, hydrogen-bonded to the
template strands at the replication forks, are separated from
themselves and from progeny molecules by gaps of one or more
nucleotides. These gaps are bounded by 3'OH and 5'P04 groups.
A small proportion of the 4S5 fragments (about 20%) were not
repaired (joined to the longer polynucleotide strand) in vitro.
One obvious possibility is that the 5' end of these DNA chains
may contain a ribonucleotide which could not be sealed with E. coli
DNA ligase. A short sequence of ribonucleotides has been suggested
as the primer for 4S DNA fragments in polyoma replicating DNA
(Magnusson et al., 1973).

HU inhibits DNA replication by inhibiting ribonucleotide
reductase, resulting in a drastically reduced deoxyriboguanosine
triphosphate pool (Moore, 1969; Skoog and Nordenskjold, 1971). The
question remains why this should result in a gap between 4S5
fragments and the longer growing progeny strands while the 4S
fragments themselves are synthesized, albeit at a slower rate. One
possibility is that two DNA polymerases are involved in SV40 DNA
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segregational 16S intermediate during SV40 DNA replication. Repair
synthesis with DNA ligase and DNA ligase plus DNA polymerase.

The 16S post segregational intermediate was isolated from HU-
treated cells as described in Figures 4 and 5. It was treated
with ligase and/or polymerase in vitro and the product was analyzed
as described in Figure 1.
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replication. One of these polymerases synthesizes the short oligo-
deoxynucleotides (4S fragments) that are primed by the oligoribo-
nucleotides. The second polymerase would then be responsible for
filling in the gaps left between fragments. The "gap-filling
polymerase" would then be expected to have a higher K, for deoxy-
ribonucleoside triphosphates and therefore be more sensitive to

low levels of these nucleotides in the cellular pools.

There are at least three different polymerases found in mam-
malian cells (Weissbach et al., 1971; Chang and Bollum, 1971;
Fridlender et al., 1972; Sedwick, Wang, and Korn, 1972; see this
volume). Polymerase I is found in the cytoplasmic fraction (C or
maxi polymerase) and shows quantitative alterations with different
stages of the cell cycle and with cell growth (Iwamura, Ono, and
Morris, 1968; Chang and Bollum, 1972a; Chang, Brown, and Bollum,
1973). Polymerase II can be found in the nucleus (N or mini poly-
merase), and its activity remains relatively constant despite changes
in cell growth rate or cell cycle alterations (Chang and Bollum,
1972a; Chang et al., 1973). Polymerase III (also called the R or
A polymerase) is the only one of these polymerases that can use a
polyriboadenylate:oligodeoxythymidylate template efficiently in
the presence of Mg* (Fridlender et al., 1972). Polymerase I
carries out considerable synthesis from a polydeoxythymidylate:
oligoriboadenylate (dTggq:rAjg) template while polymerase II cannot
employ this type of primer effectively (Chang and Bollum, 1972b).
These data suggest that polymerase I would be a good candidate for
the synthesis of the 4S fragments primed by ribonucleotides. 1In
addition, polymerase II has a five to eight fold higher Ky for
deoxyribonucleoside triphosphates than polymerase I, suggesting it
might be preferentially inhibited by a low nucleoside triphosphate
pool and therefore be the "gap—filling polymerase." The role of
polymerase III (if any) is at present unclear.

There are two alternative explanations for the presence of
gaps between the 4S fragments and the longer progeny strands of
viral DNA. 1) When the ribonucleotides that prime the 4S fragments
are removed, perhaps by ribonuclease H, this should leave a single-
stranded region between the 4S oligonucleotide and the progeny DNA.
2) The initiation of new 4S fragments may not occur at the nucleo-
tide adjacent to the primer strand. Either mechanism would result
in a gap during normal SV40 DNA replication. Similar models
suggesting the involvement of two DNA polymerases in polynucleotide
chain propagation have been proposed for bacteria (Kuempel and
Veomett, 1970; Okazaki, Arisawa, and Sugino, 1971), SV40. (Salzman
and Thoren, 1973) and polyoma virus DNA replication (Magnusson,
1973).
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ABSTRACT

Three populations of altered SV40 DNA molecules, independently
derived by serial passage of plaque-purified virus at high multipli-
city of infection, were found to contain reiterated viral sequences,
as determined by reassociation kinetic experiments. In each case,
the reiterated sequences corresponded to some of those contained in
Hin-fragments C or D, obtained by digesting plaque-purified virus
DNA with Hemophilus influenzae restriction endonuclease. It is sug-
gested that the reiteration of sequences in Hin-fragment C, which
is known (Danna and Nathans, 1972; Fareed, Ganon, and Salzman, 1972)
to contain the origin of SV40 DNA replication, is responsible for
the advantageous replication rate of altered viral genomes during
serial passage.

A lack of uniformity was observed in the reassociation rates
of different Hin-fragments (cleaved from plaque-purified SV40 DNA)
incubated in the presence of increasing concentrations of plaque-
purified virus DNA. The possibility that this finding is an indi-
cation of sequence duplication in the plaque-purified SV40 genome
is discussed.

INTRODUCTION

High multiplicity serial passage of SV40 in monkey cells results
in the emergence of defective virus with altered genomes. One such
alteration consists of the insertion of host DNA sequences (substi-
tuted DNA) (Frenkel, Lavi, and Winocour, 1974; Lavi and Winocour,
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1972; Lavi et al. 1972; Rozenblatt et al., 1972); other alterations
involve viral sequence deletion (Tai et al., 1972; Yoshiki, 1968a
and 1968b) and reiteration (Brockman, Lee, and Nathans, 1973;
Martin et al., 1973; Winocour et al., in press). An earlier com-
munication from this laboratory showed that substituted SV40 DNA
molecules, though defective in plaque formation, can replicate in
multiply infected cells (Lavi et al., 1972). We proposed that the
high multiplicity serial passaging procedure provides conditions
for the selection of substituted viral genomes possessing the capa-
city to replicate faster than standard SV40 DNA. The outcome of
this selective process is that the serially passaged DNA becomes
progressively enriched for a particular type of altered viral
genome, as judged by reassociation kinetics (Frenkel et al., 1974)
and by the pattern of restriction endonuclease cleavage (Brockman
et al., 1973; Rozenblatt et al., 1972; Winocour et al., in press).
A possible mechanism that could account for the advantageous repli-
cation of substituted SV40 DNA is amplification of signals for the
initiation of DNA synthesis. The present series of experiments
were undertaken to characterize the reiterated viral sequences in
several serially passaged SV40 DNA populations and to determine if
such sequences are derived from the region of the SV40 genome which
contains the origin of replication.

MATERTIALS AND METHODS

Cells and Viruses

The cultivation of the BS-C-1 line of African green monkey
cells and the procedures for plaque purification and high multipli-
city serial passage of SV40 have been published elsewhere (Lavi and
Winocour, 1972; Lavi et al., 1972). Any independent set of serial
passages initiated from plaque-purified virus is referred to as a
serially passaged line and is designated according to the plaque-
isolate, the line number, and the passage number. Thus, CVB/1/P3
indicates passage 3 of line 1 from plaque-isolate CVB (Figure 1).

Virus DNA

The SV40 DNA preparations are designated by the inoculum used
to infect the cells; thus, CVB/1/P3 DNA is the closed-circular SV40
DNA produced in cells infected with CVB/1/P3 virus at high multi-
plicity. Virus DNA was extracted either from purified virions
(Lavi and Winocour, 1972) or from infected cells using the Hirt
procedure (Hirt, 1967). Closed-circular SV40 DNA was purified by
equilibrium centrifugation in CsCl gradients supplemented with
ethidium bromide, followed by sedimentation through 10-307% neutral
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PLAQUE PLAQUE-PURIFIED SERIALLY-PASSAGED
ISOLATE STOCK DERIVATIVES

v CVB/{ ——»CVB/1/P{---»CVB/1/P3
C <
CVB/2 ——+CVB/2/P{---=CVB/2/P5

CV{——CV1/1—CV1{/1/P{---=CV1/1/P5

FIG. 1. History of the serially passaged lines studied. Full
details on the plaque-isolates, the preparation of plaque-purified
stocks grown at low multiplicity of infection, and the high-multi-
plicity serial passaging procedure, are presented elsewhere (Lavi
and Winocour, 1972; Lavi et al., 1972).
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sucrose gradients or alkaline CsCl solution (Rozenblatt et al.,
1972). To prepare radioactive SV40 DNA, the infected cells were
labeled with 3H-thymidine (18-26 Ci/mmole; 10 uc/ml medium) at 24—
48 hours post-infection (when DNA was extracted from infected cells)
or at 24 hours-6 days post-infection (when DNA was extracted from
virions). DNA was sheared by sonic vibration as described else-
where (Frenkel et al., 1974).

Digestion of SV40 DNA by Hemophilus Influenzae
Restriction Enzyme

Plaque-purified SV40 DNA was digested to completion with Hemo-
philus influenzae (Hin) restriction enzyme (gift of Dr. D. Nathans)
and the digestion products were fractionated on 5% polyacrylamide
gels (Danna and Nathans, 1971; Rozenblatt et al., 1972). The DNA
fragments were eluted from the gels (Rozenblatt et al., 1972) and
were dialysed extensively against hybridization buffer.

DNA-DNA Hybridization

Hybridization was performed as previously described (Frenkel
et al., 1974), in a buffer consisting of 0.05 M tris-HC1 (pH 8.05)
and varying NaCl concentrations (0.03 M to 0.4 M). Incubation was
at 25°C below the melting temperature at the corresponding salt
concentration. At the end of incubation, the hybridization mixture
was digested with S1 nuclease from Aspergillus oryzae (Ando, 1966;
Sutton, 1971). Detailed procedures for the nuclease assay, and for
determining the extent of hybrid-formation resistant to S1, have
been reported elsewhere (Frenkel et al., 1974). Under the condi-
tions employed, 96-97% of heat-denatured SV40 DNA was digested and
essentially 100% of non-denatured, sonicated SV40 DNA was resistant
to the enzyme.

Estimation of the Fraction of Repetitive Sequences

DNA reassociation is ideally a second order reaction described
by

o

_t.:__ = ..___l._._.
D 1+k'D -t 1)
o o

where t is the time of hybridization, D, and Dy are the molar con-
centrations of single-stranded DNA at the onset of hybridization
and at time t, respectively, and k is the molar reassociation rate
constant (Britten, 1969). Equation 1 has been used in the linear
form (Wetmur and Davidson, 1968)
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D
59 = 1+k-D_-t (2)
t

For plaque-purified SV40 DNA, of complexity 3.6 x 106 daltons (Tai
et al., 1972) c

(o]
D, = 36 x 100 (3

where C0 is the DNA concentration in grams per liter and hence,
D

o k . .
b, -t F3Exi06 % ° ()
Thus the plot of D0/D as a function of Cot should be linear with
an intercept of 1 ana a slope of k . In the case of DNA
3.6 x 106

consisting of several families of sequences differing in their molar
concentrations, the curve will deviate from linearity. In this
case, the kinetic analysis of hybridization may be ambiguous since
similar reassociation curves can be generated by assigning varying
combinations of complexities and molarities to the individual fam-
ilies of sequences. In the method described below for estimating
the fraction of repetitive sequences, we have assumed that the ob-
served non-linear reassociation curves of serially passaged SV40
DNA (see Results) arise from the presence of only two families of
sequences which differ widely in their molar abundance (repetitive
and unique).

Let aj and agp be the fractions of the repetitive and unique
families of DNA sequences, respectively; and let Dgj and Dgo be the
respective molar concentrations. The fraction of total DNA, which
remains single-stranded at time t, equals the weighted sum of the
single-stranded fractions of the two DNA species. Assuming that
the two types of sequences hybridize with the same rate constant k,
then:

D al az (5)

t. +
. .t +k-D -
Do 1+k D01 1+k 02 t
If the degree of sequence reiteration is high, then after a certain
time of incubation, all the reiterated sequences will have reassoc-
iated whereas the hybridization of the more unique sequences will
be incomplete. Hence, the contribution of the reiterated sequences
to the single-stranded DNA fraction is negligible, and

D az (6)

t
DO 1+k'D02-t
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However, D02 = (7)
2
where C_ is the total DNA concentration in grams per liter and M2
(grams Ser mole DNA) is the complexity (Britten, 1969) of the
unique sequences. The complexity of the unique sequences was as-
sumed to be that of plaque-purified DNA (3.6 x 106 daltons) since,
as shown in Figures 2A and 2C, the reassociation pattern of serial-
ly passaged DNA is similar to that of plaque-purified DNA at higher
Cot values. Substituting in Equation 6, above,

D 1

o4 k . Co .t (8)
Dt o, 3.6 x 106
Therefore, at later stages of the hybridization reaction, the plot
of Dy/Dy will become linear with a slope of k . The value
3.6 x 100
for 1 was obtained from the extrapolated intercept of the linear
a2
part of the reassociation plot at higher C,t values. The fraction

of repetitive (al) was obtained from (1-o2).
RESULTS

Presence of Fast-Reassociating Sequences
in Serially Passaged SV40 DNA

We have studied the reassociation kinetics of DNAs from several
serially passaged SV40 populations. The C,t curves (Britten and
Kohne, 1968) for two such DNA preparations as well as that for
plaque-purified SV40 DNA are shown in the left panels of Figure 2.
The plots of Dy/Dy as a function of Cot for the initial part of the
annealing reactions are shown in the right panels of Figure 2. It
will be noted that the plot for plaque-purified SV40 DNA is linear,
indicating that the bulk of the DNA sequences reassociate at a
single rate and therefore appear to be present in uniform molarity.
In contrast, the reassociation of the serially passaged DNAs pro-
ceeds initially at a fast rate, then at a rate similar to that of
plaque-purified DNA, and finally at a rate slightly slower than
that of the plaque-purified DNA. Assuming that the differences in
the reassociation rates are due to differences in the molar concen-
trations of sequences, and not to different reassociation rate con-
stants, we conclude that some of the sequences in serially passaged
DNA are present at higher molarities than in plaque-purified DNA,
and are therefore present more than once per DNA molecule.



THE REPEATED SEQUENCES IN SERIALLY PASSAGED SV40 DNA 45

00T 71— . 20
-A\k%\%b T T A I 5 :
° \4‘ plaque purified B
0.2 X s
cvB|i|P3 ]
DOA~ e
uJ apr
= purified
< 06 5 Jia
o N\ |
8(38
o 1.2
< - -
i | B
@ o+ ; ‘ o
-oyp
A C S
z Nk ) D] &
O 0.2k \chque purified s
o cvslalPs\ﬂ |
<< - . B
Q:Q4 \\ 6
u- —
Y
o8 \&\ —1.4
N i
1 | | Ll L i |
10° 1% o 10?10 o 10 2.0

Equivalent Cot (mole-sec-liter™) Cot (gram -sec-liter™)

FIG. 2. Fast-reassociation sequences in serially passaged SV40
DNAs. Plaque-purified SV40 DNA (CVB) and the two serially passaged
SV40 DNAs (CVB/1/P3) and CVB/2/P5) were self-annealed. 1In Panels
A and C, the fraction reassociated is plotted as a function of Cyt.
The data originally obtained at various salt concentrations (from
0.05 M to 0.4 M monovalent cation) were standardized to 0.18 M
monovalent cation concentration (Frenkel et al., 1974). 1In Panels
B and D, the initial phase of the reaction is plotted as D,/Dt
versus Cot adjusted for 0.18 M monovalent cation. The plot for
plaque-purified DNA is a linear regression line. The broken lines
show the extrapolated intercepts (see text).
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The Fraction of Fast-Annealing Sequences
in Serially Passaged SV40 DNA

The fraction of repetitive DNA sequences in serially passaged
SV40 DNA was estimated from the extrapolated intercepts in Figures
2B and 2D. As outlined in Methods, Equation 8 is.derived for the
case where the DNA contains two families of sequences which differ
significantly in their molarities (repetitive and unique). On this
basis, the reassociation of serially passaged SV40 DNA is expected
to proceed initially at a fast rate and then at a slower linear
rate with a slope identical to that of plaque-purified DNA (that is

k * - 3 3
3.6 x 106 Apparently the situation is more complex since at the

higher C,t values, the reassociation rates for serially passaged
DNAs are slower than those of plaque-purified DNA (Figure 2), indi-
cating that some sequences are present less than once per molecule.
To minimize the errors resulting from multiphasic reassociation
plots, we have drawn a line which is tangential to the reassociation
curve of serially passaged DNA and which is parallel to the reassoc-
iation plot for plaque-purified DNA (broken lines in Panels B and D).
It is this tangent which is extrapolated to t=0 to obtain an approx-
imation of the size of the repetitive fraction. The data are sum-
marized in Table 1, where it will be noted that the fraction of
fast-reassociating sequences was found to be 12% for CVB/1/P3 DNA,
17% for CV1/1/P5 DNA and 18% for CVB/2/P5 DNA. 1In addition, Table

1 shows that no quantitative correlation was observed between the
fraction of fast—annealing sequences and the fraction of host
sequences.

Enrichment of the Fraction of Fast-Annealing Sequences

Since the fast-reassociating fraction did not exceed 20% of the
total DNA (Table 1), we next attempted to obtain a DNA fraction
which was enriched for the fast hybridizing sequences. Passage 1
DNA (identical to plaque-purified DNA in its reassociation pattern)
and passage 5 DNA were self-annealed to a point where approximately
20% of the DNA sequences hybridized in each case. At that point,
the hybridization mixture was digested with S1 enzyme. The nuclease
resistant fraction (henceforth called "initially hybridized frac-
tion'") was phenol extracted, dialyzed extensively, heat denatured
and reassociated again. The resulting kinetics of reassociation
are shown in Figure 3. The reassociation plot for passage 1 "ini-
tially hybridized DNA" is linear (for at least 70% of the DNA) with
an intercept of 1.02, indicating that the bulk of the sequences are
present in uniform molarity. In contrast, passage 5 "initially
hybridized DNA" does not reassociate homogeneously. The extrapolated
intercept of the second (linear) part of the curve is 1.63, indicat-
ing that an estimated 39% of the sequences are fast-annealing (com-
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FIG. 3. Reassociation of the "initially hybridized fraction.'” DNAs
from passage 1 (circles) and passage 5 (triangles) of the CVB/2 line
were self-annealed until approximately 207 of the sequences reassoc-
iated. The hybridized fraction was isolated by S1 nuclease treat-
ment, denatured and rehybridized. The C,t values are adjusted to
0.18 M salt concentration.
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TABLE 1. The Size of the Fast Reassociating Fractions
in Serially Passaged SV40 DNA Preparations

Fraction Fast

SV40 DNA from Cells of Host Extrapolated Reassociating

Infected with: Sequences Intercept Fraction2

CVB/1 Plaque purified 0 1.02 0.02
Passage 3 0.44 1.13 0.12
CVB/2 Passage 1 NT3 1.00 0.00
Passage 5 0.21 1.22 0.18
CV1/1l Plaque purified 0 1.03 0.03
Passage 5 0.17 1.20 0.17

1Estim,ated by DNA-DNA annealing experiments in which the labeled

serially passaged DNAs were incubated with a large excess of un-
labeled plaque-purified SV40 DNA (data from Frenkel et al., 1974).

2See text for explanation of the extrapolated intercept and
the calculation for the size of the fast reassociating fraction.
The data are taken from Figure 2 for the plaque-purified, CVB/1/P3
and CVB/2/P5 DNA populations and from similar reassociation plots
for CVB/2/P1 and CV1/1/P5 DNAs (not shown in Figure 2).

3Not tested.

pared to 18% in unfractionated CVB/2/P5 DNA). This substantial
enrichment for the fast-reassociating sequences excludes the possi-
bility that the multiphase reassociation pattern of the unfraction-
ated passage 5 DNA is due to diminished reassociation rates result-
ing from breakdown or damage to the DNA; since, if this were the case,
the fraction of fast—annealing sequences should have decreased

rather than increased in the second round of reassociation.

Origin of the Fast-Annealing Sequences

To determine whether the repetitive sequences in serially
passaged DNA are of host or viral origin, we hybridized the fraction
enriched for repetitive sequences (the "initially hybridized DNA")
in the presence of excess, sheared, unlabeled plaque-purified DNA
or unfractionated serially passaged DNA. The data from these reac-—
tions are given in Table 2. It will be noted that addition of excess
plaque-purified DNA accelerates the reassociation of the "initially
hybridized fraction'" to the same extent as the addition of the same
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TABLE 2. Viral Origin of the Fast-Annealing Sequences1

Cot
Cot Labeled Unlabeled Percent
Experiment Unlabeled DNA DNA DNA Hybridized

1 None 4.2 x 1077 0o, 25.0
Plaque-purified 4.2 x 10_5 9.4 x 10__2 72.1

Serially passaged 4.2 x 10 9.4 x 10 71.5

2 None 6.0 x 107, 0 35.2
Plaque-purified 6.0 x 10_4 1.3 77.5

Serially passaged 6.0 x 10 1.3 79.7

lYrhe "initially hybridized fraction” of 3H-labeled, serially
passaged SV40 DNA (CVB/2/P5) was isolated as described in Figure 3
and incubated in the presence of excess unlabeled plaque-purified
DNA, or CVB/2/P5 DNA, or no DNA.

excess of serially passaged DNA. Thus, the bulk of the fast anneal-
ing sequences is present in plaque-purified DNA, and must therefore
be of viral origin.

Comparison of the Fast-Annealing Sequences in Two
Independently Derived, Serially Passaged DNA Populations

We next investigated the question if the fast-annealing se-~
quences are the same in different serially passaged populations or
whether in each case different viral sequences are reiterated. To
answer this question, we hybridized the labeled "initially hybrid-
ized fraction," obtained from CVB/2/P5 DNA, in the presence of
excess unfractionated unlabeled CVB/2/P5 DNA or CVB/1/P3 DNA. The
concentrations of labeled DNA and the time of incubation were kept
constant while the concentrations of unlabeled DNAs were varied.
The data for these reactions are plotted in Figure 4. The reassoc-
iation of the CVB/2/P5 "initially hybridized fraction" in the
presence of excess unfractionated CVB/2/P5 DNA is biphasic, as
expected. Similarly, a biphasic reassociation pattern was obtained
in the presence of increasing concentrations of CVB/1/P3 DNA.
Therefore, sequences present in the "initially hybridized fraction"
of CVB/2/P5 DNA are also present in CVB/1/P3 DNA in non-uniform
molarity. We conclude from this result that a significant fraction
of the reiterated sequences in CVB/2/P5 DNA are also reiterated in
CVB/1/P3 DNA.
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FIG. 4. Similarity of the fast-annealing sequences present in two
independently derived populations of serially passaged SV40 DNAs.
0.008 pg/ml of the "initially hybridized fraction" derived from
CVB/2/P5 DNA (circles) or unfractionated CVB/1/P3 DNA (triangles).
The broken lines show the extrapolated intercepts.
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Identification of the Fast-Annealing Sequences

The following series of experiments was designed to determine
which part of the plaque-purified SV40 genome becomes reiterated
during the serial passaging procedure. Labeled plaque-purified
DNA was digested with the Hin restriction enzyme, and the cleavage
products were fractionated by gel electrophoresis. The pattern
shown in Figure 5 is similar to that reported by Danna and Nathans
(1971), except that under the conditions used, Hin-fragments C and
D were not resolved. Each of the labeled Hin-fragments was eluted
from the gel and incubated at a constant concentration and for con-
stant time in the presence of increasing concentrations of unlab-
eled sonicated plaque-purified viral DNA or unlabeled sonicated
serially passaged DNAs (Figure 6). In all cases, the reassociation
of labeled Hin-fragments in the absence of added unlabeled DNA did
not exceed 4%. Under these conditions, the rate of reassociation
of the labeled sequences is dependent only on the molarity of the
corresponding sequences in the unlabeled DNA preparations.

From the data in Figures 6 and 7, it will be seen that the
reassociation of Hin-fragment C + D sequences (in contrast to all
the other Hin-fragments) is initially faster in the presence of the
two serially passaged DNAs compared to plaque-purified DNA. As
estimated by the extrapolated intercepts (see legend to Figure 6),
8% and 127% of Hin-fragment C + D sequences hybridize faster in the
presence of CVB/2/P5 DNA and CV1/1/P5 DNA, respectively. Taking
the sum total of C + D sequence complexity as 20% that of complete
SV40 DNA (Danna, Sack, and Nathans, 1973), we estimate the size of
the repetitive units in CVB/2/P5 DNA and CV1/1/P5 DNA to be 1.6%
and 2.47, respectively, the complexity of plaque-purified DNA. We
conclude, therefore, that a sequence of either Hin-fragment C or
Hin-fragment D, (6-9) x 104 daltons in molecular weight, becomes
reiterated in the two serially passaged SV40 DNAs we have examined.

If plaque-purified SV40 DNA contains a unique set of sequences
without duplications, we would ideally expect identical reassocia-
tion rates for all the labeled Hin-fragments in the presence of
unlabeled excess plaque-purified DNA. The calculated slopes of the
reassociation plots (Figure 6) for each of the Hin-fragments are
tabulated in the first column of Table 3. Inspection of these values
shows an unexpected degree of non-uniformity. For example, frag-
ment J hybridizes more than twofold faster than fragment H. The
variability in the observed rates could stem from three sources:
(1) hybridization measurement errors, (2) different hybridization
rate constants due to varying base composition of the different
Hin-fragments, and (3) sequence duplication in plaque-purified SV40
DNA. These possibilities will be discussed later. The slopes of
the reassociation plots for labeled Hin-fragments in the presence
of the two serially passaged DNAs (Table 3, columns 2 and 3) reveal
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FIG. 5. Polyacrylamide gel electrophoresis of Hin-fragments from
plaque-purified SV40 DNA. 3H-labeled SV40 CVB DNA was digested
with the Hin-restriction endonuclease and the resulting products
fractionated on polyacrylamide gels as described in Methods. The
different classes of fragments were eluted from the gel (Rozen-
blatt et al., 1972) and hybridized as described in the legend to
Figure 6.

FIG. 6. TIdentification of the fast-reassociating viral sequences.
0.1 ug/ml of each of the 3H-1abeled Hin-fragments derived from
plaque-purified SV40 DNA (see Figure 5) were reassociated for 0.3 .
hours in 0.032 M tris-HC1l, 0.045 M NaCl (pH 8.05), in the presence
of increasing concentrations of sonicated unlabeled plaque-purified
DNA (e——e), CVB/2/P5 DNA (0o---0), or CV1/1/P5 DNA (A---4). The
Do/Dt data are plotted against the Cyt values of the unlabeled
DNAs. The plots were fitted to the data points by linear regression
analysis. In the case of Hin-fragments C+D, I, J, and K (where the
reassociation pattern is strongly biphasic) only the data points

of the second phase of the hybridization reaction were used in the
regression analysis.
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FIG. 7. 1Initial phase of the hybridization reaction between Hin-
fragments C+D and plaque-purified or serially passaged DNA. The
data are taken from Figure 6, C+D panel, and are plotted on an
expanded scale. Plaque-purified DNA, e——e; serially passaged
CVB/2/P5 DNA, o---o0; serially passaged CV1/1/P5 DNA, A-.-4.
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TABLE 3. Reassociation of Hin~Fragments in the Presence of
Plaque-Purified or Serially Passaged pNal

Slope of Reassociation Plot in Presence of:

Plaque-Purified Serially Passaged Serially Passaged

Hin-fragment DNA CV1l/1/P5 DNA CVB/2/P5 DNA
A .133 .051 (38) .069 (52)
B .159 .057 (36) .078 (49)

C+D .203 .086 (42) .101  (50)
E .132 .051 (39) .051 (39)
F .111 .056 (50) 047  (42)
G .140 .050 (36) .060 (43)
H 111 .021 (19) .045 (40)
I .220 .021 (9 .041 (19)
J .260 .056 (21) 024 (9
K 174 .072 (41) .040 (23)

The values in the body of the table are the slopes of the
reassociation plots shown in Figure 6, calculated by linear regres-.
sion analysis. In the cases of fragments C+D, I, J, and K, where
the reassociation pattern is strongly biphasic, only points in the
second phase of the plot were used in the regression analysis. The
figures in brackets denote the percentage ratio:

slope in presence of serially passaged DNA
slope in presence of plaque-purified DNA

the following features: (1) the sequences of all the Hin~fragments
are present at a lower molarity in the two serially passaged DNAs,
and (2) the sequences of Hin-fragments I, J, and H are present at
markedly reduced molarities in CV1/1/P5 DNA (and, similarly, the
sequences of Hin-fragments I and J are present at very much reduced
molarities in CVB/2/P5 DNA) suggesting preferential deletion of
these sequences in the serially passaged DNAs.

DISCUSSION

1. The Repetitive Sequences in Serially Passaged SV40 DNA

Previous communications have reported the presence of repeti-
tive viral sequences in the supercoiled DNAs of serially passaged
SV40 (Brockman et al., 1973; Martin et al., 1973; Winocour et al.,
in press), SV40-like human papova virus (Fareed, Byrne, and Martin,
1974) and polyoma virus (Falk and Wang, 1974). In the present study,
we have characterized the reiterated sequences of serially passaged
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SV40 DNA and determined their origin with respect to the Hin-
cleavage map of the plaque-purified SV40 genome.

0f the ten classes of Hin-fragments derived from plaque-
purified SV40 DNA, only sequences contained in the C + D class of
fragments reassociate at a rate which is initially faster in the
presence of serially passaged DNA than in the presence of plaque-
purified DNA. Hence, some sequences of the C + D fragment are
present at higher molarities in two independently derived passaged
SV40 DNAs (CVB/2/P5 and CV1/1/P5) than in plaque-purified SV40 DNA.
The third serially passaged line examined, CVB/1/P3, contains
reiterated sequences similar to those in CVB/2/P5 DNA (Figure 4).
We therefore conclude that in three independently derived lines of
passaged SV40, essentially the same segment of the viral genome
underwent amplification. It should be pointed out, however, that
since the passaged viral populations studied were not cloned, the
hybridization data relate only to the most abundant species of
reiterated sequences. We have estimated the size of the repeat
units in two serially passaged SV40 DNAs to be 1.6% and 2.4% the
complexity of plaque-purified viral DNA. The fractions of total
DNA sequences which are reiterated in these populations were esti-
mated as 17% and 187 (Table 1). Thus, on the average, the repeti-
tive unit (6-9 x 10% daltons) is repeated 8-11 times per molecule.

We have previously observed that serial passage of SV40 gen-
erates populations which become progressively enriched for a given
type of defective viral genome (Frenkel et al., 1974), and we pro-
posed that the high-multiplicity passaging procedure provides con-
ditions for the selection of altered SV40 genomes which replicate
faster than the helper virus DNA molecules (Frenkel et al., 1974;
Lavi et al., 1972). The Hin-C fragment has been shown to contain
the origin of viral DNA replication (Danna and Nathans, 1972;
Fareed et al., 1972). The identification of the reiterated viral
sequences as corresponding to some of those in the C + D Hin-
fragments thus suggests a possible explanation for the selective
replication advantage of passaged SV40 DNA. The reiteration of
polymerase binding sites, for example, may greatly enhance the pro-
bability that a given viral DNA molecule, in a given time, will
enter into replication. If such altered viral DNA molecules inte-
grate into the host genome, then the addition of amplified DNA
replication signals may also profoundly affect the control of cell-
ular DNA synthesis.

2. Are Some Plaque-Purified Viral DNA Sequences Duplicated?
Assuming that plaque-purified SV40 DNA contains only a unique

set of sequences, we would ideally expect identical reassociation
rates in the hybridization reactions between each of the Hin-
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fragments and excess plaque-purified DNA. Unexpectedly, we observed
substantial variations in the reassociation rates (Table 3, column
1). These variations are unlikely to be due to measurement errors
since each of the slope values listed in Table 3 is derived from
multiple data points. Furthermore, the variations in hybridization
rates cannot be correlated with differences in the GC-content of
the Hin-fragments. Thus, fragments I and F have the same GC-content
of 37% (Danna and Nathans, 1972); yet, in the presence of plaque-
purified DNA, fragment I hybridizes twice as fast as fragment F.

A possible explanation for the non~uniform reassociation rates of
Hin-fragments in the presence of complete SV40 DNA is that certain
sequences are duplicated in the plaque-purified viral genome. The
data in the first column of Table 3 suggest that sequences in the
I, J, and C + D Hin-fragments may indeed be duplicated. If such
duplications occur in different parts of the genome (for example,
if sequences in Hin-fragments I and J were repeated in Hin-fragment
C or D),then, conceivably, such regions could provide preferred
sites for intramolecular and intermolecular recombination events
leading to genome rearrangements. It is perhaps not entirely for-
tuitous that Hin-I and Hin-J segments are preferentially lost in
two serially passaged SV40 DNAs (Table 3, columns 2 and 3).
Recently, it has been suggested that duplication of sequences at
two separate loci in the genome of an SV40-like human virus may be
involved in recombination events leading to sequence rearrange-
ments (Khoury et al., 1974).
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Institut fiir Virusforschung
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Heidelberg, West Germany

This paper deals with some properties of SV40 DNA sequences
which are covalently linked with host cell DNA. First oligomeric
SV40 DNA with integrated host DNA sequences will be discussed, and
we shall then describe linear duplex DNA consisting of SV40-host
DNA sequences in productively infected cells.

We find that oligomeric superhelical SV40 DNA obtained during
a regular type of low multiplicity infection of CV-1 cells with
SV40 contains, in part, host DNA sequences covalently linked to the
viral DNA. Figure 1 shows the purification and identification of
the oligomeric SV40 DNA. First the dense band is isolated from the
cesium chloride ethidium bromide gradients and sedimented through
preformed cesium chloride alkaline gradients shown in the upper
panel. The fast sedimenting section indicated by bars is isolated
and then resedimented through an alkaline gradient, which gives
high resolution and reveals the dimeric, trimeric and tetrameric
molecules as well as some contaminating monomeric and some relaxed
oligomeric DNA. These oligomers were immobilized, after denatura-
tion, on filters and hybridized with either monomeric SV40 super-
helical DNA or with host DNA in DNA-DNA hybridization reactionms.
The result is shown in Table 1. Almost 957 of monomeric SV40 DNA
component I was capable of self-hybridizing. In contrast, only
807 of SV40 oligomers showed base sequence homology with monomeric
SV40 superhelical DNA, while hybridization of oligomers to host DNA
immobilized on filters reveals almost no base sequence homology.
Thus, there is a large discrepancy in base sequence homology between
oligomers and monomeric SV40 DNA which cannot be explained by the

59



60 GERHARD SAUERET AL.

CPMx 1073

CPMx 102

10 20 30 40 50
FRACTICN NO.

FIG. 1. The purification of oligomeric SV40 DNA.

a) Alkaline velocity sedimentation through a preformed CsCl-
gradient (buffer: 0.02 M Tris; 0.002 M EDTA; pH 12.7; initial
density 1.57 g/ml; SW 50.1, 38,000 RPM, 20°C, 16 h). The DNA sample
obtained from the dense band of a CsCl-EtBr equilibrium centrifu-
gation was denatured with 1/10 vol. of 1 N NaOH for 5 min at 20°C

and layered on top of the preformed gradient and centrifuged.
SW 50.1, 40,000 RPM, 20°C, 150 min.

b) Alkaline velocity sedimentation through preformed CsCl-
gradient (for details, see legend to Figure la). The fractions
indicated by bars (Figure la) were neutralized and dialysed against
0.1 x SSC. A desalted DNA sample was denatured as stated above and
recentrifuged. SW 50.1, 40,000 UPM, 20°C, 2 h. The arrows indicate
the positions of marker SV40 DNA component I and II.
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TABLE 1. DNA-DNA hybridization of SV40 DNA T
and of oligomeric SV4Q DNA

DNA in solution DNA on filter % hybridized
SV40 T SV40 I 94.4
SV40~-oligom. SV40 T 80.4
SV40-oligom. cell 0.8

presence of host DNA sequences in oligomeric SV40 DNA molecules
that are capable of hybridizing under these conditions. Since only
reiterated or repetitive host DNA sequences can hybridize under the
conditions employed in the DNA-DNA filter hybridization technique,
this result shows that repetitive host DNA cannot be integrated in
oligomeric DNA molecules. This conclusion is also supported by a
study of the reassociation kinetics of oligomers with and without
the addition of host DNA to the reaction mixture (Figure 2). It
may be seen that addition of host DNA, in this case in approximately
25-fold excess, to the oligomeric DNA does not enhance its reas-
sociation. The formation of DNA duplexes proceeds at the same rate,
whether or not host DNA is added. These data and the data shown in
the previous figure lead us to the conclusion that oligomeric SV40
DNA must contain approximately 15% of unique host DNA sequences
which are incapable of hybridizing either with monomeric SV40 DNA
or with repetitive host DNA.

The significance of this phenomenon is presently not understood,
These molecules may, however, be useful in transducing unique host
DNA sections into suitable recipient cells, where one could study
if particular new functions are being expressed.

Covalent linkage between host DNA and viral DNA sequences is
also observed in the case of integrated SV40 DNA during the course
of a productive cycle of infection. Integration of SV40 DNA
sequences into the host DNA during productive infection is a regu-
larly occurring event which is independent of the multiplicities
of infection. It has been observed by several groups which have
used different methods for the detection of such molecules in the
case of SV40 and Polyoma (Hirai and Defendi, 1972; Ralph and Colter,
1972; Babiuk and Hudson, 1972; Waldeck, Kammer, and Sauer, 1973).
The most striking feature is that substantial amounts of viral DNA
sequences occur in the form of covalently linked viral-host DNA
sequences. Babiuk and Hudson (1972) have reported recently that as
much as 507 of the total macromolecular DNA isolated from cells
infected with Polyoma consist of integrated Polyoma DNA sequences.

SV40 DNA sequences are particularly enriched in small DNA
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FIG. 2. Kinetics of reassociation of oligomeric SV40 DNA in the
presence (o) or absence (o) of highly reiterated, unlabeled CV-1
DNA.. The purification of the DNA and the conditions of reassocia-
tion are described elsewhere (Waldeck et al., 1973). Oligomeric
DNA was derived from Figure la indicated by bars. CV-1 DNA was
incubated at a Cot of 100. Then the DNA mixture was fractionated
by elution from hydroxyapatite. After washing with 0.12 M POy
buffer, the double-stranded DNA was eluted with 0.4 M PO, buffer
and the fraction was dialysed against 0.1 x SSC. The fragmented
and denatured DNA was reannealed in 0.4 M POy buffer (pH 6.8) at
60°C, and the amount of single- and double-stranded DNA at each
point was determined by elution from hydroxyapatite. Concentra-
tion of DNA used in the reaction: oligomeric DNA, 0.4 ug/ml; highly
reiterated CV-1 DNA, 10 pg/ml. Each point represents a total of
200 cpm. At zero time about 3-5% of the input radioactivity eluted
as double-stranded DNA.
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duplex molecules which are contained in the Hirt supernatant after
selective extraction of the DNA at the end of the productive cycle
(Waldeck et al., 1973). Integration also takes place in the macro-
molecular host DNA but to a much lesser extent. The strategy of
the experiments for isolation is as follows: Cells were infected
at low multiplicities and labeled throughout the period of infec-
tion for two days and then the DNA in the Hirt supernatant after
phenol extraction was centrifuged into a dye-buoyant density grad-
ient. The peak at the light density which contains the relaxed
and linear duplex DNA molecules was isolated, the dye was removed
and the DNA was then subjected to a selective hybridization using
either immobilized SV40 or host DNA on filter for selection. SV40
DNA was immobilized on the filters and hybridized with the DNA from
the light band which comprises a variety of molecules, either of
pure viral or pure host origin, or viral-host sequences covalently
linked to each other. The DNA which contains viral base sequences
is selectively bound to the viral DNA on the filters. After
hybridization, the filters were washed and the non-specifically
bound DNA was effectively removed, as shown by various controls.

We have established that less than 0.1% of heterologous DNA remains
non-specifically bound to the filters after washing. The filters
were then eluted and the eluted DNA was subjected to ultrasonic
treatment. Then it was rehybridized to either purified viral or to
host DNA in order to demonstrate the covalent linkage of heterolo-
gous DNA sequences to viral DNA sequences. These experiments permit
isolation of large amounts of viral-host DNA sequences that are
covalently bound. Usually between 0.5 and 3% of the input DNA can
be eluted from the filters. Figure 3 shows the size class distri-
bution of these particular viral-host DNA sequences. The DNA con-
tained in the light band of the CsCl-EtBr gradient when subjected
to alkaline velocity sedimentation shows a rather heterogeneous
sedimentation profile. The peak being about 15 S is, therefore,
somewhat smaller than SV40 DNA component II. This particular DNA
was hybridized as shown in the previous slide to SV40 DNA, the
filters were washed, and the specifically bound DNA was eluted.

The sedimentation profile of the eluate is shown in the same graph.
The specifically isolated DNA molecules which contain viral DNA
sequences seem to reflect the proportion of the size classes which
were assayed in the DNA hybridization experiment. However, large
DNA molecules which are larger than approximately 22 S are not
present in the eluate. This could be either because there are no
such large viral DNA sequences or because such molecules are lost
during the washing procedure since they might be detached from the
filters. A test revealed that the latter possibility is true in
case of both host and viral DNA sequences as shown by sonication

of the large, fast sedimenting DNA molecules and hybridization of
the small fragments. Since the fragmented DNA was able to hybridize,
it is clear that large DNA molecules cannot be recovered in the
eluate because they are lost during washing.
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FIG. 3. Alkaline velocity sedimentation of DNA selectively isolated
from infected CV-1 cells before (o—o0) and after hybridization to
and elution from SV40 DNA (e—e). The supernatant fraction from
selectively isolated DNA was centrifuged into equilibrium in a
CsCl-EtBr gradient. The light band was isolated and part of the ma-
terial was sedimented for 240 min. at 44,000 rpm through a preformed
CsCl alkaline gradient (initial density 1.49 g/cm3, pH 12.6, 18 hr.
36,000 rpm, Spinco rotor SV 50.1). Another part of the DNA was
hybridized to SV40 DNA on filter and eluted from the hybrid com-—
plex. The size of the eluted DNA (e—e) was determined after
sedimentation through a preformed alkaline CsCl-gradient. The
eluted DNA was divided into 4 pools and hybridized to CV-1 and

SV40 DNA on filters. The arrow indicates the position of a ¢

SV40 DNA component II marker.
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The distribution of heterologous DNA sequences, in this par=~
ticular case host DNA, was determined by fractionating eluted DNA
into 4 size classes and rehybridization after ultrasonic treatment
of the indicated 4 pools to either viral or host DNA. Of particular
interest is the distribution of the heterologous host DNA which was
obtained together with the eluted viral DNA sequences. It may be
seen that regardless of the size of the eluate the host DNA sequences
are evenly distributed over the entire range covered by the specifi-
cally isolated viral host DNA molecules. We can conclude, there-
fore, that there are rather large as well as small DNA molecules
which contain viral and host DNA covalently linked to each other.

It is unknown if SV40 DNA integrates as an intact open molecule
or if it integrates in the form of subgenomic fragments. In case
SV40 DNA was integrated in these molecules as an intact unit it
should be possible, by fragmentation of these molecules by ultra-
sonic treatment and subsequent hybridization to SV40 DNA followed
by elution, to eliminate host DNA sequences. In contrast, if viral
DNA sequences were integrated in the form of small fragments with
host DNA sequences adjacent on either side, fragmentation of these
molecules followed by hybridization to SV40 DNA should not enable
us to remove efficiently the heterologous host DNA sequences from
the eluates. Therefore, we have sheared the DNA by ultrasonic
treatment to various extents and we have determined the size of the
ultrasonically treated DNA prior to hybridization. After hybridiza-
tion and elution the actual size of the specifically hybridized DNA
was determined again in alkaline velocity sedimentation. Also the
homology distribution of viral or host DNA sequences in these mole-
cules was determined in DNA-DNA hybridization experiments. The data
are summarized in Figure 4. The upper panel contains DNA which was
not sheared and which was obtained from the Hirt supernatant. Again
the eluates regardless of whether they were obtained from hybridiza-
tion to SV40 or from hybridization to host DNA reflect approximately
the size classes of DNA which was assayed in the hybridization mix-
ture, except that very large molecules are not contained in the
eluates. Furthermore, regardless of whether SV40 DNA or host DNA
was immobilized on the filters the eluates contain approximately
the same size classes of DNA molecules. In essence, the resulting
homology distribution shows that it is not possible to eliminate
heterologous DNA sequences by shearing the DNA to small fragments
and subjecting these fragments to selective hybridization. No
loss of heterologous DNA sequences is encountered when the DNA is
sheared to pieces of approximately 7.4 S, and, even when the DNA is
sheared further, again the homology distribution remains precisely
the same. We have now obtained pieces of 6.5 S fragments. These
fragments represent about 6 to 800 bases in length, that is, approx-
imately the size of about 1 or 2 cistrons. Again, we were unable
to remove efficiently heterologous DNA sequences from the eluted
DNA molecules after selective isolation from either SV40 or host
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FIG. 4. Ultrasonic treatment (20 sec and 30 sec with Braunsonic
300 S) and alkaline velocity sedimentation (for conditions, see
legend to Figure 3) of material recovered from the light band of
the Hirt supernatant before (e—e) and after hybridization to and
elution from SV40 (o0—o) and CV-1 DNA ([(J—). The upper panel
illustrates the sedimentation profile of the unsheared light band
before (e—e) and after hybridization to and elution from SV40
(0—o0) and CV-1 DNA ([—{J). The numbers in the tables describe
the homology between the unsonicated and sonicated DNA molecules
and CV-1 and SV40 DNA. The arrow indicates the position of 16 s
marker DNA.
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DNA. These data suggest to us that at least some of the SV40 DNA
sequences must be integrated in these particular molecules in the
form of subgenomic fragments with host DNA adjacent on either side.
One could imagine that under certain conditions--for example, under
high multiplicities of infection--such sequences could be excised,
circularized and replicated, thus generating superhelices with
integrated host DNA sequences (Lavi and Winocour, 1972). Although
this is, for the time being, speculation, our data allow an impor-
tant conclusion on the properties of the site of integration in
productively infected cells: It is clear that within the range of
800 bases the integration site in the mammalian DNA in these par-
ticular molecules must consist of reiterated host DNA sequences
which are either directly adjacent to the viral DNA sequences or
which are separated only by a few unique base sequences from the
integrated viral sections. This must be concluded, because only
reiterated host DNA can be detected in the DNA-DNA filter hybridi-
zation technique which is being used here. Unique host sections
would not reveal themselves under the conditions employed in the
filter technique.

Further experiments are in progress now to determine the time
course of development of such molecules during productive infection
and to clarify the biological significance of these structures.
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SUMMARY

Synchronized CV1 cells which were in the G] period at the time
of infection, were able to promote the onset of SV40 DNA replication
during the S period immediately following infection. 1In cells which
had passed the end of G at the time of infection, viral DNA repli-
cation did not start until the S period of the next mitotic cycle.
This showed that a cell controlled event, situated at the G1-S inter-
val, conditioned the permissiveness of the host cell to the repli-
cation of the viral genome. 1In addition, initiation of SV40 DNA
synthesis required the presence of at least one functional viral
gene product, as was shown through the use of the tsA30 mutant of
SV40.

Integration of SV40 DNA into the host cell chromosomal DNA was
progressive with time after infection and seemed independent of the
timing of the host cell cycle.

INTRODUCTION

The early, prereplicative phase of the growth cycle of Simian
Virus 40 (SV40) is characterized by the synthesis of early viral
mRNA (0Oda and Dulbecco, 1968; Aloni, Winocour, and Sachs, 1968;
Sauer and Kidwai, 1968) and the appearance of virus-specific T, U,
and transplantation antigens (see reviews in John Tooze, [Editor],
The Molecular Biology of Tumour Viruses, Cold Spring Harbor Labora-

69
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tory, 1973; and Girard and Manteuil, Biochimie, in press). The
amount of several of the cellular enzymes participating in DNA
metabolism is increased, and cellular DNA synthesis is induced in
most resting cells (Gershon, Sachs, and Winocour, 1966; Hatanaka
and Dulbecco, 1966 and 1967; Kit, 1968; Ritzi and Levine, 1970;
Levine, 1971), together with that of histones (Winocour and Robbins,
1970) and of nuclear acidic proteins (Rovera, Baerga, and Defendi,
1972). 1In addition, the cell surface membrane eventually undergoes
a series of structural changes (Ben Bassat, Inbar, and Sachs, 1970).
SV40 DNA molecules apparently become integrated into the DNA of

the host cell (Hirai and Defendi, 1972; Waldeck, Kammer, and Sauer,
1973; Sauer et al., this symposium).

The expression of the early viral genes is only transient in
most non-permissive cells. The cells revert to the normal state
soon after infection, and show no further sign of infection,
although they apparently bear integrated SV40 DNA sequences in
their genomes (Smith, Gelb, and Martin, 1972). Early SV40 genes
remain permanently expressed in only a small percentage of the cell
population, which eventually gives rise to stably transformed cells.
In no case is SV40 DNA replicated in a detectable fashion.

In permissive cells, however, the expression of the early viral
genes is followed by the replication of viral DNA, which, in turm,
triggers the expression of the late viral genmes (Rapp et al., 1965;
Carp, Sauer, and Sokol, 1966; Sauer, 1971). This process apparently
necessitates the intervention of still unknown cellular factor(s),
since the permissivity of a cell depends mostly on the species from
which the cell was derived. In additiomn, it requires the product
of at least one early viral gene, since thermosensitive SV40 mutants
of complementation group A are unable to replicate their DNA at
elevated temperatures (Tegtmeyer, 1972). A similar finding was
reported earlier for polyoma virus mutants (Eckhart, 1969).

The reason why monkey cells are permissive to the replication
of SV40, whereas mouse or hamster cells are not, is still obscure.
As a preliminary attempt at studying this question, we have examined
what relationship might exist between the early events of the SV40
growth cycle in monkey cells, the initiation of viral DNA replica-
tion, and the timing of the host cell cycle periods. For this pur-
pose, subcloned CVy cells were synchronized, then infected with
SV40 at different times of their mitotic cycle, and the time course
of both the replication of viral DNA and of some of the early events
of the virus growth cycle was determined.
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RESULTS AND DISCUSSION

I - The Onset of SV40 DNA Synthesis Seems to Be Temporally Related
to That of a Host Cell S Phase

Using this synchronized CVl cell system, we have shown that
the timing of SV40 DNA replication is controlled by that of the
host cell S phase (Pages et al., 1973). Thus, whether the cells
were infected at the beginning or the end of an S period, or during
the following G2 period, no viral DNA synthesis could be detected
before the cells reached the S period of their following mitotic
cycle. In cells infected during a G; period, viral DNA synthesis
was however initiated within the same mitotic cycle, as soon as the
cells entered an S phase. Initiation of viral DNA replication was
therefore apparently dependent on initiation of host cell DNA syn-
thesis. Similar findings have been reported for polyoma virus
(Kaplan and Ben Porat, 1968; Thorne, 1973).

Once viral DNA replication had begun, it was no longer dependent
on the timing of the host cell cycle. In cells synchronized by a
double thymidine excess, SV40 DNA synthesis lasted from the beginning
of an S period to the end of the following one, and did not cease
nor decrease during the time interval which separated both periods.
It therefore appears that only the initiation of the first round,
or rounds, or viral DNA synthesis was under the control of the host.

SV40 DNA synthesis was the most delayed in cells which were at
the beginning of an S period at the time of infection, and the
least delayed in those which were in G;. It was suppressed when
cells, infected in either S or G,, were prevented from entering
their next mitotic cycle through arrest in metaphase. These, and
other considerations (Pages et al., 1973) lead to the conclusion
that the initiation of viral DNA replication can occur only if, and
after, the infected cell proceeds from a Gy to an S period. The
timing of initiation of SV40 DNA synthesis with respect to the host
cell S phase suggests that it is conditioned by the occurrence of a
critical cellular event, which apparently takes place in the infected
cell at, or near, the Gy-S interval.

It is not clear however to what extent this event is related to
the onset of the host cell S phase itself. In other words, it can
be questioned whether cellular DNA synthesis actually has to begin
before viral DNA replication can start. The existence of a BSC]l
cell line in the resting cell cultures of which cellular DNA syn-
thesis is not induced, or induced to a very limited extent only,
after infection by SV40, although these resting cell cultures fully
support the growth of the virus (Gershon et al., 1966; Ritzi and
Levine, 1970), suggests that cell DNA synthesis per se is not



72 MARC GIRARD ET AL.

mandatory for the initiation of wviral DNA replication. Moreover,
host conditional mutants of polyoma virus which can grow only in
transformed permissive cells, and not in non-transformed cells,

seem normally to induce host cell DNA synthesis in resting non-
transformed cells (Benjamin, 1970, and this symposium). This shows
that the mutants require a cellular function which is spontaneously,
or permanently, expressed in transformed cells, but not in resting
normal cells, and which is different from cell DNA synthesis. It
also implies that this function is induced in resting cells in the
case of infection by wild type virus.

It is tempting to assume that this cellular function is the
same as that which is expressed in the synchronously growing cells
at the G1-S interval. According to this hypothesis, the critical
event of the host cell cycle which promoted the replication of
SV40 DNA in the synchronized CVq cell system would be related to
the onset of the host cell S phase in a temporal fashion only, and
would bear no direct relationship with actual cellular DNA synthesis.
The nature of this event is still obviously a matter for specula-
tion at the present time. It might be related to the exposure of
the wheat germ agglutinin sites on the cell surface membrane, since
the host-range mutants of polyoma virus fail to induce such exposure
in resting cells (Benjamin and Burger, 1970).

In short, it seems well established that both SV40 and polyoma
virus require the expression of a cellular function for the initia-
tion of the replication of their DNA in permissive cells. This
function seems to be expressed by the cell only at the time, or
near the time, of a G]-S interval. Since growing cells naturally
come to express that function through the progression of their
successive mitotic cycles, they offer the most favorable environment
for the growth of these viruses. Resting cells, on the other hand,
being arrested at some early stage of their G period, should be
unable to support the replication of viral DNA as long as they have
not been induced by the virus to complete their Gj period and reach
the G;-S interval. 1In this respect, induction of the host cell from
the resting to the growing state should be a mandatory characteristic
of SV40 and polyoma virus. Indeed, the thermosensitive ts3 mutant
of polyoma virus, which cannot induce host cell DNA synthesis and
exposure of the wheat germ agglutinin sites in resting cell cultures
maintained at elevated temperature, is blocked at that temperature
in the early phase of its growth cycle, and its DNA is not repli-
cated (Dulbecco and Eckhart, 1970; Eckhart, Dulbecco, and Burger,
1971). The viral function involved is required only for the initia-
tion of the first round or rounds of viral DNA synthesis, since
when permissive cells infected with this ts mutant are shifted from
permissive to non-permissive temperatures after viral DNA replica-
tion has begun, this is not followed by arrest of viral DNA synthe-
sis. Interestingly, the same viral function is implied in the
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maintenance of the transformed state in non-permissive cells (Eck-
hart et al,, 1971; Dulbecco, this symposium). The SV10l1 mutant of
SV40 (Robb and Martin, 1972) seems to share many of the properties
of the ts3 mutant of polyoma.

The existence of such SV40 and polyoma virus mutants shows
that, in resting cells at least, initiation of viral DNA synthesis
requires the prior synthesis of an early virus gene product, which,
triggering the progression of the cell through its mitotic cycle,
brings it to the stage at which it expresses a cellular function
which in turn allows viral DNA replication to start.

IT - The Initiation of SV40 DNA Synthesis Requires the Presence of
a Functional Viral Initiator

As was shown by Tegtmeyer (1972), thermosensitive SV40 mutants
such as tsA30 are unable to replicate their DNA in cells maintained
at high temperature (41°C), but grow normally at low temperature
(33°C). A shift of tsA30 infected cell cultures from 33° to 41°C
at any time of the replicative phase of the virus growth cycle is
followed by a rapid arrest of SV40 DNA synthesis (Tegtmeyer, 1972,
and Figure 1). The viral function involved is thus continuously
required for viral DNA replication, and not only for the establish-
ment of the replicative phase, as was the case for the SV101l class
of mutants.

Both the elongation and termination of the replicating tsA30
DNA molecules are normal at high temperature. This can be shown
by briefly pulse labeling tsA30-infected cells with labeled thymi-
dine at 33°C, then chasing the label at either 33° or 41°C, and
following the fate of the labeled DNA molecules at both temperatures
(Figure 2). 1In this experiment, supercoiled SV40 DNA component I
molecules were distinguished from nicked SV40 DNA component II and
replicative intermediates (R.I.) molecules through analysis by
alkaline sucrose gradients centrifugation. The results, expressed
in Figure 2 as the percentage of label in both categories of mole-
cules, show that the appearance of radioactivity into DNA component
I was very fast at first, then slower and slower with time. Three
hours after the chase, 5% of the label still remained in R.I. and
DNA II. However, no difference could be detected between the
kinetics of the chase at 33°C (circles) and that at 41°C (triangles).
Since viral DNA synthesis was rapidly halted at 41°C, this shows
that the tsA30 defect bears on the initiation of each round of DNA
replication, as previously demonstrated by Tegtmeyer (1972).

This, and the fact that tsA30 can be complemented by a mutant
of complementation group B (Tegtmeyer, 1972), also show that the
gene product which is thermolabile in the case of tsA30, is a
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FIG. 1.
transfer from 33°C to 41°C.

Arrest of SV40 DNA synthesis in tsA30-infected cells upon
SV40 DNA synthesis was followed by a

series of pulse labelings with 10 uCi/ml 3H thymidine and selective
extraction of viral DNA (Hirt, 1967) in randomly growing Patas
monkey kidney cells infected with the tsA30 mutant of SV40 at a
multiplicity of 1 PFU/cell, and either maintained at 33°C through-
out the virus cycle (e) or transferred to 41°C at the time indi-

cated by the arrow (o).
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FIG. 2. Comparison of the elongation and termination of nascent
tsA30 DNA chains at 33°C and 41°C. tsA30-infected Patas monkey
kidney cells were labeled after 39 hours at 33°C with 200 pCi/ml

31 thymidine for 20 minutes (hatched area). Part of the cell mono-
layers was then washed twice with, then overlaid with growth medium
prewarmed to 33°C and containing 10-5 M unlabeled thymidine, whereas
another part was similarly washed and overlaid with medium prewarmed
to 41°C. Samples of the cultures incubated at 33°C (0—o) and of
those incubated at 41°C (A——A) were withdrawn at the indicated
times, viral DNA was selectively extracted (Hirt, 1967) then
analyzed by centrifugation in the SW 41 rotor of a Spinco for 5
hours at 41,000 rpm, 4°C, through 5-20% sucrose gradients in .3 M
NaOH, .7 M NaCl, .001 M EDTA, pH 13. The results were expressed as
percent of the total radioactivity recovered on each gradient.

Open symbols, radioactivity in R.I. and DNA component II; closed
symbols, radiocactivity in DNA component I.
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FIG. 3. Reinitiation of tsA30 DNA synthesis in the absence of
protein synthesis. tsA30-infected CVj cells, which had been main-
tained for 40 hours at 33°C, then 5 hours at 41°C, were transferred
back to 33°C either in the presence (panel B) or absence (panel A)
of 150 ug/ml cycloheximide. Reinitiation of viral DNA synthesis
was followed through labeling the cells with 100 pCi/ml 2H thymidine
added at the time of reversal of the temperature block. Radio-
activity accumulating into total viral DNA (A—-4) was analyzed by
alkaline sucrose gradient centrifugation as described for Figure 2.
Symbols: o—e, radioactivity in DNA component I; o—o0, radio-
activity in R.I. and DNA component II.
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diffusible factor specifically required for initiation of replica-
tion on the viral chromosome.

It is not clear however whether a continuous synthesis of this
viral initiator is required for the continuous replication of viral
DNA, or whether the same molecules of initiator could be repeatedly
used for each successive round of replication throughout the repli-
cative phase of the virus cycle. In order to study this question,
we have investigated the time course of reinitiation of SV40 DNA
synthesis at 33°C in tsA30-infected cell cultures which had first
been maintained at 33°C, then were shifted to 41°C for various
lengths of time, and finally were transferred back to permissive
temperature.

When tsA30-infected cells were transferred to 41°C before viral
DNA synthesis had begun, initiation of viral DNA synthesis upon back
transfer of the cells to 33°C was found to depend upon the phasing
of the host cell cycle. In synchronized cells, initiation was
apparently immediate in cells which were in the vicinity of a G1-S
interval at the time when the temperature block was reversed. It
was, on the contrary, delayed in cells which were still in S at
that time (unpublished results). In randomly growing cultures, on
the other hand, no or very little lag could be observed between the
time when the temperature block was reversed, and that when viral
DNA synthesis was first initiated. This suggested that the tsA30
thermosensitive block was immediately reversible, but that initia-
tion of viral DNA replication did, or did not, take place immediately
after returning the tsA30-infected cells to permissive temperature,
depending upon the timing of the transfer from 41°C to 33°C with
respect to the critical event of the host cell cycle.

In order better to demonstrate that the defect in the tsA30
initiator was reversible, randomly growing CV; cells infected with
tsA30 were first maintained at 33°C until viral DNA synthesis was
well underway, then transferred to 41°C for a few hours. At this
point, the cells were labeled with 3H thymidine, and part of the
monolayers was shifted back to 33°C in the presence of cycloheximide
in order to inhibit further protein synthesis, whereas another part
was shifted without any inhibitor. Viral DNA was selectively
extracted and analyzed for radioactivity in both SV40 DNA component
I and DNA component II and R.I. (Figure 3). 1In the control untreated
cultures (panel A), reinitiation was somewhat slow and asynchronous,
as judged from the fact that the accumulation of radioactivity into
replicating DNA molecules did not plateau for the whole duration of
the experiment, and that it took approximately 60 minutes before
the amount of label in DNA component I molecules became equal to
that in R.I. and SV40 DNA component II (see also Manteuil and
Girard, Virology, in press). In the cultures shifted back to 33°C
in the presence of cycloheximide (panel B), the kinetics of labeling
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FIG. 4. Time course of the replication of tsA30 DNA in synchronized
CVy cells. CVy cells synchronized overnight with excess thymidine
(Pages et al., 1973) were allowed to proceed through a first S
phase, then a Gy period, at which time they were infected with
either tsA30 or wild type virus, both at a multiplicity of 20 PFU/
cell, before being again blocked by excess thymidine. Part of the
tsA30-infected cell cultures was then kept at 33°C (o0——0) whereas
another part was transferred to 41°C (e——e). The wild type virus-
infected cells were also incubated at 41°C (¥——X). Fourteen hours
later, all thymidine blocks were released, and all cell cultures
were then incubated at 33°C. Cellular and viral DNA syntheses were
followed by a series of pulse labelings with 20 uCi/ml 3H thymidine,
followed by selective extraction of viral DNA (low M.W. DNA, right
hand scale of the figure). Radioactivity in cellular DNA (A—2)
was taken as that recovered in the extraction pellet (high M.W. DNA,
left hand scale in the figure). Note that radioactivity in viral
DNA has been represented in a cumulative fashion, and not as rates
of synthesis.
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of the various SV40 DNA species was identical to that in the control
cultures for at least the first 30-50 minutes following the transfer
back to 33°C, showing that reinitiation occurred normally in these
infected cells in spite of the absence of new protein synthesis.
However, after 50-60 minutes, radioactivity in R.I. progressively
decreased, and synthesis of SV40 DNAT progressively turned off.

This experiment demonstrates that the thermolability of the
tsA30 initiator protein is readily reversible, but that, in per-
missive conditions, synthesis of new initiator molecules has to
take place continuously in the infected cell in order to sustain
the full rate of viral DNA replication.

Finally, initiation of tsA30 DNA synthesis in cells shifted
from non-permissive to permissive temperature was studied in the
synchronized CV; cell system. The cells were synchronized through
a first excess thymidine, infected with either tsA30 or wild type
virus when reaching Gy, then further synchronized through a second
excess thymidine. The second synchronization step took place at
33°C for part of the cultures, and at 41°C for another part. Excess
thymidine was then removed, and all cells were allowed to proceed
through S at 33°C. Figure 4 shows that in the tsA30-infected cell
culture maintained at all times at 33°C, viral DNA synthesis was
initiated at some time during the beginning of the first S period
to follow release of the thymidine block (open circles), as pre-
viously demonstrated (Pages et al., 1973). In the tsA30-infected
cell cultures which had been maintained at 41°C during the entire
early phase of the virus growth cycle, and which had gone through
a G1-S interval at that temperature, viral DNA synthesis was also
initiated soon after the thymidine block was released (closed
circles), and the time course of accumulation of progeny viral DNA
molecules was identical to that found in cell cultures infected with
wild type virus and similarly treated (crosses). The fact that
there was slightly less viral DNA synthesized in the two cultures
blocked at 41°C as compared to that blocked at 33°C might reflect
the fact that some cells suffered from their passage at 41°C.

These results lead to the conclusion that all the early events,
cellular as well as viral, which lead to the onset of viral DNA
replication in tsA30-infected cells, can normally take place at 41°C,
and that, provided the cells are transferred back to permissive
temperature at the right time with respect to the occurrence of the
cell controlled critical event, situated at, or near, the G1-S
interval, initiation of viral DNA synthesis occurs without delay at
the permissive temperature.

The tsa and ts25 mutants of polyoma virus share many of the
properties of the tsA30 mutant of SV40 (Fried, 1965; Eckhart, 1969;
Vogt, 1970). Interestingly, all these mutants are thermosensitive



80 MARC GIRARD ET AL.

CPM

H3
6000}

40001

2000}

9.10* 3:10° 6:10° 9.10° 1‘0"

#g DNA sv40

FIG. 5. Calibration curve for the hybridization of SV40 cRNA with
SV40 DNA. Labeled SV40 cRNA was synthesized with E. coli RNA poly-
merase as described by Sambrook, Sharp, and Weller (1973), using
the four 3H-labeled ribonucleoside-triphosphates. Specific radio-
activity was estimated as 107 cpm/ug or more, but could not be
actually measured because of the too limited amount of RNA synthe-
sized. All SV40 DNA preparations were made from cells infected at
multiplicities of 10~3 to 10~6 PFU/cell with virus passaged repeat-
edly at similarly low multiplicities. For the preparation of the
filters, SV40 DNA component I was purified twice through banding in
CsCl in the presence of ethidium bromide, then converted to the
extent of 70% into DNA component II through treatment with 5 x 10~4
ug/ml RNase free pancreatic DNase for 70 minutes at 37°C in 0.035
M Tris HC1 pH 8, 0.03 M MgClp, 0.005 M EDTA, 0.05 X SSC. Resulting
component II DNA molecules were purified through centrifugation in
the SW25.1 rotor of the Spinco for 19 hours at 25,000 rpm, 4°C,
through 15-30% sucrose gradients in 0.1 M NaCl, 0.01 M EDTA buffer
adjusted to pH 11.8 with NaOH. Denatured unit length DNA thus
obtained was diluted as required into 5 X SSC and slowly filtered
through Sartorius M50 filters. In order to minimize the formation
of perfect DNA-RNA hybrids which could have been released from the
filters during hybridization (Hass et al., 1972), cRNA was fragmented
prior to use through treatment for 1.5 minutes with 0.1 M NaOH, then
immediately neutralized with 0.5 M Tris-HCl pH 7.4. A fixed amount
(7 x 103 cpm) of this RNA was hybridized for 4 days at 37°C in the
presence of formamide and SDS (Conaughy, Laird, and McCarthy, 1969)
with the indicated amounts of SV40 DNA fixed on nitrocellulose
filters. The filters were then soaked repeatedly into 2 X SSC,
incubated in the presence of 10 ug/ml pancreatic RNase and 5 units/ml
T1 RNase for 30 minutes at 37°C in 2 X SSC, rinsed again, and
analyzed for radioactivity.
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for the establishment of transformation in non-permissive cells, but
not for its maintenance. It is not known whether this is due to the
fact that viral DNA has to undergo a limited replication in the cell
before it can eventually become stably integrated and give rise to

a permanently transformed cell line, or whether the viral initiator
has a dual function, one for initiation of replication in the per-
missive cell, and the other for the ordered recombination of host
and viral chromosomes in non-permissive cells.

IIT - The Integration of SV40 DNA into the Host Cell Chromosome Is
Independent of the Onset of a Host Cell S Phase

It has been recently shown that SV40 DNA integrates into the
chromosomal DNA of permissive cells during the lytic cycle (Hirai
and Defendi, 1972; Waldeck et al., 1973; Sauer, this symposium).
We have investigated the time course of such integration using the
synchronized CVq cell system.

In order to detect integration, labeled viral cRNA was prepared
in vitro through the use of E. coli RNA polymerase and SV40 DNA
component I. Most of the product thus synthesized was asymmetric,
as judged from the fact that it was only 10-15% autoannealable.

Its size was that expected from a full SV40 transcript, since it
sedimented at approximately 28 S in sucrose gradient in 0.1 M NaCl
(unpublished results). The cRNA was fragmented prior to hybridiza-
tion to prevent the formation of perfect RNA-DNA hybrids. Hybridiza-
tion of 7 x 105 cpm of this cRNA with an increasing amount of SV40
component II DNA fixed on nitrocellulose filters, gave a calibration
curve (Figure 5) which could be used to estimate approximately the
number of genome equivalents for each amount of cRNA retained on a
filter.

High M.W. cellular DNA from infected cells was obtained by
lysing the cells on top of alkaline sucrose gradients, then centri-
fuging and isolating the DNA molecules sedimenting at 200 S or more.
After fixation on nitrocellulose filters, this DNA was allowed to
hybridize with a fixed amount of fragmented cRNA as described in
the legend to Figure 5 and Table 1. Reconstruction experiments
using a known amount of purified SV40 DNA component I mixed with a
lysate of non-infected cells before isolation of the high M.W.
cellular DNA showed that contamination of cell DNA by viral DNA was
virtually nonexistent in the conditions of the experiment (Table 1).
Note, however, that there was a relatively high degree of hybridiza-
tion of SV40 cRNA with uninfected CVy cell DNA (.3 to .5% of the
input cpm), in spite of the fact that the SV40 DNA used for the
preparation of cRNA had been purified from cells infected at a mul-
tiplicity of 10=6 pfu/cell, as recommended by Lavi and Winocour
(1972) in order to minimize the formation of defective SV40 particles.
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Similarly, reconstruction experiments in which uninfected CV; cells
were mixed with increasing amounts of SV40 virions before isolation
of the high M.W. cellular DNA failed to show contamination of cell

DNA by viral DNA (Table 2).

In a first series of experiments, randomly growing CV; cells
were infected with SV40, and both the time course of viral DNA
replication and that of the appearance of viral DNA sequences in the
high M.W. DNA of the cell were determined (Figure 6). Viral DNA
synthesis (closed squares) began at approximately 10-12 hours after
infection, as previously reported (Manteuil et al., 1973). The
amount of radioactive cRNA hybridized with the high M.W. DNA molecules
extracted from the infected cells at the times indicated was

TABLE 1. Absence of contamination of high M.W. cellular DNA
by added SV40 DNA

Amount of viral DNA cpm hybridized per 100 ug
added (ug) cellular DNA

- 3500

0.1 2450

0.5 3500

1.0 3500

5.0 2500
10.0 5500

4 x 100 uninfected CV; cells were washed twice with ice cold
sterile PBS and the monolayers were scraped of their supports. The
cells were centrifuged, resuspended in 0.2 ml of 0.01 M Tris-HCl
pH 7.4, 0.01 M NaCl, 0.0015 M MgCly, then layered on top of a 10-30%
sucrose gradient in 0.3 M NaOH, 0.5 M NaCl, 0.01 M EDTA. The cells
were lysed by gently mixing them on top of the gradient with 2 ml
0.5 M NaOH, 0.1 M EDTA. The gradients were then left to stand at
4°C for 16-24 hours, after which they were centrifuged for 2.5 hours
at 25,000 rpm, 4°C, in the SW27 rotor of the Spinco. Fractions were
collected from the bottom of the tubes, monitored for optical density
at 260 nm, and the material sedimenting at 200 S or more (high M.W.
DNA) was pooled, diluted in the required amount of 5 X SSC, and used
to prepare nitrocellulose filters containing 20-40 ug DNA.

In this reconstruction experiment, the indicated amounts of
purified SV40 DNA component I were each added to a cell suspension
(4 x 10 cells) on top of the sucrose gradients prior to lysis
with NaOH. The DNA filters were hybridized with 7 x 10° cpm cRNA
as described in the legend to Figure 5. RNase-resistant radio-
activity remaining on the filters has been expressed as cpm
hybridized per 100 ug cellular DNA per filter.
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FIG. 6. Time course of integration of SV40 DNA in randomly growing
cells. Growing CVy cells were infected at a multiplicity of 20
PFU/cell and the time course of SV40 DNA synthesis was determined
on part of the monolayers by a series of pulse labelings with
labeled thymidine and selective extraction of the DNA according to
Hirt (J—W). At the indicated times, 4 x 100 infected cells were
lysed on top of alkaline sucrose gradients, high M.W. cellular DNA
was prepared, and its content in SV40 DNA sequences (e——e) was
measured through hybridization with labeled cRNA (see legends to
Table 1 and to the preceding figure). Part of the infected cell
culture was treated with 40 ug/ml cytosine arabinoside at the time
of infection, and both the extent of viral DNA synthesis (1)
and the amount of SV40 DNA integration at 19 hours after infection
(% ) were determined. Part of the cell monolayers was also treated
with 7 mM unlabeled thymidine immediately after infection, and the
extent of SV40 DNA integration was measured 19 hours later (¥ ).
Hybridization has been expressed as cpm cRNA hybridized per 100 ug
high M.W. cellular DNA.
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increased more than twofold over background in the immediate hours
following infection, then dropped back to background levels at 6
hours after infection (closed circles). This early and transient
rise in the annealing capacity of cellular DNA with SV40 cRNA
immediately after infection has been reproducibly observed in all
the experiments we have done so far, as well with non-synchronized
cells (see for instance Figure 7). We have no explana~-

tion for its occurrence, since control experiments where SV40 was
mixed extemporaneously with uninfected cells failed to reveal the
presence of SV40 DNA in the high M.W. cellular DNA recovered from
the alkaline sucrose gradients (see Table 2). Moreover, the fact
that after a few hours, the level of hybridization returned to
background values in all these experiments shows that the increase
in hybridization observed immediately after infection could not be
due to trivial contamination of the host cell DNA by parental SV40
DNA molecules. This increase therefore either implies a massive
and temporary integration of SV40 DNA into the host cell chromosomes
immediately after infection, or suggests that the freshly decapsi-
dated parental SV40 DNA molecules could be trapped in an alkali
resistant fashion in the DNA of the host cell. However, no data
are available at the present time to support either hypothesis.

Following the return to background level, there was a progres-
sive increase in the hybridization capacity of cellular DNA with
viral cRNA, until a plateau was reached at approximately 16 hours
after infection (Figure 6, closed circles). From the calibration
curve shown in Figure 5, this plateau can be estimated to correspond
to about 6 x 108 molecules of SV40 DNA per 100 ug cell DNA, i.e.,
100-150 molecules per tetraploid cell genome equivalent.

TABLE 2. Absence of contamination of high M.W. cellular DNA
by added SV40

Amount of virus cpm hybridized per 100 ug
added (PFU) cellular DNA
- 3300
4 x 106 3400
4 x 107 3000
1.6 x 108 3000

The indicated amounts of SV40 were mixed with 4 x 10® unin-
fected CVy cells on top of alkaline sucrose gradients as described
in the legend to Table 1. High M.W. cellular DNA was then purified,
and used to prepare.nitrocellulose filters containing 20 ug cell
DNA. These filters were hybridized with cRNA as described in the
legend to Figure 5. Radioactivity remaining on the filters has
been expressed as cpm hybridized per 100 pg cell DNA.
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FIG. 7. Time course of integration of SV40 DNA in synchronized

CV; cells. Synchronized CV; cells were infected with SV40 at a
multiplicity of 20 PFU/cell at the beginning of an S period. Cell-
ular (A—A) and viral (——A) DNA syntheses were followed by a
succession of pulse labelings with 4 uCi/ml 3p thymidine and selec-
tive extraction of the DNA according to Hirt. The time course of
integration was followed as described in the legend to the preceding
figure (e—e).
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It should be pointed out that this figure can only be tentative in
view of possible discrepancies in the establishment of a correct
calibration curve (Hass, Vogt, and Dulbecco, 1972). An identical
figure was also obtained in cells treated at the time of infection
with either cytosine arabinoside (closed star in Figure 6) or excess
thymidine (open star), in spite of the complete prevention of SV40
DNA synthesis under these conditions (open squares in Figure 6).
This is in agreement with the results of Hirai and Defendi (1972),
and shows that the integration of SV40 DNA sequences into the host
cell genome is independent of viral DNA replication.

In the next series of experiments, CVl cells were synchronized
by the double excess thymidine procedure, and infected with SV40 at
the time when the second thymidine block was released. Here again,.
both the time course of viral DNA synthesis and that of viral DNA
integration into the host cell high M.W. DNA were determined (Figure
7). After the initial transient rise which was observed immediately
after infection, the amount of SV40 DNA sequences detectable in the
host cell DNA returned to background levels at 5 hours after infec-
tion, after which it progressively increased to reach a plateau at
approximately 20 hours (closed circles). Viral DNA synthesis was
not however initiated before approximately the 15th hour after
infection (closed triangles). At that time, there were already
approximately 400-500 viral genome equivalents integrated per
tetraploid cell genome equivalent.

Altogether, these results first show that the integration of
SV40 DNA into the host cell chromosomes is an early event, which
precedes viral DNA synthesis, and can normally occur even if viral
DNA replication is prevented. Second, they show that integration
is not an all or none process, but rather takes place progressively
with time, beginning a few hours after infection and reaching a
plateau 12 to 15 hours later, and this as well in synchronized as
in randomly growing cell cultures. Third, integration does not
seem to depend upon any particular stage of the cell cycle, although
the time when most of the integration took place in the synchronized
cell system corresponded to that of an S phase (Figure 7). Here
again, however, the temporal relationship with an S phase could be
coincidental, as is suggested by the fact that integration could
normally occur in cells in which all DNA synthesis had been sup-
pressed.

It is not known whether integration of SV40 DNA into the DNA
of the permissive cell might be an actual prerequisite to viral DNA
replication, nor, if so, why. The fact that the number of integrated
SV40 DNA copies remained fairly constant during at least 15 hours
at the time when the rate of viral DNA synthesis was rapidly increas-
ing in the infected cell suggests that the integrated copies were
not excised and that they did not play any direct role in the repli-
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cation process, at least for most of them and during most of the
replicative phase. The high number of viral equivalents integrated
per infected cell however casts some doubt on the actual signifi-
cance of the integration observed here in the lytic cycle. Thus,
the possibility cannot be overlooked that in spite of the precau-
tions taken for the growth of our virus stocks, these were still
contaminated by defective virus particles which played no direct
role in the growth of the virus, but the preferential recombination
of which with the host cell genome (Lavi and Winocour, 1972; Lavi
et al., 1973; Martin et al., 1973; Rozenblatt et al., 1973) was
readily detected. Obviously, the answers to these crucial questions
will have to await further experiments, and possibly, the use of a
more refined technological approach.
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TRANSCRIPTION OF SV40 IN LYTICALLY INFECTED AND TRANSFORMED CELLS
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Cold Spring Harbor Laboratory, Cold Spring Harbor,

New York, U.S.A.

As long as we take reasonable care, we can grow stocks of
Simian Virus that are remarkably homogeneous. Each infectious
particle contains a single molecule of DNA weighing 3.4 x 106 dail-
tons--enough to code for perhaps 5-8 polypeptides of average size.
The manner in which this virus-coded information is expressed is
highly cell-dependent. For example, after infection with SV40,
monkey cells undergo a productive or lytic response, during which
there is an ordered appearance of virus-specific functions, with
some virus products present at all times and others detectable
only in the late stages of the viral growth cycle. The infection
progresses through a well-defined series of episodes, which cul-
minate in cell death and the concomitant liberation of a new crop
of virus particles. The events are multiplicity-independent in
that they occur in the same order, albeit at different rates, in
cells infected either with one infectious particle or with a hun-
dred. By contrast, the outcome of exposing mouse cells to SV40 is
very different. Firstly, if the multiplicity of infection is low,
most of the cells show little or no effect; secondly, whatever the
multiplicity of infection, very few cells of the population die as
a consequence of their exposure to the virus; and thirdly, no new
virus is ever produced but many of the cells that receive a high
multiplicity of SV40 are stimulated to divide a few times and there
is expression of certain virus-specific antigens. After a few
generations, these usually disappear and most of the cells in the
population revert to the somnolence typical of the untransformed
phenotype. However, it is from this population of abortive trans-
formants that the rare stable transformants emerge. These cells

91
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retain indefinitely the properties that were transiently displayed
by their abortively transformed siblings: They contain virus-
specific DNA in an integrated form, and there is genetic evidence
available to indicate that continued expression of certain virus-
coded functions may be necessary not only to initiate, but also to
maintain the transformed state (see review, Sambrook, 1972).

So, when different types of cells are presented with the same
set of virus-specific information, they deal with it in very dif-
ferent ways, and it is tempting to believe that if we were able to
find out the molecular basis for this regulation, we would learn a
good deal about the ways in which cells conduct their affairs.
Clearly, modulation of SV40 gene expression can be achieved at any
one of a number of levels; our major concern in this paper will be
to discuss the control of viral transcription in lytically infected
cells and in stable lines of SV40 transformants.

A. THE LYTIC CYCLE

All the events which occur during the transcription of SV40
DNA in monkey cells are carried out against a backdrop of cellular
RNA synthesis. Apparently, the virus has no mechanism to dampen
the host's transcription machinery, and no artificial way has been
found to inhibit cellular RNA synthesis selectively. Therefore,
the only way we can monitor the production of viral RNA sequences
is by nucleic acid hybridization, using either the binding of pulse-
labeled RNA to SV40 DNA immobilized on cellulose nitrate filters,
or the annealing in solution of unlabeled RNA to radioactive sepa-
rated strands of viral DNA. By either technique, SV40-specific RNA
can be detected as soon as 3-6 hours after infection--a time when
the virus has been stripped of its outer shell of protein and has
penetrated the nucleus of the cell. As infection proceeds, there
is a slow but steady accumulation of this RNA; but at no time
before 12-15 hours after infection do SV40 sequences account for
more than 0.0017 of the total RNA of the cell (Sambrook, Sharp,
and Keller, 1972). However, at the time that replication of SV40
DNA starts, the cell begins to.feel the full weight of viral RNA
synthesis: More and more of the cell's transcription machinery
becomes devoted to turning out SV40 RNA sequences until at late
times after infection, 3-67 of newly synthesized RNA is virus-
specific (Tonegawa et al., 1970). Despite the rising level of
SV40 RNA sequences, the cell nevertheless manages to continue making
its own RNA (Oda and Dulbecco, 1968a). Whether this RNA plays any
role in SV40 lytic infection is unclear; most people seem to think
of the ongoing cellular transcription as little more than a kind
of ballast which the host carries along with its main cargo of
SV40 sequences.
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The beginning of SV40 DNA replication is contemporaneous not
only with an increase in the rate of wviral RNA synthesis but also
with a change in the pattern of transcription. Competition hybrid-
ization experiments published as early as 1968 (Oda and Dulbecco,
1968b; Aloni, Winocour, and Sachs, 1968; Sauer and Kidwai, 1968)
very clearly established that only about one-third of the viral
sequences present in cells at late times during lytic infection
can be detected before SV40 DNA synthesis has begun. From these
results, it was at once obvious that at least some control of
virus gene expression is exerted at the level of RNA. Clearly,
the next steps were to identify which strand of the wviral DNA was
used as template for early and late species of viral RNA, to map
the early and late regions of the SV40 genome, to determine the
orientation of RNA around the circular viral DNA, and to learn
which of the RNA polymerases in infected cells was responsible for
transcription of SV40 sequences. Modest as these goals were,
results proved to be elusive and progress was dilatory. In the
past year or two, however, the pace has quickened somewhat and
now the answers to these questions are almost complete.

1. Strand Separation

Each molecule of SV40 DNA consists of two polynucleotide
strands, each of which is closed upon itself and wrapped around its
partner. The strands are topologically joined and cannot be dis-
associated by conditions such as high pH or temperature which
destroy hydrogen bonds and cause loss of base-pairing (see review,
Vinograd and Lebowitz, 1966). So before attempting to separate one
strand of SV40 DNA from the other, a single-strand nick or double-
strand scission must be introduced into the DNA, in order that it
may escape from its topological constraints. Even when this has
been done, it turns out that the complementary strands of SV40 DNA
cannot be separated by any of the methods such as equilibrium cen-
trifugation at alkaline pH or in the presence of copolymers which
work so well for other types of DNA. The problem remained unsolved
until 1970, when Westphal showed that the closed-circular form of
SV40 DNA is transcribed in vitro by E. coli RNA polymerase in an
asymmetric manner, and that the resulting RNA product (cRNA) could
be used as a convenient tool to separate the strands of the viral
DNA. The first step in the method which is now used routinely
(Sambrook et al., 1972; Khoury, Byrne, and Martin, 1972) is to con-
vert 32p-labeled, circular SV40 DNA to a linear form with the
restricting endonuclease EcoRI. The DNA is then denatured and
incubated for a brief period with a twenty- to fiftyfold excess of
asymmetric RNA. One of the strands of DNA anneals to cRNA very
rapidly in virtually quantitative -yield, and the resulting DNA-RNA
hybrid can be separated from the remaining single-stranded DNA by
chromatography on hydroxylapatite. The strand of SV40 DNA that is
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FIG. 1. Hybridization of E-DNA (0-0-0) and L-DNA (H-H-H) to
RNA isolated from cells early and late during lytic infection.
Monolayers of CV-1 cells were infected with SV40 at a multiplicity
of 60-80 plaque-forming units per cell. After 1 hour at 37°C, Dul-
becco's medium containing 2% fetal bovine serum was added.
5-fluorodeoxyuridine (5 x 10-3 M) was added to those cultures from

which early RNA was to be extracted. Early (14 hour) and late
(32 hour) RNA were extracted by Scherrer's (1969) protocol.

The hybridization mixtures contained 2.10-3 ug of 32P—1abeled
E or L-DNA (sp. act. 8 x 103 cpm/ug) and different amounts of RNA
in a total volume of 0.125 ml of 1.0 M NaCl, 0.14 M phosphate buf-
fer pH 6.8. After incubation at 68°C for 36 hours, the samples
were assayed by chromatography on hydroxylapatite.



TRANSCRIPTION OF SV40 IN LYTICALLY INFECTED AND TRANSFORMED CELLS 95

complementary to ¢cRNA is called the E or (-) strand; the other is
called the L or (+) strand. After the initial separation, the two
strands are freed from trace amounts of cross-contamination by a
second cycle of hybridization, this time in the absence of cRNA.
They are then sheared and used in hybridization experiments.

Because the 32P-labeled DNA is degraded to small size (approximately
300 nucleotides) the fraction of the radioactivity which enters
hybrid after incubation with saturating concentrations of RNA is a
direct measure of the proportion of the DNA sequences that is repre-
sented in RNA in the sample under test.

- When the separated strands of SV40 DNA are incubated with RNA
extracted from monkey cells at early times after infection with
SV40, 30-35% of the sequences of the E or (-) strand of viral DNA
enter hybrid. At late times after infection transcripts corre-
sponding to about 35-40% of the sequences of the E strand and 70%
of the L strand can be detected (see Figure 1) (Sambrook et al.,
1972; Khoury et al., 1972). These results confirm the relative
proportions of the early and late regions of the viral genome that
had been established by the earlier competition hybridization
experiments, and they corroborate other experiments which had indi-
cated that at late times after infection, 1007 of the sequences of
SV40 (i.e., the equivalent of the strand of the DNA) are transcribed
into stable species of RNA (Martin and Axelrod, 1969). 1In addition,
they imply that there is at least one strand switch operative dur-
ing transcription of late SV40 RNA, they show that all of the early
functions of SV40 are coded by the E or (-) strand of the DNA, and
they suggest that the great majority, and perhaps all of the late
viral functions are coded by the L or (+) strand.

2. Which RNA Polymerase?

There are two principal forms of DNA-dependent RNA polymerase
in mammalian cells (Roeder and Rutter, 1970), which differ in their
chromatographic properties, cation requirements, intranuclear loca-
tion, salt optima and sensitivity. to o—amanitin. Enzyme II is
active at high salt concentrations but is totally inhibited by
o—amanitin; enzyme I is unaffected by the toxin but is inactive in
high salt. To test the characteristics of SV40-specific transcrip-
tion we extracted nuclei from monkey cells at late times after
infection and used them to synthesize RNA in vitro in the presence
or absence of a—amanitin at different salt concentrations (Jackson
and Sugden, 1972). The RNA was purified and tested for its ability
to hybridize to SV40 DNA. Whereas the RNA synthesized by nuclei
from SV40-infected monkey cells in the absence of o-amanitin at
high salt concentrations contained sequences complementary to SV40
DNA, that synthesized in the presence of the toxin showed no detect-
able hybridization to the viral DNA (see Figure 2). The simplest
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FIG. 2. Hybridization to SV40 DNA of RNA synthesized by nuclei
from SV40 infected MA-134 cells in the presence and absence of
og—amanitin. Thirty hours after infection with 20 plaque forming
units per cell of SV40, MA-134 cells were removed from the petri
dishes by treatment with trypsin. After washing in ice-cold phos~
phate-buffered saline, the cells were washed once with ice-cold
swelling buffer (0.01 M potassium phosphate pH 7.9, 0.002 M MgCljy)
and were resuspended in the same buffer at a concentration of 1.5
x 106 cells/ml. After about 1 minute at 0°C, Triton~X was added
to a final concentration of 0.5% and dithiothreitol to 0.001 M and
the cells were lysed by gentle pipetting for .3 minutes at 0°C. The
nuclei were sedimented for 3 minutes at 800 x g and resuspended in
swelling buffer at 107 - 4 x 107 nuclei/ml. 0.05 ml samples of
nuclear suspension were used per assay.

RNA was synthesized by incubating nuclei for 30 minutes at
37°C in a total volume of 0.15 ml in 4% glycerol, 0.001 M dithio-
threitol, 0.01 M MgClZ, 0.01 M Tris-HC1l pH 7.9, 0.05 M adenosine
triphosphate, 0.001 M cytidine triphosphate and guanosine triphos-
phate, 0.1 uCi of 3g-uTp (26 Ci/mmole) in the presence and absence
of 0.9 pg of o~amanitin/ml. in different concentrations of NH4Cl.

RNA was extracted by the method of Scherrer (1969) and
hybridized to SV40 immobilized on filters as described by Martin
(1969).

Each point represents an average of the percent of input counts
bound for two different RNA concentrations. Backgrounds have not
been subtracted.

(Data from Jackson and Sugden (1972))

e——e percent input counts synthesized without a-amanitin bound
to SV40 DNA filters

o—o percent input counts synthesized without o-amanitin bound
to blank filters

¥—=X percent input counts synthesized with a-amanitin bound to
SV40 DNA filters

B8 percent input counts synthesized with a~amanitin bound to
blank filters
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fragment B

late RNA

fragment C

Hpal

fragment A

early RNA

FIG. 3. A map of the SV40 genome. The cleavage site of E. coli
EcoRI endonuclease is at zero and map distances are given as per-
centage lengths of SV40 in_ a clockwise direction. The positions
of the Hpa I cleavage sites are taken from Danna et al. (1973) and
Sharp et al. (1973). The assignment of the early and late regions
of SV40 DNA, which is described in the text, assumes that early
RNA is transcribed from a contiguous portion of the viral genome.

interpretation of these experiments is that in monkey cells late
in SV40 infection, it is host polymerase II that transcribes the
viral DNA; because a-amanitin totally inhibits the synthesis of
SV40-specific RNA, we conclude that in all probability the same
enzyme is responsible for the synthesis of both early and late
sequences of viral RNA. However, we cannot rule out the possibil-
ity of a viral-coded polymerase or a viral modified host poly-
merase.

3. Mapping of Early and Late Regions of the Viral Genome
and Orientation of RNA Synthesis

Central to the progress we have made in attacking these prob-
lems has been the availability of a suite of restricting endonu-
cleases--enzymes which introduce double-strand cuts into DNA at
particular nucleotide sequences. Danna and Nathans (1971) were
the first to realize the value of these enzymes for dissecting the
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SV40 genome, and the eleven fragments that they obtained after
cleavage of SV40 DNA by endonuclease R*Hin (H. influenzae) have
been precious objects in studies of replication (Nathans and Danna,
1972) and transcription of the viral genome (Khoury et al., 1973b).
In our laboratory, we have used four specific fragments of SV40
DNA generated by sequential cleavage of closed, circular viral DNA
by endonucleases EcoRI (E. coli) and Hpa I (H. parainfluenzae)
(Sharp, Sugden, and Sambrook, 1973) to map the location of the
early and late regions of the viral genome (Sambrook et al., 1974).
The four specific fragments correspond to 38%, 26%, 197%, and 177
of the total viral genome and their location is known (Sharp et
al., 1973; see Figure 3).

32p_1abeled SV40 component I DNA was digested sequentially
with endonucleases EcoRI and Hpa I. After separation through 0.7%
agarose, 2.27 polyacrylamide gels (Figure 4), the strands of each
of the DNAs were separated using asymmetric complementary RNA as
described above. The separated strands of each fragment were
sheared and hybridized to unlabeled RNA extracted from the poly-
somes of monkey cells at different times after infection. The
results are shown in Figure 5 (lefthand column). "Early" RNA
hybridized only to part of the E strand of fragments A and C and

A — 38% 1.29x 108

Direction
of B —26% 0.88x 108

migration

C —19% 0.64 x 10°

D —17% 0.57 x 108

FIG. 4. Photograph of an 0.7% agarose, 2.27% polyacrylamide gel
after separation of the four specific fragments of SV40 DNA. 2 ug
of component I SV40 DNA was digested sequentially with EcoRI and
Hpa I as described by Sharp et al. (1973). The fragments were
separated by electrophoresis through an 0.77% agarose, 2.27% poly-
acrylamide gel for 12 hours at 4 v/cm as described by Pettersson
et al. (1973). The gel was stained for 30 minutes in a solution
of 0.4 ug/ml ethidium bromide and examined directly by short-
wavelength ultraviolet illumination.
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FIG. 5. Hybridization of early and late polysomal RNA to the

separated strands of the EcoRI - Hpa I fragments of SV40 DNA. The
separated E and L strands of 32p-labeled SV40 fragments were boiled
for 30 minutes in 0.3 N NaOH, neutralized and hybridized for 36
hours at 68°C to increasing amounts of early RNA (left column) poly-
somal "late" RNA (center column) or Ad2+ND1 DNA (right column).

Each hybridization mixture contained about 250 cpm of 32p-labeled
DNA in total volume of 0.1 ml of 0.14 M sodium phosphate pH 6.8,
0.4% SDS, 1 M NaCl. The proportion of denatured and hybrid 32P-
labeled DNA was determined by chromatography on hydroxylapatite.
(From Sambrook et al., 1974).

not to DNA derived from any other portion of the viral genome. At
saturating levels of RNA, about 50% of the E strand sequences of
fragment A and 60% of the E strand sequences of fragment C entered
hybrid. The sum of these percentages is equivalent to 317% of the
sequences of the entire E strand of SV40 DNA--a figure which agrees
well with the previously published estimates given for the length

of the early region of the viral genome. If early RNA is transcribed
from a contiguous region of the viral genome, we calculate that one
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end of the early region is located at position 55 and the other at
position 24 on the SV40 map (see Figure 3).

To check the precision of these estimates we hybridized sheared
DNA of the adenovirus 2 SV40 hybrid, Ad2*ND1 (Levin et al., 1971)
which contains the SV40 sequences located between map positiomns 12
and 28 (Morrow and Berg, 1972). Because the border between frag-
ments C and D is located at map position 17, 58% of the sequences
of fragment C and 297 of those of fragment D are present in
Ad2*tND1 DNA. We found that at saturation, 62% of the sequences of
the E and L strands of fragment C and 32% of the E and L strands
of fragment D formed duplexes with Ad2*ND1 DNA (see Figure 5,
righthand column). These values are very close to those predicted
and for this reason, we believe that our estimates for the per-
centages of fragments A and C that are transcribed into RNA are
not seriously in error.

When RNA extracted from polysomes late in lytic infection was
hybridized to the separated strands of each fragment, the results
shown in Figure 5 (center panel) and Table 1 were obtained. At
saturating levels of RNA, 45% of the L strand and 52% of the E
strand of fragment A, 90% of the L strand and none of the E strand
of fragment B, 26% of the L strand and 607 of the E strand of
fragment C and 927 of the L strand and none of the E strand of
fragment D behaved as hybrid. The sum of these percentages is
equivalent to 647 of the sequences of the L strand and 31% of those
of the E strand--figures which are in good agreement with results
obtained with unfractionated DNA.

From these data we conclude that 1) all the early functions
of SV40 are located within fragments A and C; 2) all the sequences
of fragments B and D and part of the sequences of A and C code for
late functions; 3) if all the early genes of SV40 are contiguous,
then the strand switches between early and late RNAs occur at
positions 55 and 24.

The final question asks whether the synthesis of early RNA
occurs in a clockwise or counterclockwise direction on SV40 DNA.
In the experiment shown in Figure 6 we took advantage of the fact
that endonuclease EcoRI has been shown to cleave SV40 DNA at a
single site (Morrow and Berg, 1972; Mulder and Delius, 1972) by
making single-strand scissions that are four-bases apart (Mertz
and Davis, 1972). Because the resulting linear molecules contain
a 3' hydroxyl group and a protruding 5' phosphoryl tail, they
serve as excellent primer templates for DNA synthesis (Hedgpeth,
Goodman, and Boyer, 1972) and we were able to incorporate 3H-dTMP
at the ends of the molecules using RNA-dependent DNA polymerase
isolated from avian myeloblastosis virus. The DNA was then cleaved
with endonuclease R-Hpa I and the four DNA fragments were separated
by electrophoresis, denatured and hybridized to asymmetric SV40
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TABLE 1. Hybridization of the separated strands of SV40 DNA
fragments to late polysomal or late total cell RNA

% of 32p-labeled DNA entering
hybrid at saturation

Fragment Strand Late polysomal Total cell RNA
A E 52 50
A L 45 68
B E 0 24
B L 90 92
c E 60 60
C L 26 75
D E 0 25
D L 92 90

SV40 E 34 44
SvV40 L 70 77

(From Sambrook et al., 1974.)

cRNA. Because the SH-dTMP was incorporated only into the two frag-
ments (B and D) which flank the EcoRI site (see Figures 3 and 6),
and because of the nature of the cleavage produced by this enzyme,
the 3H-dTMP must be present in one of the two DNA strands of frag-
ment B and in the opposite strand of fragment D. Thus, the 3n
counts incorporated into only one of the two fragments should
hybridize to asymmetric cRNA. The results given in Table 2 show
that whereas less than 6% of the 3H counts of fragment D were com-
plementary to cRNA, greater than 907 of the 3H counts in fragment
B annealed to cRNA. Because RNA-dependent DNA polymerase catalyzes
the incorporation of nucleotides into DNA in a 5' - 3' direction,
and because fragment B lies to the left of the EcoRI site, then
the direction of DNA synthesis at the end of fragment B must be
clockwise, as drawn on the conventional SV40 map (see Figure 3).
Asymmetric cRNA, therefore, must be made in a counterclockwise
direction; because cRNA and early RNA are both complementary to
the E strand of SV40 DNA, then early RNA also must be synthesized
in a counterclockwise orientation. A similar conclusion has been
reported by Khoury et al. (1973b). Since late RNA hybridizes to
the L strand of SV40 DNA, then it must be made in a clockwise
direction. These results mean that the 5' ends of both early and
late RNA are located in fragment A, and the 3' ends in fragment C.

From all this, it is clear that we know a good deal about the
nuts and bolts of transcription of SV40 during the lytic cycle.
Unfortunately, our understanding of the way viral RNA synthesis is
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FIG. 6. Determination of the direction of synthesis of SV40 cRNA.

For details see text (from Sambrook et al., 1974).



104 JOE SAMBROOK ET AL.

TABLE 2. Hybridization to cRNA of fragments of SV40 DNA
specifically labeled at the EcoRI cleavage site

-cRNA +cRNA

32P 3H 32P 3H

DNA % double- % double-~ % double- % double-
fragment cpm* stranded cpm* stranded cpm* stranded cpm* stranded

R L™ VO S —
R e 6.5 L 406 20 o1
c -2—(%—:3 6.9 —--=  ——-= BT 507 —-em -
D 18 65 i 5.6 2952 s0.8 3.2

32p_1abeled SV40 EcoRI linear RNA was labeled with SH-dTMP at
the Eco cleavage site and the four specific fragments were isolated
as described in the legend to Figure 4. Approximately 0.02 ug of
the DNA of each fragment was denatured by boiling and allowed to
reanneal in the absence or in the presence of 2 ug of cRNA. The
reaction was carried out for 15 min at 68°C in 1 ml of 0.14 M
sodium phosphate pH 6.8, 0.4% SDS and the hybrids were assayed by
chromatography on hydroxylapatite. (From Sambrook et al., 1974).

controlled, and the role of such regulation in the overall manage-
ment of SV40 gene expression is very poor. It seems likely, however,
that at early times after infection, viral RNA synthesis is used as
the major determinator of viral function, because we can detect
transcripts complementary to only a part of the sequences of one
strand of the viral DNA. It seems fair to think that the reason

that late viral functions are not expressed is because "late" viral
RNA is not present. There are three main hypotheses to explain how
this regulation is achieved: Firstly, it may be that the state of
the viral DNA is such that synthesis of late viral RNA is impossible.
Perhaps the viral DNA, after it has shed its outer coats, retains
some internal proteins which block RNA polymerase; or maybe the
determining factor is whether the viral DNA is integrated or not.
Secondly, it may be that the RNA polymerase that transcribes the
early region of SV40 cannot synthesize RNA from the "late" genes.
SV40 particles do not contain DNA-dependent RNA polymerase, so that
early RNA must be transcribed from the incoming viral DNA by a pre-
existing cellular RNA polymerase. It is conceivable that this
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polymerase can recognize only the early promoter(s) on the viral
genome. Thirdly, it is possible that ''late" RNA is made at all
stages of infection but is rapidly broken down at early times. As
far as we know, no experiments have been done specifically to test
this idea; indeed, in a certain sense, it canmot be tested. One
could always claim that no matter how short the pulse-label, no
matter how sensitive the hybridization technique, the viral RNA is
broken down too rapidly to be detected. However, we can put an
upper limit on the number of such unstable late viral RNA molecules
using data from the hybridization experiments that have been per-
formed using the separated strands of SV40 DNA. Assuming that each
cell contains 10~5 ug of RNA, it turns out that at early times
after infection, there are less than 4 molecules of late RNA present
per cell.

The mechanism of the shift from "early" to "late" RNA synthe-
sis which occurs at about the time that viral DNA replication
begins is unknown but there are three possible explanations:
Firstly, there could be an alteration of the physical state of the
viral genome, either as a consequence of removal of intermal pro-
teins, or excision from an integrated state, or during DNA synthe-
sis, so that new regions of the DNA become available for transcrip-
tion. Secondly, there could be a synthesis of a new virus-coded
RNA polymerase which recognizes the late SV40 promoter(s). Alter-
natively, there could be a virus-induced modification of a pre-
existing host polymerase. Thirdly, it may be that at late times
after infection, the entire sequence of both strands of SV40 DNA
begins to be copied into RNA, and control is carried out by post-
transcriptional processing. This suggestion merits serious con-
sideration in the light of the experiments of Aloni (1972, 1973)
who has shown that late after infection with SV40, cells contain
short-lived species of RNA which self-anneal and seem to be tran-
scribed from the entire sequence of SV40 DNA. In addition, we
have reported (Sambrook et al., 1974) that when 32P-labeled E and
L strand DNA of each of the four specific SV40 fragments was
hybridized with the total RNA extracted from cells late in lytic
infection, results were obtained which were very different to those
observed with polysomal RNA. For each of the four fragments, the
sum of the transcripts of the E and L strands amounted to much more
than the equivalent of the DNA strand (see Table 1 and Figure 7).
From the results shown, it is clear, (1) that total cell RNA con-
tains sequences complementary to a minimum of 77% of the L strand
and 44% of the E strand of SV40 DNA; and (2) that symmetric tran-
scription of at least 207 of the sequences of fragment A, 14% of
fragment B, 15% of fragment C and 17% of fragment D are present in
cells at late times after infection. The origin and fate of these
symmetric sequences is not clear; if control is exerted at the
post-transcriptional level, they could indeed by the primary tran-
scription products and the precursors of stable, asymmetric poly-
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FIG. 7. Hybridization of total cell RNA extracted at late times
after infection to the separated strands of the EcoRI - Hpa I
fragments of SV40 DNA. Total cell RNA was extracted (Scherrer,
1969) 48 hours after infection of BSC-1 cells with 50 plaque form-
ing units of SV40 per cell, and hybridized to the separated strands
of the four fragments of SV40 DNA as described in the legend to
Figure 5.
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somal RNA as Aloni has suggested (1972, 1973). However, it is also
conceivable that they may be aberrant transcription products ori-
ginating not from the free replicating pool of SV40 DNA but from
the viral sequences which become integrated into the host genome
during lytic infection (Hirai and Defendi, 1972). 1In this case,
they may play no functional role in SV40 gene expression and may be
no more than flotsam drifting around in a degenerating cell. It
seems to us that the best hope of resolving this problem lies in
the isolation of discrete species of SV40 RNA, both transient and
stable, which can be mapped against specific fragments of SV40 DNA.

Before leaving transcription of SV40 during the lytic cycle,
we should point out two aspects that need further analysis. Firstly,
we do not know whether the early region is one contiguous piece of
the SV40 genome. There is no evidence so far published to suggest
that the early genes are broken into two or more clumps, but the
data obtained by Khoury et al. (1973b) and by ourselves (Sambrook
et al., 1974) do not rule out such a possibility. Secondly, there
is a discrepancy between the size of the early region of SV40 cal-
culated from hybridization data, and the size of early SV40 messen-—
ger RNA obtained by velocity centrifugation through density grad-
ients. All the published hybridization data indicate that the
early region accounts for about 30% of the total SV40 genome--that
is equivalent to a weight of single-stranded RNA of 6 x 105 daltons.
Yet the velocity centrifugation experiments performed by several
groups show that early SV40 messenger RNA has an apparent molecular
weight of 9 x 102 (Tonegawa et al., 1970; Weinberg, Warnaar, and
Winocour, 1972). Assuming that both pieces of data are correct,
the only way to explain the discrepancy is that there are host RNA
sequences attached to the viral transcript. Quite clearly, this
hypothesis which has many implications for the way in which early
SV40 RNA synthesis is controlled needs to be tested extensively.

B. TRANSFORMED CELLS

Mouse cells stably transformed by SV40 contain viral DNA
sequences in an integrated state .(Sambrook et al., 1968). The
quantity of viral DNA differs from cell line to cell line. Some
contain as little as 1-2 copies of viral DNA per diploid quantity
of cell DNA (Gelb, Kohne, and Martin, 1971; Ozanne, Sharp, and Sam-—
brook, 1973), others as much as 9-10 copies (Ozanne et al., 1973).
Virus-specific RNA is invariably present (Benjamin, 1966; Khoury
et al., 1973a; Ozanne et al., 1973) and from saturation hybridiza-
tion data it appears that about 0.001-0.002% of the total cellular
RNA is complementary to SV40 DNA (Sambrook et al., 1973). We have
used the separated strands of SV40 DNA to measure the percentage of
the viral genome that is transcribed into RNA in different cell
lines, and we have mapped the position of these sequences using the
four specific fragments of SV40 described previously.
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TABLE 3. Percentage of the SV40 genome transcribed
in different transformed cell lines

Percentage of wviral
Cell 1line Experiment genome transcribed

E strand L strand

SV3T3 1 73 15
clone 9 2 68 14
3 67 17
SV101 1 77 3
2 68 5
3 72 3
SVT2 1 58 0
2 52 0
3 49 0
SVB30 1 62 11
2 65 10
SVPyll 1 54 0
2 58 0
3 65 0
SVuv30 1 24 22
F1SV10 1 32 3
2 36 3
3T3 0 0

For origin of cell iines and methods, see Ozanne
et al., 1973.

1) The Extent of Transcription of SV40 DNA
in Different Lines of Transformed Cells

Separated strands of 32p_1abeled SV40 DNA prepared. as described
elsewhere (Sambrook et al., 1972) were sheared and hybridized
exhaustively to increasing amounts of RNA.

The data obtained with RNA extracted from four SV40 transfor-
mants are given in full in Figure 8 and the results of experiments
on other cell lines are summarized in Table 3. The striking con-
clusion is that nearly all the cell lines contain RNA complementary
to more sequences of E-strand DNA than do lytically-infected cells.
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FIG. 8. Hybridization of the separated strands of total SV40 DNA
to RNA isolated from transformed cells. Hybridization mixtures
contained 2 x 1073 ug of sheared 32P-labeled E or L-strand DNA
(specific activity 9 x 102 cpm/ug) prepared as described earlier
(Sambrook et al., 1972) and different amounts of RNA in a total
volume of 0.125 ml of 1 M NaCl, 0.0002 M EDTA, 0.001 M Tris pH 7.5.
After incubation for 36 hours at 68°C, the percentage of DNA react-
ing with RNA was assayed by chromatography on hydroxylapatite.

(From Ozanne et al., 1973).
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At no time during productive infection are more than 35-40% of the
sequences of SV40 ‘E-strand DNA detectable in stable species of RNA;
consequently, at least a part of the viral RNA present in trans-
formed cells must consist of anti-late sequences.

Some, but not all, lines of SV40-transformed mouse cells con-
tain low levels of RNA that hybridize to L-strand DNA. Because we
have never been able to add enough RNA into the hybridization mix-
tures to saturate the 32P-labeled DNA probe, we do not know what
fraction of the L strand sequences is transcribed in these cell
lines. But we are sure that this RNA plays no role in maintaining
the transformed state, since it is not present in all SV40-trans-
formed cell lines.

2) Mapping of SV40 RNA Sequences in Transformed Cells

The separated strands of each of the four 32p_1abeled fragments
of SV40 DNA were prepared as described elsewhere (Sambrook et al.,
1974), sheared to a size of 300 nucleotides and hybridized to RNA
extracted from three lines of mouse cells independently transformed
by SV40. The results are shown in Figure 9. From the shape of the
saturation curves, it is clear that transformed cells contain at
least two types of virus—specific RNA. There are RNA sequences that
are present in high abundance, and which hybridize to the part of
the E-strand DNA of the contiguous fragments A and C. One line of
cells (SV101l) contains an additional abundant species of RNA that
is complementary to part of the E-strand of fragment B. In addi-
tion, all three of the cell lines contain less abundant species of
virus-specific RNA. These hybridize to parts of the E-strand
sequences of fragments A and C and also in the case of SV101l to the
L-strand DNA of all four fragments. Because these RNAs are present
in very low concentrations, we were never able to reach saturation
and we cannot calculate the exact percentage of the sequences of
any fragment that are transformed by RNA.

The simplest patterns of viral transcription are shown by SVT2
and SVPyll cells. The RNAs present in high concentrations are those
which hybridize to the E-strand fragments A and C. For two reasons
it seems highly likely that these RNA sequences are identical to
those found in permissive cells at early times after infection.
Firstly, competition hybridization experiments have established
that there is a high degree of sequence homology between early RNA
and transformed cell RNA (Oda and Dulbecco, 1968a; Aloni et al.,
1968; Sauer and Kidwai, 1968) and, secondly, the percentage of the
sequences of fragments A and C that anneal to early and to trans-
formed cell RNA is very similar (Sambrook et al., 1974). TFor these
reasons, it is probable that the viral function responsible for
maintenance of transformation is an early gene product--an idea
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FIG. 9. Hybridization of RNA from three lines of transformed cells
to the separated strands of the EcoRI - Hpa I fragments of SV40 DNA.
For experimental details, see legend to Figure 5.
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which has already been suggested by others on the basis of genetic
experiments (see review, Eckhart, 1972).

SV101l cells contain a more complicated set of viral RNAs than
do the two other cell lines. The highly abundant RNA species are
complementary not only to part of the E-strand DNAs of fragments
A and C, but also to part of the E-strand of fragment B. 1In addi-
tion, there are low abundance RNAs complementary to part of the
E-strand DNAs of fragments A and C and to the L-strand DNAs of all
four fragments. We feel that the explanation of this plethora of
RNA species lies in the large quantity of viral DNA sequences
present in SV101 cells. This cell line contains about 9 copies of
SV40 DNA per diploid quantity of cell DNA, and it does not seem
too outrageous to propose that many of the viral sequences found
in SV101 cells are transcribed from copies of the viral genome
which are not required to maintain the cells in their transformed
state.

The model we have proposed (Sambrook et al., 1972; Ozanne et
al., 1973) to account for the patterns of viral RNA synthesis in
transformed cells is based on three premises:

(i) that SV40 DNA integrates into host DNA with a break
somewhere in its late genes, thereby preserving intact those viral
functions which are required to maintain cells in the transformed
state;

(ii) that integration does not necessarily occur at the same
site within the viral genome in different cell lines; and,

(iii) that integration places viral DNA under the control of
host promoter(s).

Given these assumptions, we can generate a simple model which
is consistent with all the data so far accumulated. After ini-
tiating transcription at a host promoter, the RNA polymerase enters
the integrated viral DNA on the E-strand somewhere in the late
region of the genome. It continues along SV40 sequences synthesiz-—
ing first "antilate" and then "early' RNA, before termination occurs
at the 3' end of the early genes. Assuming that, in different cell
lines, SV40 is integrated with breaks at different positions in the
viral genome, then the percentage of the viral genome that is
transcribed will vary, depending on the distance between the inte-
gration site and the 5' end of the early genes (position 55).
Because the transcription of the integrated genome is under the
control of a host promoter, RNA molecules should be synthesized that
are considerably larger than a single-strand of SV40 DNA and that
contain covalently linked host and viral sequences. Such molecules
are in fact present in the nuclei of at least one line of SV40-
transformed cells (Lindberg and Darnell, 1970; Wall and Darnell,
1971). To account for the observation that the viral sequences
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present in the cytoplasm of these cells are not attached to host
sequences (Wall and Darnell, 1971), it has been proposed that the
primary transcription product undergoes processing during which
polyadenylic acid residues are attached to the 3' hydroxyl end and
the host sequences are removed from the 5' end. 1In order to explain
the unequal representation in RNA of different regions of the SV40
genome, we suggest that processing of the primary transcript includes
not only the host but also the "antilate" viral sequences which lie
between the promoter and the beginning of the true early RNA.

Clearly, this model is tentative and several of its major pre-
dictions could turn out to be wrong. For instance, we have no
evidence that the 3' end of the early genes really is a terminator
for RNA synthesis--it could equally well be a processing point.

And we cannot be certain that the only way to transcribe viral DNA
is by synthesis of hybrid host-virus RNA molecules--we could explain
the presence of viral RNA sequences in varying abundances if there
is an early viral promoter which is active at least some of the
time. Finally, it may turn out that integration in different cell
lines always occurs at the same position in the SV40 genome and

that the inconstancy of the proportion of the viral DNA that can be
detected in RNA is the result of variations in the efficiency of
processing from cell line to cell line. All of these points can be
tested, and in one sense it hardly matters which of them turns out
to be correct. The omphalos of this work is that cells transformed
by viruses such as SV40 contain defined DNA sequences in a defined
physical state; if we can understand the way that the expression

of these sequences is controlled, we can reasonably hope to discover
not only how viruses transform cells, but also how cells conduct
their normal business.

Parts of this article have been used in a paper entitled
"Transcription of the Smaller DNA Tumor Viruses'" that was
given at the Twenty-Fifth Symposium of the Society for
General Microbiology and published by Cambridge University
Press 1975.
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THE STRUCTURAL PROTEINS OF SV40 AND POLYOMA VIRUS

Bernhard Hirt
Swiss Institute for Experimental Cancer Research

Lausanne, Switzerland

INTRODUCTION

Both SV40 and polyoma virus have as their genome a single DNA
molecule containing approximately 5500 base pairs (Tai et al., 1972).
Each virus can therefore code for only a small number of polypep-
tides and the sum of their molecular weights cannot exceed 200,000
daltons.

Only approximately one half of the genetic information of the
viruses is expressed early after infection, i.e. prior to the syn-
thesis of wviral DNA. Structural viral proteins are not synthesized
before late after infection and are coded by the other half of the
genome (Khoury, Burne, and Martin, 1972; Lindstrom and Dulbecco,
1972; Sambrook, Sharp, and Keller, 1972).

In the present work, we have analyzed the structural proteins
of polyoma and SV40. Evidence is presented that the smaller viral

polypeptides are similar for both viruses and that they consist of
histones derived from the host cell.

MATERIAL AND METHODS

Virus Growth and Purification
Wild type polyoma virus (large plaque) was grown at high mul-

tiplicity on primary mouse kidney cells. SV40 of strain 777 was
passaged and grown at high multiplicity on established African

17
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green monkey cells (MA 134, BSC-1). Four days after infection,
cells were frozen and thawed and the lysate sonicated. Cell
debris were removed by low speed centrifugation and then the virus
was pelleted by spinning at 60,000 g for 3 hours. The pellet was
homogenized in a CsCl solution of a density of 1.32 g/cm3 and cen-
trifuged for 20 hours at 35,000 rpm in a SW 50.1 Spinco rotor.
Bands of virus and empty capsids were visible, and they were
removed from the side of the tube with a syringe. After dialysis
the samples were purified by sedimentation in a 5-20% sucrose
gradient at room temperature for 20 min. at 40,000 rpm in the same
rotor. The virus band moved about halfway down.

Radioactive Labeling

355-methionine (specific activity >100 Ci/mM, obtained by
hydrolysis of 35S labeled E. coli) was added 24 h after infection
at concentrations of 10-50 pC/ml in met-free medium. Five hours
later, normal medium was added. 3H-arginine and l4C-arginine was
purchased from Amersham and added at the indicated times in arg-free
medium.

SDS-polyacrylamide gel electrophoresis and estimations of mole-
cular weight were carried out according to Weber and Osborn (1969).
Bovine serum albumin, aldolase, L-chymotrypsinogen and cytochrome
C (from Boehringer Mannheim) were used as standards. High resolu-
tion gels were made with the discontinuous buffer system of Laemmli
(1970). Virus was disrupted by boiling in sample buffer containing
5% of sodium dodecyl sulfate and 5% beta-mercaptoethanol.

Peptide Analysis

The gel regions containing the proteins were cut out and incu-
bated in 0.1% sodium dodecyl sulfate, 0.1 M ammonium carbonate pH
8 for 24 hours in the presence of bovine serum albumin as carrier.
The polypeptides were precipitated with trichloracetic-acid (20%
final concentration) at 4°C overnight. The pellet was washed with
acetone and with ether to remove traces of sodium dodecyl sulfate.
The proteins were dissolved and then oxydized with performic acid
for:1 hour at 4°C, lyophilized twice and dissolved in 0.05 M
ammonium carbonate pH 8.5. Digestion with TPCK trypsine (Worthing-
ton) was performed for 3 hours at 37°C at a substrate to enzyme
ratio of 40. The sample was then lyophilized and dissolved in 20
ul electrophoresis buffer (pyridine:acetic acid:water 5:50:945, pH
3.5) and applied to a cellulose thin layer plastic sheet (Mackerey
and Nagel, Dueren, W. Germany). Electrophoresis was performed for
90 min at 13'000 volt under Varsol. The methionine containing
peptides were revealed by autoradiography.
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RESULTS

Disrupted polyoma virus shows six polypeptides on polyacryla-
mide gels (Figure 1). The three smallest polypeptides are absent
in empty capsids. The major capsid protein migrates with a mobility
corresponding to a molecular weight of 47,000 daltons. Two minor
polypeptides of the capsid have molecular weights of 35,000 and
23,000 daltons respectively. The small polypeptides which seem to
be contained in the core of the virus have molecular weights in
the range of 10,000 to 15,000 daltonms.

If the viral proteins are analyzed by high resolution gels,
some of the bands split up into doublets (Figure 2), and at present
we do not know the reason for this.

- . EE%E L =
] = g
o
b 2
- -
-
FIG. 1 FIG. 2

FIG. 1. SDS-polyacrylamide gels of disrupted polyoma virus (left)
and polyoma empty capsids (right). 127 polyacrylamide according

to Weber and Osborn. Approx. 150 ug of protein per sample, stained
with Coomassie Brilliant Blue.

FIG. 2. SDS-polyacrylamide gels of disrupted SV40 (left) and poly-
oma virus (right). 15% polyacrylamide according to Laemmli.
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FIG. 3. SDS-polyacrylamide-slab gels of purified calf thymus his-
tones (left, top band is a bovine serum albumine marker) and polyoma
virus (right).

A comparative gel analysis of the proteins of SV40 and polyoma
is given in Figure 2. The major capsid protein of SV40 is slightly
smaller than the one of polyoma, and it is always preceded by a
satellite band, the function of which is not known yet. An addi-
tional capsid protein migrates between the minor capsid proteins
of polyoma and has a molecular weight of 30,000 daltons. The non-
capsid proteins of the two viruses display the same electrophoresis
pattern.

Disruption of the SV40 particles in alkaline buffer (pH 10.5)
leads to a complex of DNA and non-capsid proteins (Huang, Estes,
and Pagano, 1972).
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The non-capsid proteins of polyoma virus have been analyzed
by Frearson and Crawford (1972), and they came to the conclusion
that these proteins are histones of the host cell. To check this
finding, purified histones from calf thymus were compared by gel
electrophoresis to polyoma proteins. As seen in Figure 3, the
polyoma non-capsid proteins migrate like histones.

To characterize these proteins one step further, the methionine
containing peptides were analyzed. 335S-met labeled virus was pre-
pared as described in material and methods. Growing uninfected
cells were labeled in the same way, the nuclei prepared by use of
Nonidet P-40 and the acid soluble proteins extracted in 0.1 N HC1.
They were electrophoresed on gels, and the bands corresponding to
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FIG. 4. Autoradiograph of 355 1abeled tryptic peptides separated
by electrophoresis on thin layer. Comparison of mouse kidney
(MK) and polyoma (Py) histones. a) slowest moving polypeptide on
gels, c) fastest moving polypeptide.
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FIG. 5. As Figure 4, but comparison between polyoma (Py) and SV40
(SV). Slowest polypeptide to the left, fastest to the right.

the small viral proteins were eluted and subjected to peptide
analysis as described in material and methods.

Figure 4 gives comparative peptide maps of mouse kidney his-
tones and the corresponding proteins of polyoma virions. In Figure
5, the small proteins of SV40 and polyoma are compared, while
Figure 6 gives the comparison of monkey and mouse histones. From
these data, we conclude that the technique employed does not allow us
to find a difference between the corresponding histones of mouse
cells, monkey cells, SV40 and polyoma virus.

A further experiment was done to find out if histones synthe-
sized previous to viral infection are incorporated into virions:
Mouse kidney cells were labeled with l4C-arg during 24 hours. They
were then washed and infected with polyoma virus. 24 hours after
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infection, 3H-arg was added to the medium, and 2 days later the
virus was harvested and purified. The proteins were separated on
a gel and their radioactivity counted. It is obvious from Figure
7 that there was a high turnover of l4C-arg, since all the viral
proteins are labeled. The ratio of 14C to 3H is twofold higher
for the histones than for the other viral proteins, indicating

that histones synthesized before the infection are incorporated
into the viral particles.

Basic Proteins — Fingerprint
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FIG. 6. As Figure 4, but comparison between mouse kidney (MK) and
African green monkey (BSC) histones. a) slowest moving polypeptide,
c) fastest polypeptide.
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FIG. 7. SDS-polyacrylamide gel (10%) of polyoma virus grown in the
presence of 3H-arg on cells labeled prior to infection with lé4c-
arg. The gel was fractionated, the proteins eluted in the presence
of sodium dodecyl sulfate and the radioactivity counted in Aquasol
(New England Nuclear Corporation).

DISCUSSION

On denaturing gels the protein patterns of polyoma virus and
of SV40 are similar. (For a recent review, see Crawford, 1973).
The majority of the protein of both viruses consists of a major
capsid polypeptide with a molecular weight of approximately
45,000 daltons. The function of the minor capsid proteins is not
clear yet. 1In high resolution gels of polyoma proteins, the minor
polypeptides of the capsid split up into doublets. Roblin, Harle,
and Dulbecco (1971) found a polypeptide larger than the major cap-
sid protein, which was not consistently found in this work.

It is not clear whether the minor capsid protein of SV40 called
VP 2 by Estes, Huang, and Pagano (1971) corresponds to the satel-
lite band that is visible next to the major protein on Figure 2 or
whether it is a different protein.

Associated to the viral DNA, there are basic proteins which,
according to gel electrophoresis and methionine peptide analysis,
behave like histones of the host cells.
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A more detailed peptide analysis is under way to find out if
the viral core proteins and the host histones are identical or if
they contain midifications (G. Fey and B. Hirt, in preparation).

The fact that host histones are bound to the small DNA of SV40
and polyoma viruses provides a convenient model to study histone
DNA interactions in mammalian cells.
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THE CELL FREE TRANSLATION OF PURIFIED SIMIAN VIRUS 40 MESSENGER RNA
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INTRODUCTION

In order to understand the expression of the Simian Virus 40
(SV40) genome, it is important to be able to ascertain which new
proteins appearing after infection are virus specified. This is
especially true considering the potent transforming properties of
the virus where the number of changes induced in the transformation
process are far too numerous to be accounted for directly by the
SV40 genome. The cell free synthesis of viral polypeptides directed
by purified viral genetic material is one clear method of estab-
lishing which proteins are virus specific. Since SV40 does not
inhibit host RNA or protein synthesis after infection and viral
proteins do not comprise more than 10% of the total proteins syn-
thesized even late in infection (Walter, Roblin, and Dulbecco,
1972; Anderson and Gesteland, 1972), the translation of total mes-
senger RNA from SV40 infected cells will not establish which pro-
ducts are virus specific. In order to obtain purified SV40 mRNA,
we have hybridized poly(A)-containing RNA from SV40 infected monkey
cells (BS-C-1 line) to SV40 DNA according to a technique described
by Weinberg, Warnaar, and Winocour (1972). This selected SV40 RNA,
when added to a cell-free translation system derived from extracts
of wheat germ, directs the synthesis of the major SV40 capsid pro-
tein VP-1 (Prives et al., 1974). Using this approach, it should
eventually be possible to establish the identity of other virus
specific polypeptides in permissive and transformed cells.
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RESULTS AND DISCUSSION

Distribution of SV40 RNA Sequences in Infected BS-C-1 Cytoplasmic RNA

An estimate of the abundance of SV40 RNA relative to host
cytoplasmic mRNA late in lytic infection was sought in order to
estimate the possibility of selection of viral messenger by hybrid-
ization in quantities sufficient for cell-free translation. The
proportion of virus specific proteins has been shown to be approx-
imately ten per cent of the host cell's cell newly synthesized
protein population (Walter et al., 1972; Anderson and Gesteland,
1972). A comparable value obtained for the proportion of SV40 RNA
would indicate the feasibility of selection of SV40 mRNA on a pre-
parative scale. To make this assessment, BS-C-1 monkey cells were
labeled for 7 days with uridine-5-H3 at daily intervals in order
to bring about as uniform and complete labeling of the various
cellular RNA components as possible. This takes into consideration
the estimated 24-hour half-life of the long-lived class of mammalian
messenger RNA reported by Singer and Penman (1973). The cells were
infected under similar labeling conditions, and infection proceeded
for 48 hours prior to extraction of cellular cytoplasmic RNA.

Table 1 summarizes the results of this experiment. The cytoplasmic
RNA was subjected to o0ligo(dT) cellulose chromatography (Aviv and
Leder, 1972) and the proportions of SV40 specific RNA in the cyto-
plasmic total, poly A containing [0ligo(dT) cellulose retained]

and poly A-free [0ligo(dT) cellulose non-retained] RNA classes

were estimated by low temperature formamide hybridization to SV40
DNA immobilized on nitrocellulose filters (Weinberg et al., 1972).
A small (0.3957%) proportion of total cytoplasmic RNA consists of
SV40 specific sequences, late in infection. When this RNA is sub-
jected to oligo(dT) cellulose chromatography, there is an approxi-
mate hundredfold enrichment of the proportion of SV40 RNA in poly
A containing RNA over that in poly A free RNA. 9.8% of poly A
containing RNA is SV40 specific which is consistent with the reported
proportion of virus specific proteins late in infection.

It is also noteworthy that there is a considerable proportion
of poly A free SV40 RNA. The poly A free and poly A containing RNA
fractions in Table 1 are derived from the same sample of total
cytoplasmic RNA, and it can be estimated that 25% of the cytoplas-
mic SV40 RNA is free of poly A sequences. Whether this represents
naturally occurring poly A free SV40 RNA, or occurs as a result of
one or more of the various RNA extraction steps is not clear. That
a substantial proportion of cellular messenger RNA consists of
SV40 RNA sequences encouraged further translation studies.
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TABLE 1. Distribution of SV40 specific RNA in cytoplasmic RNA

Hybridized Hybridized
RNA added Input counts per minute minus blank 7% hybridized
Total 6.8 x 105 2728 2556 0.375
Poly A
free 9.0 x 106 5777 5307 0.086
Poly A
rich 1.4 x 100 14,206 13,958 9.80

Proportion of SV40 sequences in cytoplasmic Poly A free and
Poly A rich RNA. 5 cultures of BS-C-1 cells (4 x 106 cells/culture)
were labeled at 24 hour intervals with uridine-5-3H (10 uCi/ml of
culture medium; 29 Ci/mMole) for 7 days. The cultures were
infected with SV40 (strain 777) at 100 plaque forming units per cell
48 hours after infection. Cultures were washed three times with
phosphate buffered saline and lysed with 1.0 ml NP 40 buffer (1.0
NaCl, .01 M Tris ClpH 7.8, .005 M NaClp, 0.5% Non Iodet p. 40,
Shell Co.). Nuclei and cytoplasm were separated by centrifugation
at 2000 x g for 5 minutes. The supernatant containing the cyto-
plasmic portion of the cells was made 0.1 M with respect to EDTA
and 17 with respect to SDS and RNA was extracted by phenol-chloro-
form-iso-amylalcohol procedure. Cytoplasmic RNA was subject to
0ligo(dT). Cellulose chromatography (Aviv and Leder, 1972) and
SV40 specific RNA sequences were determined by low temperature
formamide hybridization of the various RNA fractions to SV40 DNA
immobilized on nitrocellular filters by a procedure described pre-
viously (Weinberg et al., 1972).

Polypeptides Directed by RNA from SV40 Infected and Uninfected Cells

Total cellular RNA extracted from SV40 infected and non-infected
BS-C-1 cells was subjected to oligo dT cellulose chromatography.
Samples of crude poly A free and poly A rich RNA were added to a
cell free system prepared from wheat germ. This translation system
has several advantages in that it is easy to prepare, has virtually
no endogenous protein synthesis, and responds efficiently and faith-
fully to a wide variety of messenger RNA species, including globin
and TMV (Roberts and Paterson, 1973). It was found that crude and
poly A free RNA fractions from SV40 infected or uninfected BS-C-1
cells were inactive in stimulating the incorporation of 35S meth-
ionine into acid insoluble polypeptides in wheat germ extracts.
However, poly A containing RNA was very efficient in this respect
and reached comparable levels of stimulation to those observed with
the other mRNA species mentioned above. Messenger RNA from
infected and uninfected monkey cells stimulated protein synthesis
to the same extent in the wheat germ system. The products directed
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Polypeptides Directed by RNA from Polypeptides from
SV-40 Infected Cells Cell Extracts
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FIG. 1. Polypeptides directed by mRNA from SV40 infected cells.

355 methionine labeled polypeptides were synthesized in
extracts of wheat germ prepared and assayed as described by Roberts
and Paterson (1973) in response to mRNA (2.5 pg RNA/100 ul reaction-
mixture) from SV40 infected or uninfected BS-C-1 cells prepared by
0ligo(dT) cellulose chromatography of total RNA. Cell free pro-
ducts were analyzed by SDS polyacrylamide slab gel electrophoresis
followed by autoradiography.

a) Standard proteins stained with Coomasie Brilliant Blue (CBB).

b, j) Proteins from purified SV40 virions stained with CBB.

c, a) Autoradiogram of (35S) methionine labeled polypeptides
directed by poly A containing RNA from SV40 infected cells.

e, f) Autoradiogram of 35S-methionine labeled polypeptides
directed by poly A containing RNA from uninfected cells.

g) Autoradiogram of polypeptides synthesized in the absence
of added RNA.

To analyze polypeptides of cell extracts, cells were collected
from cultures 48 hours after infection (or mock infection), sus-
pended in 1.0 ml buffer containing 0.05 M Tris HC1l pH 6.8, 1% SDS
1% 2-mercaptoethanol and 10% glycerol, sonicated for 10 minutes
and subjected to polyacrylamide gel electrophoresis.

h) CBB stained polypeptides of BS-C-1 cells 48 hours after
SV40 infection.

i) CBB stained polypeptides of uninfected BS~C~1 cells.
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by these mRNAs were analyzed by SDS polyacrylamide slab gel elec-
trophoresis and found to consist of fairly similar series of poly-
peptides ranging in size from approximately 15,000 to greater than
60,000 daltons molecular weight as estimated by comparison with
several standard polypeptides (Figure 1). Most products of mRNA
from infected and uninfected cells corresponded in electrophoretic
mobility although not necessarily in the quantity produced as
estimated from the variable intensity of the autoradiographed
bands (Figure 1). A marked exception was the appearance of a major
novel polypeptide directed by RNA from SV40 infected cells which
had the same electrophoretic mobility as the SV40 VP-1 marker.

This polypeptide was not present in extracts directed by mRNA

from uninfected cells. A second novel polypeptide, whose molecular
weight is estimated as approximately 35,000 daltons was also
directed by mRNA from infected cells. It does not have a similar
mobility to SV40 VP-3 whose molecular weight has been estimated as
30,000 daltons (Crawford, 1973).

Polypeptides extracted from SV40 infected and uninfected
BS-C-1 cells 48 hours after infection were similar except for a
major novel polypeptide appearing in infected cells which had a
similar electrophoretic mobility to the SV40 VP-1 marker (Figure 1).
The proportion of this novel protein was estimated to be approx-
imately 5-10% of the total polypeptides and is thus consistent
with the finding that 9-10Z of poly A containing RNA in infected
cells is SV40 specific.

Preparation of Purified SV40 Messenger RNA

Assessment of the coding potential of the SV40 genome depends
upon the isolation of a purified source of SV40 RNA. An approach
that we thought promising was the selective hybridization of SV40
RNA to SV40 DNA. SV40 RNA thus extracted from infected BS-C-1 cells
late in lytic infection has been shown to consist primarily of 2
classes of cytoplasmic RNA sedimenting at 16s and 19s as well as a
high molecular weight heterogeneous RNA containing both host and
viral RNA sequences which is nuclear in origin (Weinberg et al.,
1972). We assumed that the very great majority of translated
products are directed by poly A containing RNA species derived from
the cytoplasm, although an accurate estimation of the proportion
(if any) of products directed by poly A containing nuclear RNA com-
pared to cytoplasmic messenger RNA species has not been reported.

Poly A containing RNA from SV40 infected cells which was sub-
sequently hybridized to and eluted from SV40 DNA immobilized on
filters was active in directing the synthesis of polypeptides in
the wheat germ system. Figure 2 is a series of densitometer trac-
ings of autoradiograms of (353) methionine labeled polypeptides
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synthesized in vitro and subjected to polyacrylamide gel electro-
phoresis. 1In each case the relative migration of the SV40 VP-1
marker is indicated by a dotted line. While not as sensitive to
the appearance of minor components, densitometer tracings provide
a more accurate assessment of the relative proportions of the var-
ious products.

It can be seen that poly A containing mRNA from SV40 infected
cells gives rise to a large spectrum of polypeptides, of which the
most intensely labeled were the smaller size class (approximately
15,000-25,000 daltons). It is considered likely that at least some
of these smaller polypeptides represent prematurely terminated
peptide chains of larger products (B. Roberts and B. Paterson,
personal communication). Products larger in size than 25,000 dal-
tons are more likely to be completed products. The novel polypep-
tide which comigrates with SV40 VP-1 represents approximately
10% of these larger polypeptides.

SV40 specific RNA obtained by preparative hybridization
directed the synthesis of a somewhat reduced number of polypeptides
but there was also a preponderance of products with smaller mole-
cular weight. The product which comigrates with SV40 VP-1 comprises
approximately 25% of the greater-than-25,000-daltons class of
polypeptides. Other polypeptides synthesized in response to this
RNA may include prematurely terminated polypeptide chains as men-
tioned above, as well as additional viral structural and non-
structural proteins. The arrow in these tracings represents the
second novel 35,000 dalton polypeptide which was also present in
products directed by SV40 specific RNA.

SV40 specific RNA prepared as described above, was rehybridized
to SV40 DNA by two different methods in order to assess its purity.
Firstly, more than 90% of SV40 RNA was rehybridized in SV40 DNA
immobilized on nitrocellulose filters under the hybridization con-
ditions described above and in the legend to Figure 2 for 72 hours.
The increased degree of hybridization obtained over previously
reported values (Rosenblatt and Winocour, 1972) was presumably due
to increased time of annealing. Secondly, SV40 RNA was hybridized
to a vast (hundredfold) excess of SV40 DNA in solution and the
values obtained were similar to those observed with comparable
hybridization of complementary RNA obtained by the transcription
of SV40 DNA (component I) by the E. coli RNA polymerase (T. Seebeck,
personal communication); both hybridized to SV40 DNA to the extent
of greater than 907%.

Despite the high degree of purity of SV40 specific mRNA, the
pattern of products directed by mRNA from SV40 infected cells and
SV40 selected mRNA are somewhat similar. As noted above in Figure
1, several host mRNA directed products are diminished in quantity
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RNA hybridized to SvV4) DNA
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mRNA from SV40 infected cells was subjected to low temperature
formamide hybridization to SV40 DNA immobilized on nitrocellulose
filters as described by Prives et al. (1974). RNA remaining in
solution after hybridization was collected and added to a wheat
germ translation system, as was the hybridized RNA which has been
eluted from the filters.

Densitometer tracing represent autoradiograms of polypeptides
synthesized in response to (-)SV40 selected RNA; (---)SV40 non-
selected RNA; and (...)mRNA from SV40 infected cells which was
hybridized to equivalent quantities of E. coli DNA immobilized
on nitrocellulose filters in identical fashion to techniques
described for SV40 DNA-RNA hybridization.
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FIG. 4. Tryptic peptide analysis of SV40 virions and SV40 RNA
cell free products.

(3H)-methionine labeled purified SV40 virions prepared as
described (Lavi and Winocour, 1972) and (358) methionine labeled
polypeptides synthesized in the wheat germ system in response to
SV40 selected mRNA were dialysed against 17 ammonium bicarbenate,
lyophilized and then oxidized and trypsinized as described (Prives
et al., 1974). 35S methionine (55,000 cpm) and 3H methionine
(337,000 cpm) labeled tryptic peptides were simultaneously separated
on a2 0.9 x 2.0 cm column of Aminex A-7 (Biorad) and eluted by a
gradient of pyridine acetate buffer (0.05 M, pH 2.5 to 1.2 M pH
5.0) at 55°C. Two ml fractions were collected and counted with
appropriate corrections for (358) spillover.
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late in infection. As infection proceeds possibly the viral RNA

is preferentially translated. RNA in the process of translation

is more likely to provide a source of biologically active messenger
RNA when extracted from the cells than mRNA which is no longer
associated with polysomes and may be somewhat degraded. Thus,
there may be a greater proportion of functional SV40 specific mRNA
in the poly A containing mRNA of infected cells than the estimated
10% (Table 1) and this would explain similar polypeptide patterns
directed by SV40 selected mRNA and total cellular mRNA.

Another approach towards assessment of the relative purifica-
tion of SV40 RNA was to compare the translation products of
hybridized and non-hybridized RNA, or that RNA which remains in
solution after hybridization. It can be seen from Figure 3 that
the class of RNA which does not hybridize to SV40 DNA is also
active as a messenger in the wheat germ system. There is a clear
alteration in pattern of the polypeptides directed by SV40 selected
and non-selected RNA with some reduction in complexity of the pat-
tern of polypeptides synthesized in response to the former. Non-
selected RNA directs a reduced but not totally diminished amount
of the polypeptide which comigrates with VP-1 indicating that under
the hybridization conditions employed, the yield of virus specific
RNA is not 100%.

It is also noteworthy that RNA extracted from SV40 infected
cells and hybridized to E. coli DNA immobilized on nitrocellulose
filters as described above also directs the synthesis of a range
of polypeptides which are small in size (Figure 3). These products
may account for some of the smaller molecular weight polypeptides
obtained in response to the SV40 selected RNA added to the wheat
germ system. We concluded that selection of SV40 specific RNA by
hybridization to SV40 DNA provides a method of obtaining purified
viral messenger RNA. The resulting increase in virus specific
completed products, specifically SV40 VP-1, before and after selec-
tion is two- to threefold.

Analysis of Tryptic Peptides of Cell-Free Products
and Virion Proteins

Further identification of the major products specified by SV40
mRNA as the virion capsid protein was afforded by a comparison of
the tryptic peptides of purified SV40 virions and cell free products
directed by SV40 RNA. Tryptic digest products were analyzed by
cation exchange column chromatography (see legend to Figure 4).

From Figure 4 it can be seen that SV40 virions yield 4 major
methionine-containing polypeptides which bind to the column and one
or more which do not (tubes 1 through 5 represent the non-bound
fraction). The tryptic digest of the cell-free products contain
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methionine containing peptides which co-elute with the major virion
peptides as well as 3-4 which do not, of which 1 is predominant.

As the VP-1 capsid protein of SV40 comprises 70-80% of the virion,
one may assume that the tryptic peptides of the virus are derived
mainly from this protein. The number of methionine containing
peptides in the SV40 virion obtained in this analysis is consistent
with an estimated 5-6 methionine residues present in the SV40 cap-
sid derived from the amino acid analysis of SV40 (Greenway and
LeVine, 1973). The additional peptides present in the cell-free
product may be the result of additional viral structural proteins
or peptides derived from viral products which must undergo cleavage
in vivo prior to viral assembly. From the agreement of the 5 major
tryptic peptides seen after cation exchange column chromatography
as well as their similar electrophoretic mobility, we have concluded
that the SV40 major capsid polypeptide and the major cell-free
product directed by SV40 RNA are the same protein.

CONCLUSIONS

We have been able to isolate virus specific RNA from SV40
infected cells by selective hybridization to SV40 DNA and to demon-
strate that it can direct the cell-free synthesis of the major cap-
sid protein VP-1. This approach can lead to understanding of several
aspects of SV40 gene expression. Using purified viral messenger RNA
it may be possible to assess control mechanisms operating at the
level of translation. It may also become feasible through this
approach to study the proteins encoded by SV40 DNA derived from
various substitution and deletion mutants of the virus.

SV40 specific RNA can be divided into several classes. These
include: (1) early 19s SV40 RNA isolated both from permissive
cells during the initial stages of lytic infection and from SV40
transformed cells; (2) late SV40 RNA species consisting of 16s and
19s RNA components isolated from the cytoplasm of lytically infected
cells late in infection; (3) SV40 RNA derived from the nuclear por-
tions of lytically infected and transformed cells (Weinberg et al.,
1972). It should eventually be possible to isolate these different
classes of RNA and to determine which products they specify. Pro-
gress in this direction is under way with separated late 16s and
19s cytoplasmic SV40 RNA species. These purified viral messenger
RNA species and their polypeptide products can eventually be
assigned to specific regions of the SV40 genome by the use of the
specific fragments of SV40 DNA generated by restriction endonu-
cleases. The techniques described herein can therefore provide the
basis for a system for identification of all virus specified pro-
ducts from permissive and transformed cells.



CELL-FREE TRANSLATION OF PURIFIED SIMIAN VIRUS 40 MESSENGER RNA 139
ACKNOWLEDGEMENTS

I am grateful to H. Aviv, M. Revel and E. Winocour for assis-
tance and advice at all stages of this work. The excellent
technical assistance of B. Danovitch is acknowledged. This work
was supported by the National Cancer Institute, Contract, NO 1
CP 33220.

REFERENCES

Anderson, C. W., and R. F. Gesteland. 1972. J. Virol. 9:758.

Aviv, H., and P. Leder. 1972. Proc. Nat. Acad. Sci. U.S.A. 69:
1408.

Crawford, L. V. 1973. Brit. Med. Bull. 29:253.

Greenway, P. J., and D. LeVine. 1973. Biochem. Biophys. Res.
Comm. 52:1221.

Lavi, S., and E. Winocour. 1972. J. Virol. 9:309.

Prives, C. L., H. Aviv, B. M. Paterson, B. E. Roberts, S. Rosen-
blatt, M. Revel, and E. Winocour. 1974. Proc. Nat. Acad. Sci.
U.S.A. 71:302.

Roberts, B. E., and B. M. Paterson. 1973. Proc. Nat. Acad. Sci.
U.S.A. 70:2330.

Rosenblatt, S., and E. Winocour. 1972. Virology 50
Singer, R. H., and S. Penman. 1973. J. Mol. Biol. 78:321.

Walter, G., R. Roblin, and R. Dulbecco. 1972. Proc. Nat. Acad.
Sci. U.S.A. 69:929.

Weinberg, R. A., S. O. Warnaar, and E. Winocour. 1972, J. Virol.
10:193.



STUDIES ON NON-TRANSFORMING HOST RANGE MUTANTS OF POLYOMA VIRUS
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INTRODUCTION AND REVIEW

Two kinds of conditional lethal mutants of polyoma virus have
been isolated and partially characterized. The most widely studied
are the temperature-sensitive mutants which comprise at least four
distinct groups based on complementation and other physiological
tests. The second kind of mutant to be isolated is of the host
range type; these mutants are selected to grow on polyoma-transformed
mouse cells but not on normal mouse cells. Table 1 gives the
selected properties of these two general classes of mutants. Prog-
ress in the characterization of temperature-sensitive and host range
mutants has recently been reviewed (Benjamin, 1972).

Only some of the mutants selected as conditional lethals are
affected in their ability to transform cells. With respect to
gene functions essential to transformation, two types of functions
based on temperature-sensitive mutants have been described. One is
essential early in the transformation process; the action of this
viral gene, required only transiently, leads apparently to a stable

141
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TABLE 1. Selected properties of conditional
lethal polyoma virus mutants

Polyoma virus trans-—
Normal mouse fibro- formed mouse fibro-

Mutant blast line (3T3) blast line (Py-3T3)
31°C 38°C 37°C
Temperature sensitive + -
Host Range - (37°C) +
+ = permissive for virus growth; - = non-permissive for virus
growth

association of viral and cellular genes. The second kind of viral
gene function essential for transformation is required continuously,
and leads to phenotypic changes in cell growth patterns and other
characteristics of transformed cells. Cells transformed under
permissive conditions (31°C) by mutants of the first or "initiation"
class remain transformed under non-permissive conditions (39°C),
while cells transformed by mutants in the second or "maintenance"
class revert to a normal state in at least some of the properties
associated with transformation. All of the mutants isolated by the
transformed cell-dependent host range selections are non-transforming;
they resemble a maintenance-defective mutant of the temperature-
sensitive type with respect to their inability to cause cell
agglutinability by lectins concanavalin A or wheat germ agglutinin
(Benjamin and Burger, 1970; Eckhart, Dulbecco and Burger, 1971).

The maintenance function can apparently be expressed indepen-
dently of the initiation function as judged by the fact that ts-a,
a mutant of the initiation class, can abortively transform cells
(Stoker and Dulbecco, 1969). (The abortive transformation response
measures the ability of a virus to cause a transient loss in
anchorage dependence of cell growth.) In addition to being able
to carry out abortive transformation, mutants of the initiation

. class are also able to stimulate cellular DNA synthesis and cause
agglutinability at the non-permissive temperature. The ability of
mutants of the maintenance class to cause abortive transformation
has not been extensively reported; mutants of this class uniformly
fail to induce agglutinability, but show variable responses in
inducing cellular DNA synthesis.
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CURRENT INVESTIGATIONS OF A NON-TRANSFORMING HOST RANGE MUTANT
(WORK BY L. NORKIN AND T. L. BENJAMIN)

Abortive Transformation

The ability of NG-18 to induce abortive transformation in a
continuous line of rat embryo cells has been investigated. A
careful analysis of the frequency and size distribution of clones
in semi-solid methyl cellulose suspension culture showed a lack in
ability of NG-18 to induce this transient growth response; at
multiplicities of infection comparable to wild type, NG-18 was at
least two orders of magnitude less effective (Benjamin and Norkin,
1972). Similar results were obtained using the BHK line of hamster
fibroblasts as the host.

The retention of ability by NG-18 to stimulate cellular DNA
synthesis [shown previously in normal mouse cells (Benjamin, 1971)]
is somewhat surprising in view of its failure to induce abortive
transformation. Among many possible explanations, the following
might be considered: 1) the requirement for induction of cellular
DNA synthesis for cells in suspension is different (and more strin-
gent) than for cells on monolayers; 2) the induction of cell DNA
synthesis is necessary but not sufficient for abortive transforma-
tion; the membrane change of agglutinability (in which NG-18 is
defective) is also required; 3) differences in the host species are
such that mouse, but not rat or hamster, cells allow the induction
of cellular DNA synthesis by NG-18 in monolayer cultures.

Evidence supporting the third possibility was obtained in the
following way. Normal rat embryo cells (REC13) were arrested in
G-1 by incubation in 0.5% serum for 72 hours, then infected by wild
type or NG-18, and incubated for 48 hours in serum-free medium
containing 2 uC/ml 3H-thymidine. The number of cells synthesizing
DNA under the influence of each virus was determined by auto-
radiography. The results shown in Table 2 demonstrate that at an

TABLE 2. Induction of cellular DNA synthesis
in serum-starved rat cells¥*

Virus (moi) Fraction of Labeled Nuclei (%)
Control 21/507 (4.1)
NG-18 (10-20) 43/516 (8.3)
Wild Type (10-20) 283/508 (55.7)

*Continuous labeling 0-48 hours after infection, and incubated
in serum~free medium.
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input multiplicity of infection of 10 to 20 pfu/cell, wild type
virus is at least ten times more effective than NG-18 at inducing
cellular DNA synthesis. Under identical conditions of infection
and pre-incubation in low serum, wild type virus was still able to
induce abortive transformation while NG-18 was not. Under these
conditions, only about 5 to 10% of cells stimulated by the virus to
enter "S" register as abortive transformants. Both wild type and
NG-18 proved to be equally effective in inducing the polyoma-
specific tumor (T) antigen in the serum-starved rat cells. Thus,
whereas NG-18 was previously found to be as effective as wild type
in inducing cellular DNA synthesis in monolayers of normal mouse
cells, it appears to be considerably less effective than wild type
when tested in rat cells. The inability to cause abortive trans-
formation is most likely related to the failure to induce cellular
DNA synthesis, and to bring about the cell surface change which has
been shown to be dependent on cellular DNA synthesis (Benjamin and
Burger, 1970).

Relationship Between the Transformed Phenotype and
Permissivity for NG-18

The failure of NG-18 to tramsform cells (stably or abortively)
correlates with the failure to cause the cell surface change from
the non-agglutinable to the agglutinable state (Benjamin and Burger,
1970). The permissive host for NG-18 expresses agglutinability as
a constitutive property; however, the relationship between the
ability to support the growth of the "membrane defective" mutant
NG-18 and the expression of the membrane change is not clear. The
expression of the cell surface change per se would not appear to be
essential for growth of the mutant.

The block to growth of NG-18 in normal 3T3 cells appears to be
intracellular; the mutant effectively induces the T antigen(s) and
yet is unable to produce a normal burst of progeny virus when either
whole virus or viral DNA is used to infect 3T3 cells (Benjamin, 1970).

The relationship between agglutinability and permissivity was
tested directly by isolation of phenotypic revertants of permissive
polyoma~transformed 3T3 cells which have regained normal growth
properties. Two spontaneous (unselected) revertants and one obtained
by FUdR selection (Pollack, Green and Todaro, 1968) were tested for
agglutinability by concanavalin A and permissivity for wild type and
NG-18. The results in Table 3 show that the properties of agglutin-
ability and permissivity can readily be dissociated from one another.
In all three cases, the membrane in the revertants was restored to
the agglutinable level characteristic of normal 3T3 cells; at the
same time, the cells remained largely permissive, being no less
than half as permissive as Py-6 and at least ten-fold more permissive
than 3T3.
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TABLE 3. Agglutinability and permissivity for polyoma mutant NG-18
in transformed and revertant cell lines

Output/Inputt
Agglutinability* Wild Permissi-

Cell Line Description Con A NG-18 Type  vity?d
3T3 (Swiss) Normal 1500 5 200 .03
Derivatives:
Py-6 Transf. by

polyoma 100-200 150 250 0.8
Py-6-R-1 FUdr

revertant 1500 100 120 0.8
Py-6-R-3 Spontaneous

revertant 1500 100 300 0.3
Py-6-R-6 Spontaneous

revertant 1500 65 250 0.3

*Half-maximal agglutinin concentrations (y/ml).

tApproximate average burst size determined after single
cycle-growth at low multiplicity of infection.

CRatio of Output/Input for NG-18 to Output/Input for wild type.

Relationship Between Agglutinability and Permissivity
in Non-Polyoma Transformed Cells

The data in the previous experiment showed that either a
cell-associated viral function or a viral-induced cellular
function in permissive polyoma transformed cells can complement
NG-18 without necessarily leading to the membrane change. Both
the origin (cellular versus viral) of the permissive function and
its mode of action in allowing NG-18 to grow remain to be clarified.
Attempts are being made to examine whether cells expressing
agglutinability following transformation by means other than
polyoma infection can be permissive for NG-18. Preliminary data
of this kind are shown in Table 4 in which a series of transformants
derived from the A-31 clone of Balb-3T3 are tested. It is clear
that a substantial enhancement of permissivity can accompany
transformation of normal cells by murine or avian sarcoma virus;
however, not all transformants expressing agglutinability become
permissive as shown by the cases of the SV-40 and spontaneous
transformants.
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TABLE 4. Agglutinability and permissivity for polyoma mutant NG-18
in various normal and transformed cell lines

Agglutin- Output/Inputt
ability* Wild
Cell Line  Description Con A NG-18 Type Permissivity®
A-31
(Balb-3T3) Normal 1500 2.5 50 .05
Derivatives:
PyA-31 Transf. by
polyoma 100-200 100 100 1.0
SVT2 Transf. by
SV40 100-200 5 100 .05
71EAC1-3  Transf. by
MSV 400 75 300 0.3

B77-A-31 Transf. by
avian sarcoma

virus B77 200-300 80 400 0.2
3T12 Transformed
spontaneously 1200 10 600 .02

*Half-maximal agglutinin concentrations (y/ml)

tApproximate average burst size determined after single
cycle-growth at low multiplicity of infection.

CRatio of Output/Input for NG-18 to Output/Input for wild type.

From these preliminary results, it appears that 1) both the
agglutinable state and the permissive function are expressions of
cellular genetic information capable of being triggered by
different transforming viruses and that 2) since permissivity and
agglutinability can be dissociated from one another, several steps
must be involved between the expression of cell-associated viral
genes and the cell surface change.
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THE PROPERTIES OF A POLYOMA VIRUS MUTANT, tsgy

R. Dulbecco
Imperial Cancer Research Fund

London, England

I would like to describe briefly the properties of a polyoma
virus mutant, ts3, which we feel is probably related to the host
range (hr) mutants described by Benjamin (this volume), which can-
not transform. The results I am going to describe were obtained
by Dr. Walter Eckhart and myself.

The ts3 mutant is temperature-sensitive both in lytic infec-
tion and transformation. I will first describe its behavior in
transformation because it is simpler. Using growth in agar to
differentiate the transformed cells, we have found that the mutant
will transform BHK cells both at permissive (32°C) and non-permis-
sive (39°C) temperature. However, the growth and surface properties
of the transformed cells are different at the two temperatures.
Thus at low temperature the topoinhibition parameter of the cells
is very low and their agglutinability by lectins is high, as in
cells transformed by wild type virus, whereas at high temperature
topoinhibition is higher and agglutination low, as in regular BHK
cells (Dulbecco and Eckhart, 1970; Eckhart, Dulbecco, and Burger,
1971). The changes in topoinhibition reflect changes for serum
requirement in a crowded cell layer (Dulbecco and Elkington, 1973).
The morphology of the cells also changes with the temperature. It
appears that the main properties of transformed cells, except
growth in agar, are temperature reversible, suggesting that the
mutation is in a gene whose continued expression is required for
transformation.
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The properties of the mutant in lytic infection at high tem-
perature show many deviations from those of wild type polyoma
virus in certain cells, in other cells the mutant behaves nearly
like wild type virus. Thus the first property of the mutant is
that temperature-sensitivity of growth is cell dependent. The
ratio of viral yield at 32°C over that at 39°C (in plaque-forming
units) is of several hundreds in BALB c¢/3T3 cells, but about 2 in
PY6 cells, which are Swiss 3T3 cells transformed by polyoma virus.
In mouse embryo cells the temperature sensitivity is very low (a
ratio of 2-6) somewhat higher in primary mouse kidney cultures
(10-20). These differences apply also to the production of infec-
tious viral DNA. In BALB/c3T3 cells at high temperatures the
mutant fails to induce cellular DNA synthesis or increased agglu-
tinability by lectins. The different behavior of ts3 virus in
different cells could be due either to the physiological state or
to the genetic organization of the cells. Concerning their physio-
logy, it seems that temperature sensitivity is related to the
ability of the cells to enter a resting stage, with BALB c¢/3T3 cells
at one end and PY6 at the other. From the genetic point of view
PY6 cells contain a polyoma virus genome, whereas the other cells
do not. However, there are certainly other differences related to
expression of cellular genes between these cells.

The possibility of a physiological mechanism is suggested by
the dependence of viral DNA replication on cellular DNA replication
for both polyoma virus and SV40 (Thorne, 1973a and 1973b; Pages et
al., 1973). This possibility was investigated by stimulating BALB
c/3T3 with serum at various times before and after infection. A
much lower ratio of the yield at 32°C to that at 39°C (22-25) was
obtained when serum was added 16-8 hours before infection. Although
temperature sensitivity was not abrogated, its reduction suggests
that the physiological state of the cells may be important for the
expression of this viral gene.

The second property of the ts3 mutant is that the infectivity
of the purified DNA extracted from the virus is not temperature-
sensitive in BALB c¢/3T3 cells. This result may implicate a virion
protein. However, only a very small proportion of the cells can
be infected by the viral DNA even at saturating concentrations,
raising the possibility that there are special cells, in which
temperature sensitivity is not expressed.

The third property, deduced from temperature shift experiments,
is that the mutation is expressed early, after viral absorption,
and that the stage blocked at non-permissive temperature takes
place at permissive temperature in the presence of hydroxyurea to
prevent DNA synthesis.

The fourth property is failure to complement with other polyoma
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virus ts mutants, of any known complementation group in BALB c¢/3T3
cells at non-permissive temperature.

This result is not due to a dominant lethal effect, since the
yield of wild type polyoma virus is not decreased by co-infection
with ts3. This result again suggests that the mutation affects a
virion protein which when altered prevents the function of the
viral DNA, possibly by remaining bound to it. Since ts3 does not
complement with tsa, which is affected in an early function (Fried,
1970), the cellular function involved would have to do with the
transcription or translation of the early region of the genome.

The properties of the mutant in lytic infection resemble those
of the 101 mutant of SV40 (Robb and Martin, 1972).

The interesting behavior of the mutant raises several questions:

1) 1Is it by chance a double mutant? Efforts to obtain a
partial revertant have been so far negative.

2) If the mutation affects a virion protein, what is its
nature and function?

3) 1Is complementation of the viral function by the cells due
to the expression of cellular or viral (integrated) genes? Work
directed at answering these questions is now proceding in both my
laboratory and Eckhart's laboratory.
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ABSTRACT

In order to understand the mechanism of replication of adeno-
virus DNA in productively infected human cells, the intracellular
forms of newly synthesized DNA have been studied. KB cells growing
in monolayers were inoculated with CsCl-purified adenovirus type 2
(Ad2) at a multiplicity of 100 PFU/cell. At various times after
infection, the cells were labeled with 3H-uridine or 3H-thymidine.
In some experiments the cells were prelabeled with l4Cc—-thymidine.
The intracellular DNA was extracted after lysis of the cells with
SDS or with alkali and was analyzed in dye-buoyant density gradients
or by zonal centrifugation in neutral or alkaline sucrose gradients.
The results of the experiments can be summarized as follows:

1) There is no evidence that parental or newly synthesized Ad2 DNA
becomes supercoiled. 2) A virus-specific DNA-RNA complex can be
isolated in dye-buoyant density gradients. This complex is pro-
bably involved in transcription. 3) In CsCl density gradients
viral DNA of high buoyant density is observed which is a precursor
to virion DNA as judged from pulse~chase experiments. These mole-
cules are in part single-stranded. 4) 1In alkaline sucrose grad-
ients viral DNA is detected which sediments at a rate of 50-90 S.
The evidence suggests that this DNA may represent an integrated form
of the viral genome.
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INTRODUCTION

Adenovirus type 2 (Ad2) replicates to high titers in KB cells,
a continuous line of human cells. Since a large number of viral
gene copies are synthesized in each cell, this system is well suited
for the detailed analysis of the mechanisms of viral DNA replication
and transcription. Furthermore, this system allows one to investi-
gate whether viral DNA or fragments of it become integrated into
the DNA of the host cell even in lytic infection. The understand-
ing of these events is contingent upon a complete knowledge of the
various forms of viral DNA synthesized in productively infected
cells.

A number of laboratories have begun to investigate the mechan-
ism of replication of adenovirus DNA (Horwitz, 1971; Robin,
Bourgaux-Ramoisy, and Bourgaux, 1973; Sussenbach et al., 1972; van
der Eb, 1973). A partly single-stranded DNA molecule seems to be a
precursor in viral DNA replication. A model for the replication of
the DNA of adenovirus type 5 has been derived from studies carried
out in a system using isolated nuclei (Jansz et al., this sympos-
ium; Sussenbach et al., 1972). According to this model, DNA repli-
cation proceeds by replacement of one of the two strands. A great
deal of work still is required to gain complete understanding of
the mechanism of adenovirus DNA replication.

In baby hamster kidney (BHK21l) cells abortively infected with
adenovirus type 12 (Ad12) viral DNA does not replicate (Doerfler,
1969). The parental viral DNA is fragmented to pieces of approxi-
mately 15-18 S (Burlingham and Doerfler, 1971) and fragments of
Ad12 DNA are covalently linked to cellular DNA (Doerfler, 1968 and
1970). Moreover, late in infection, fragments of cellular DNA are
observed (Doerfler, 1969). It is unclear how the fragmentation of
cellular DNA is correlated to the '"pulverization of chromosomes"
described in the BHK Adl2 system (Stich and Yohn, 1967).

There is mounting evidence that the DNA of adenoviruses can
become integrated by covalent linkage into cellular DNA. Integra-
tion of fragments of viral DNA has been shown for Adl2 DNA in
abortively infected BHK21 cells (Doerfler, 1968 and 1970). 1In Ad2
transformed rat cells Ad2 DNA persists and continues to be tran-
scribed (Green, 1970; Lindberg and Darnell, 1970; Pettersson and
Sambrook, 1973). 1In fact, integration may be a general phenomenon
in cells infected or transformed by DNA tumor viruses. Integrated
genomes have been demonstrated for Simian Virus 40 (SV40) both in
transformed cells (Collins and Sauer, 1972; Hirai, Lehman, and
Defendi, 1971; Sambrook et al., 1968) and in lytically infected
cells (Hirai and Defendi, 1972; Sauer et al., this symposium) and
in cells lytically infected with polyoma virus (Ralph and Colter,
1972). Fragments of the Herpesvirus genome may be integrated in
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cells found in certain cases of cervical cancer (Frenkel et al.,
1972).

In this study, some of the intracellular forms of Ad2 DNA
found in productively infected KB cells will be described. An
alkali stable form of Ad2 DNA sedimenting at a rate of 50-90 S and
with a buoyant density in alkaline CsCl gradients intermediate
between that of viral and cellular DNA (Burger and Doerfler, unpub-
lished results) probably represents integrated viral DNA. In the
second part of this paper, evidence will be presented for a DNA-RNA
complex which is involved in the transcription of the viral genome.

Lastly, experimental data will be described which implicate
partly single-stranded viral DNA molecules as possible precursors
in viral DNA replication.

The Materials and Methods used in this study have been
described in two recent publications (Burger and Doerfler, 1974;
Doerfler et al., 1973), and will not be repeated here. Experimental
details necessary to understand the significance of the experiments
presented will be given in the figure legends.

RESULTS AND CONCLUSIONS

I) Fast Sedimenting, Alkali Stable DNA in Ad2-Infected
KB Cells—-An Integrated Form of Ad2 DNA?

In earlier work (Burlingham and Doerfler, 1971) fast sediment-
ing, alkali-stable DNA was found in Ad2-infected KB cells, however,
only transiently and as a minor component. It now appears that
only small amounts of fast sedimenting DNA were seen because of the
procedure used to extract DNA at that time. This procedure con-
sisted of extraction by SDS-lysis, pronase treatment of the lysate
and phenolization, a procedure that could easily have fragmented
high molecular weight DNA. To avoid fragmentation, a more gentle
method of extraction of the intracellular DNA has been applied
(Doerfler, 1970; Lett et al., 1967; McGrath and Williams, 1966):
Lysis of intact cells or nuclei in alkali. The results presented
in Figure 1A demonstrate that after direct lysis of the Ad2-infected
cells in 0.5 M NaOH, four size-classes of DNA can be separated by
zonal sedimentation in alkaline sucrose density gradients:

1) DNA sedimenting very rapidly on to the cushion of alkaline
CsCl on the bottom of the gradient. This class of DNA contains
most of the l4C-prelabel and represents predominantly cellular DNA.

2) DNA sedimenting in a broad region between 50 S and 90 S.
This DNA contains only small amounts of prelabel, although some
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FIG. 1. DNA synthesis in Ad2-infected KB cells. Analysis by

zonal sedimentation in alkaline sucrose density gradients. KB cells
growing in monolayers were infected with unlabeled CsCl-purified
Ad2 at an m.o.i. of 100 PFU/ml or were mock-infected with PBS. In
the experiments illustrated in parts A and C the KB cells were pre-
labeled by adding 14C—thymidine (0.4 uCi/ml) to the medium and
maintaining the cells under these conditions for 3 days prior to
infection. In the experiment shown in part B the cells were not
prelabeled. In experiments A and C the cells were washed several
times with PBS immediately prior to infection, in order to remove
the 1l4c prelabel. At various times after infection, the newly
synthesized DNA was labeled with 3H—thymidine (30 uCi/ml of medium).
At the end of the labeling period, the cells were washed several
times with PBS and were lysed for 18 hours on top of an alkaline
sucrose gradient.

a. KB cells prelabeled with 14C—thymidine were infected with
Ad2 and the newly synthesized DNA was labeled with 3H—thymidine
from 14-17 hours post infection. Centrifugation was at 22,000 rpm
for 380 minutes at 4°C in the SW 27 rotor of the L2-65B ultracen-
trifuge.

b. KB cells were infected with Ad2 and the newly synthesized
DNA was labeled with 3H-thymidine from 14-17 hours post infection.
The sample was lysed in alkali for 18 hours together with lac-
labeled Ad2 marker DNA and then centrifuged in the SW 41 rotor at
35,000 rpm for 140 minutes at 4°C.

c. KB cells prelabeled with 14C-thymidine were mock-infected
with PBS and labeled with 3H-thymidine from 16-18 hours after
mock-infection. The cells were lysed in alkali and centrifuged at
23,000 rpm for 430 minutes at 4°C in the SW 27 rotor.
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experiments, such as that presented in Figure 2a, show more pre-
label than seen in the experiment presented in Figure la.

3) The main peak of 3H-labeled DNA, usually free of 1l4C-
prelabel, cosediments at 34 S (Doerfler and Kleinschmidt, 1970)
with l4C-labeled Ad2 marker DNA extracted from purified virions
(Figure 1b). It should be emphasized that the reference DNA sedi-
ments as a sharp, symmetrical peak demonstrating that 34 S viral
DNA is not dragged into faster sedimenting regions.

4) Slowly sedimenting DNA probably representing short pieces
of viral DNA.

The present study deals with the characterization of the 50 S-
90 S DNA. When mock-infected cells prelabeled with 1l4C-thymidine
are analyzed in the same way (Figure lc), the bulk of the 3H-label
is found on top of the cushion together with the mass of l4C-pre-
labeled cellular DNA. There is a minor peak heterogeneous in size,
approximately corresponding to the 50-90S region in the gradient.
Thus, this size-class of DNA is found in both uninfected and Ad2-
infected KB cells.

DNA in the 50-90 S size class has been observed in KB cells
after Ad2 infection at multiplicities of 1, 10, 100, and 1000 PFU/
cell and in experiments in which the labeling period with 3H-
thymidine was as brief as 30 minutes. 1In short pulses (1-7 minutes)
the 50-90 S peak is not evident.

The 50-90 S DNA is seen throughout the course of infection.
It is detected from 8-10 hours post infection until late in infec-
tion.

Characterization of the 50-90 S DNA by DNA-DNA hybridization.
Fast sedimenting DNA is present in both uninfected and Ad2~infected
cells. 1In order to determine if the fast sedimenting DNA from
infected cells contains viral sequences, it is necessary to hybridize
it to viral DNA. In the experiment shown in Figure 2a, l4C-pre-
labeled cells were infected with Ad2, were labeled with 3H-thymidine
from 14-17 hours post infection, and were analyzed by zonal sedi-
mentation. After centrifugation, aliquots of every other fraction
were hybridized to Ad2 and to cellular DNA. The data demonstrate
that the 50-90 S DNA and the 34 S peak hybridize to viral but not
to cellular DNA (Figure 2b).

Therefore, the fast sedimenting 50-90 S DNA is at least partly
viral in nature. It is possible that the 50-90 S DNA also contains
cellular DNA, since hybridization of cellular DNA is inefficient
when the filter method of hybridization is used.
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FIG. 2. Characterization of fast sedimenting DNA by DNA-DNA
hybridization.

a. KB cells growing in monolayers were labeled with l4C-
thymidine (0.4 uCi/ml) for 4 days. The medium was then removed,
the cells were carefully washed with PBS and infected with Ad2 at
an m.o.i. of 100 PFU/cell. The cells were labeled with 50 uCi of
3H-thymidine per milliliter of medium from 14-17 hours post infec-
tion. At the end of the labeling period, the cells were washed
with PBS, scraped off the plastic dish and lysed on top of an
alkaline sucrose gradient. The sample was centrifuged in the SW
27 rotor at 23,000 rpm for 7 hours at 4°C. Fractions were col-
lected, 0.2 ml aliquots were acid precipitated and analyzed as
described under Methods.

b. The 3H- and l4C-labeled DNA molecules in the fractions
from the experiment described in a) were characterized by DNA-DNA
hybridization. Five micrograms of unlabeled Ad2 DNA or 5 ug of
unlabeled KB DNA were fixed to nitrocellulose filters. Every other
fraction was analyzed. Aliquots of 0.2 ml were taken for hybridi-
zation. The aliquots were identical in volume to the aliquots
taken in section a. 0—o0, 3H-cpm hybridized to Ad2 DNA; e---e,
3H—cpm hybridized to KB DNA; o-+=.—-- 0, percent 3H—cpm hybridized
to Ad2 DNA.
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Resedimentation of fast sedimenting viral DNA. The fast sedi-
menting viral DNA can be isolated from an alkaline sucrose density
gradient and can be recentrifuged. It resediments at approximately
50-90 S (Figure 3). In order to achieve resedimentation at this
rate, it is necessary to avoid shear breakage, pipetting and
dialysis. The resedimentation at 50-90 S establishes the fast
sedimenting DNA as a real and distinct class of viral DNA.

The fast sedimenting DNA is not an artifact of the lysis or
sedimentation procedure. To determine if the fast sedimenting DNA
could be a complex of RNA and viral DNA, a sample of l4c-1abeled
ribosomal RNA from KB cells was lysed in alkali for 18 hours at
4°C as described above. After sedimentation, all the radioactivity
was found on top of the gradient, showing that under the conditiomns
used in this experiment RNA is hydrolyzed and thus cannot account
for the high sedimentation rate of the 50-90 S viral DNA.

Digestion of protein during alkali lysis. The data in Figures
4a and 4b demonstrate that it is essential to lyse the Ad2-infected
cells in 0.5 N NaOH at 4°C for many hours to remove protein effi-
ciently from fast sedimenting viral DNA. After short incubation
periods (1 hour), appreciable amounts of protein remain associated
with the fast sedimenting DNA (Figure 4a). Preliminary analysis
of this protein moiety by SDS-polyacrylamide gel electrophoresis
suggests that it is homogeneous; however, its nature is unknown.
Since the protein is effectively removed from the fast sedimenting
DNA by long incubation in alkali, aggregation with protein cannot
explain its high sedimentation rate.

Analysis of the fast sedimenting viral DNA in dye-buoyant den-
sity gradients. It is conceivable that the fast sedimenting viral
DNA represents supercoiled circular molecules. This possibility
has been eliminated by equilibrium sedimentation in dye-buoyant
density gradients. When a mixture of 14c-1abeled Ad2 marker DNA
and 3H-labeled fast sedimenting viral DNA was denatured in alkali,
neutralized, and sedimented to equilibrium in dye-buoyant density
gradients, the fast sedimenting DNA cobands exactly with the Ad2
marker (Figures 5a and 5b). Therefore, the fast sedimenting DNA
does not contain supercoiled stretches. It has previously been
shown (Doerfler et al., 1973) that supercoiled, viral DNA cannot be
isolated from Ad2-infected KB cells.

Conclusions. The presence of fast sedimenting, alkali stable
viral DNA can be explained by one of the following possibilities:

1) mechanical drag of viral DNA into the fast sedimenting
regions caused by the presence of cellular DNA

2) association of protein with DNA

3) complexing of RNA with DNA

4) supercoiled circular viral DNA
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FIG. 3. Resedimentation of fast sedimenting wviral DNA in alkaline
sucrose density gradient. Fast sedimenting viral DNA was isolated
in an experiment similar to the ones described in Figures la, 1b,
and 2a. The fractions comprising the fast sedimenting peak were
carefully poured on top of an alkaline sucrose density gradient
(15-30%) together with l4C-labeled Ad2 marker DNA. Pipetting of
the samples was avoided to minimize shear breakage of the fast
sedimenting DNA. Conditions of sedimentation: SW 27 rotor,
23,000 rpm for 10 hours at 4°C. The DNA in fractions 8 to 16 was
calculated to have approximate S values of 50 to 90.
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FIG. 4. Release of protein from fast sedimenting DNA by extensive
alkali treatment. KB cells were infected with unlabeled, CsCl-
purified Ad2 at an m.o.i. of 100 PFU/cell. At 13 hours post infec-
tion, the Eagle's medium containing 10% calf serum was removed and
the medium was changed to: 257 Eagle's medium containing 107% calf
serum, and 75% reinforced Eagle's medium without amino acids con-
taining 10% calf serum. In addition, the new medium contained
l4c-1abeled protein hydrolysate (10 uCi/ml) that was concentrated
approximately tenfold by lyophilization. At 14 hours post infec-
tion, JH-thymidine (30 uCi/ml) was added to the medium. At 17
hours post infection, the cells were washed and lysed in alkali.

a. Alkali lysis at 4°C proceeded for 1 hour. The sample
was centrifuged in the SW 27 rotor at 22,000 rpm for 375 minutes
at 4°C.

b. Alkali lysis was extended to 17 hours at 4°C. The sample
was centrifuged in the SW 27 rotor at 22,000 rpm for 375 minutes
at 4°C.
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5) Linear or circular oligomeric viral DNA
6) Viral DNA integrated by covalent linkage into cellular DNA.

The present studies show that the last possibility, covalent
integration of viral DNA into the cellular genome, appears to be
the most likely one. The possibility of mechanical trapping of
viral DNA in cellular DNA can be excluded for several reasons.

The first is evidence from resedimentation. When fractions con-
taining fast sedimenting DNA are pooled and recentrifuged on alka-
line sucrose gradients, the fast sedimenting DNA resediments in
the same 50-90 S position (Figure 3). Secondly, viral marker DNA
does not show any drag (Figure 1b). 1In addition, the use of less
than 1 ug of DNA per gradient makes mechanical drag of the DNA un-
likely. Furthermore, even when alkaline gradients are overloaded,
the sedimentation patterns are unaltered.

It is very unlikely that protein remains associated with DNA
after extensive alkaline hydrolysis (Figure 4). After a short term
incubation of one hour in alkali, proteins, possibily specific
polypeptides, remain associated with the fast sedimenting DNA. The
nature of these polypeptides still has to be determined. However,
after a seventeen-hour incubation in alkali, the labeled proteins
no longer sediment with the fast sedimenting DNA. Similar experi-
ments demonstrate that RNA is digested by the same long-term incu-
bation in alkali, and therefore complexing of RNA to fast sediment-
ing DNA is unlikely as well.

The results of equilibrium centrifugation of the fast sedi-
menting viral DNA in dye-buoyant density gradients indicate that
this DNA does not consist of supercoiled, covalently closed mole-
cules (Figure 5). Other recently published results employing sim-
ilar methods (Doerfler et al., 1973) demonstrate that covalently
closed supercoiled circular viral DNA cannot be detected in pro-
ductively or abortively infected cells. Although covalently closed
supercoiled circular viral DNA is not found, it is possible that
protein or other intracellular structures maintain the viral DNA in
a circular configuration within the cell.

It is not possible to determine unequivocally at the present
time whether the fast sedimenting DNA is oligomeric viral DNA or
viral DNA integrated into the cellular genome. The fast sediment-
ing DNA represents a heterogeneous population of molecules since it
sediments in a region extending from 50-90 S. This heterogeneity
may result from fragmentation of the molecules and is consistent
with the possibilities of both oligomeric and integrated viral DNA.
The results of equilibrium centrifugation of fast sedimenting viral
DNA in alkaline CsCl gradients (Burger and Doerfler, unpublished
results) suggest that the fast sedimenting DNA has a buoyant density
between that of the viral and the cellular genomes and therefore
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FIG. 5. Analysis of the fast sedimenting viral DNA by equilibrium
centrifugation in dye-buoyant density gradients. The fast sedi-
menting viral DNA was isolated in an experiment similar to the one
described in the legend to Figure 1b. 4c-1abeled Ad2 marker DNA
was added to the sample, the mixture was adjusted to 0.1 N NaOH
and was incubated at 4°C for 15 minutes. The sample was then neu-
tralized by adding a predetermined amount of 1 N HC1l and 1 M Tris-
hydrochloride, pH 7.5. The DNA was then analyzed either directly
by equilibrium centrifugation in a dye-buoyant density gradient
(a) or after dialysis into 0.01 M Tris-hydrochloride pH 7.2, 0.001
M EDTA, 0.2 M NaCl (b). The samples were centrifuged to equili-
brium in the SW 56 rotor at 40,000 rpm for 43 hours at 20°C. After
centrifugation five-drop fractions were collected and directly

analyzed in TM solution. In the figures the densities increase to
the left.
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must contain an integrated form of viral DNA.

If integration of Ad2 genetic material into cellular DNA does
indeed occur in productive infection, the biological significance
of this event has yet to be determined. Further experiments should
explore the possibility whether integration may be required for
efficient late transcription of viral genes using cellular promoter
sites. Such promoters may be preferred by the cellular and/or viral
polymerase systems. It must also be determined if integration is
a chance event perhaps carrying serious consequences for the cell
but no advantage to the virus.

All the evidence available to date may warrant the generaliza-
tion that integration is important not only for the fixation and
expression of the viral genome in a latently infected or a trans-
formed cell, but has a function also in productive infection. This
functional role that integration plays in lytic infection is hardly
understood at present. The effects of viral integration on the
cell have yet to be explored.

IT) A DNA-RNA Complex Isolated from Ad2-Infected KB Cells

The newly synthesized DNA in KB cells productively infected
with Ad2 was analyzed in dye-buoyant density gradients (Hudson et
al., 1969), in order to investigate whether newly synthesized DNA
occurs in the form of covalently closed supercoiled circular mole-
cules.

Analysis in dye-buoyant density gradients of the newly synthe-
sized DNA in Ad2-infected KB cells. At late times after infection,
the DNA synthesized in cells productively infected with Ad2 is
almost exclusively viral (Doerfler, 1969; Green, 1962; Pifia and
Green, 1969; Takahashi et al., 1969). Thus, it is possible to
label predominantly viral DNA or intracellular forms of viral DNA
involved in the replication of adenovirus DNA when Ad2-infected KB
cells are maintained between 24 and 30 hours post infection in
medium supplemented with 3H—thymidine. Since in cells productively
infected with Ad2 a large number of copies of viral DNA are synthe-
sized (Doerfler, 1969; Green, 1962) even a minor, metabolically
important component of viral DNA may be detectable in this system.

The newly synthesized DNA in Ad2-infected KB cells has been
analyzed in dye-buoyant density gradients (Figure 6). A relatively
small fraction (up to 15.2% [see Figure 10]) of the newly synthe-
sized DNA bands in a higher buoyant density stratum in dye-buoyant
density gradients than the bulk of the DNA which cosediments with
the l4C-labeled Ad2 marker DNA (not shown in Figure 2, but see
Figure 7, bottom).
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FIG. 6. Analysis of the newly synthesized DNA in Ad2-infected KB
cells in dye-buoyant density gradients. Monolayers of KB cells
were inoculated with a 1:50 dilution in PBS of a crude extract of
Ad2-infected KB cells. After a 2 hour adsorption period at 37°C,
the inoculum was removed and 5 ml of MEMC was added. At 24 hours
post infection, 3H—thymidine (20 uCi/ml) was added to the medium
and at 30 hours post infection, the total intracellular nucleic
acid was extracted and analyzed in dye-buoyant density gradients.
Centrifugation was performed in an SW 56 rotor at 40,000 rpm for
41 hours at 20°C. The abbreviations HP and LP refer to the heavy
and light peak fractions, respectively. The fractions indicated
by the bars were pooled and analyzed by recentrifugation in a dye-
buoyant density gradient (see Figure 7).
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FIG. 7. Resedimentation of SH-labeled DNA in dye-buoyant density
gradients. In the experiment described in the legend to Figure 6,
fractions 5-15 (HP) and 16-21 (LP) were combined and resedimented
in dye-buoyant density gradients. To each gradient l4c-1abeled
Ad2 DNA was added as density marker. HHP, HP, and LP refer oper-
ationally to heavy-heavy, heavy and light peaks, respectively,
indicating DNA fractions of increasing buoyant density, relative
to LP which has the buoyant density of viral (Ad2) DNA complexed
with propidium iodide. The limit between the HHP- and HP-fractions
was drawn arbitrarily.
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The DNA fractions of high buoyant density are designated HP
(heavy peak), those cosedimenting with marker DNA are referred to
as LP (light peak). The HP DNA is observed also when 3H—thymidine
is added to the medium between 8 and 13 or between 16 and 22 hours
post infection. The HP DNA is found also when extracts of unin-
fected KB cells are analyzed in dye-buoyant density gradients.

In the experiment described in Figure 7, the HP- and LP-frac-
tions from the experiment shown in Figure 6 have been pooled and
resedimented in dye-buoyant density gradients. It is apparent
that each DNA fraction resediments in the proper density stratum,
the HP-fraction in a relatively wide region which has been sub-
divided arbitrarily into the HHP~ and HP~fractioms.

Further characterization of the HHP- and HP-DNA fractioms.
a) Rate zonal sedimentation: The combined HHP- and HP-DNA and
the LP-fractions have been dialyzed extensively. Subsequently, the
DNA from these fractions has been analyzed further by rate zonal
sedimentation experiments in neutral (pH 7.6) and alkaline (pH 12.5)
sucrose density gradients (Figure &). At pH 7.6, the HHP/HP frac-
tions sediment in a double peak at 59 and 39 S (Figure 8A) and the
LP-fractions in a double peak of 45 and 32 S (Figure 8B). At pH
12.5, the HHP/HP-fractions sediment in a single peak at 34 S (Figure
8C), i.e. together with the 14c-1abeled Ad2 DNA used as marker.

b) DNA-DNA hybridization: The data in Table 1 demonstrate that
the DNA in the HHP-, HP- and LP-fractions is predominantly viral
DNA. The extent of the hybridization of these DNA-fractiomns to
cellular (KB) DNA lies significantly above background. It is con~
cluded that the DNA in the HHP-, HP- and LP-fractions is predomi-
nantly Ad2 DNA and sediments at 59 and 39 S in neutral, at 34 S in
alkaline sucrose density gradients (Doerfler-and Kleinschmidt,
1970). Cellular DNA synthesis is not completely shut off between
24 and 30 hours post infection and cellular DNA in small amounts
is present in both HHP/HP- and LP-fractionms.

Is the DNA from the HHP- and HP-fractions associated with RNA?
The possibility has to be considered that the DNA banding in the
HHP- and HP- regions in dye-buoyant density gradients represents
supercoiled circular molecules (Hudson et al., 1969). However, the
results of the rate zonal sedimentation experiments in neutral and
alkaline sucrose density gradients are not consistent with the
presence of supercoiled DNA molecules. Moreover, electron micro-
scopic examination of the DNA in the HHP- and HP-fractions does not
reveal circular structures.

Analysis in Cs,S0, density gradients. The 3H-labeled DNA from
the HHP-, HP- and LP-fractions has been centrifuged to equilibrium
in Cs,S0, density gradients before and after treatment with pan-
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FIG. 8. Zonal sedimentation of HP DNA and LP DNA in neutral and
alkaline sucrose density gradients. KB cells were infected with
unlabeled Ad2 and the infected complexes were labeled with 3H-
thymidine between 12 and 24 hours post infection. The HP- and
LP-DNA fractions were isolated by two cycles of equilibrium cen-
trifugation in dye-buoyant density gradients. Subsequently, the
dye was removed, the fractions were dialyzed against TE, and
analyzed by zonal sedimentation in neutral or alkaline sucrose
density gradients. A small amount of 14c_1abeled Ad2 DNA was used
as marker. The samples were centrifuged in an SW 56 rotor at
45,000 rpm for 80 minutes at 4°C. At the end of centrifugation,
six-drop fractions (0.2 ml) were collected and counted.

A. HP in neutral sucrose density gradient.
B. LP in neutral sucrose density gradient.
C. HP in alkaline sucrose density gradient.
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TABLE 1. Characterization of the DNA from the HHP-, HP-,
and LP-fractions (Figure 3) by DNA-DNA hybridi-
zation

Counts/min % of input
Input hybridized to hybridized to
Experiment 34 DNA from (counts/min) KB DNA Ad2 DNA KB DNA Ad2 DNA

1 HHP 8,224 111 3,039 1.3 37.0
HP 10,209 148 5,008 1.4 49.1
LP 61,761 2,402 57,657 3.9 93.4

Ad2 virus
(control) 125,278 161 56,460 0.1 45.1
2 HP 36,730 - 16,586 - 45.1
LP 301,152 - 124,733 - 41.4

Ad2 virus
(control) 12,020 - 5,870 - 48.8

Experiment 1: Aliquots of the fractions designated HHP, HP
and LP were dialyzed against 5 M NaCl in TE and against TE, were
treated with a mixed bed resin (Bio-Rex RG 501-x8), and were hybri-
dized to KB DNA and Ad2 DNA (each 5 micrograms) fixed to mitrocellu-
lose filters (see Materials and Methods). The figures represent
the mean of double determinations. Control experiments were per-
formed with 3H-labeled Ad2 DNA.

Experiment 2: KB cells were infected with unlabeled Ad2 and
were labeled with 20 uCi of 3H-thymidine per milliliter from 15 to
20 hours post infection. The HP- and LP- fractions were purified
over two cycles of equilibrium centrifugation in dye-buocyant den-
sity gradients. The dye was removed by extensive dialysis versus
5M NaCl in TE and TE. Aliquots of the 3H-labeled HP- and LP-frac-
tions and of the 3H-labeled Ad2 DNA were boiled in 0.27 N NaOH for
10 minutes to denature the DNA and destroy the RNA. Subsequently,
the samples were chilled, rapidly neutralized and added to the
hybridization mixture. Each value represents the mean of double
determinations.

creatic ribonuclease at low (0.005 M Tris-hydrochloride, pH 7.5)

and high (0.2 M NaCl in 0.005 M Tris-hydrochloride, pH 7.5) salt
concentrations to determine whether the viral DNA in these fractions
is associated with RNA. The results of this experiment clearly
demonstrate (Figure 9) that—-prior to digestion with ribonuclease--
the DNA in the HHP- and HP-fractions from dye-buoyant density
gradients sediments in Cs,S0, gradients in a density stratum char-
acteristic for DNA-RNA complexes. The data indicate that the DNA
from the HHP-region is associated with larger amounts of RNA than
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FIG. 9. Analysis of the HHP-, HP-, and LP-fractions by equilibrium
sedimentation in Cs2S04 density gradients.

A. Aliquots of the HHP-, HP-, and LP-fractions were dialyzed
against 5M NaCl in TE and against TE for a total of 54 hours, and
were subsequently centrifuged to equilibrium in Cs,S0, density
gradients. Each gradient contained 6.4 ug of l4c-Tabeled Ad2 DNA
as density marker. The gradients were centrifuged for 44 hours at
35,000 rpm and at 20°C. In every tenth fraction the refractive
indices were measured and the densities were calculated according
to the equation of Vinograd and Hearst (1962).

B. In this series of experiments the samples from the HHP-,
HP-, and LP-fractions were incubated with pancreatic ribonuclease
prior to equilibrium sedimentation. Aliquots (0.1 ml) of the HHP-,
HP-, and LP-fractions were diluted with 0.4 ml of 0.005 M Tris-
hydrochloride and were incubated with pancreatic ribonuclease (18
ug/ml) at 37°C. After 80 minutes, the mixtures were extracted with
twice the volume of phenol saturated with 1 M Tris-hydrochloride,
pH 7.5. The phenol was removed by diethylether. Finally, the
samples were flushed with Ny and prepared for equilibrium sedimen-
tation in Cs,S0, density gradients.
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the DNA from the HP-region. Both fractions of DNA contain struc-
tures which apparently lose their RNA components during removal of
the propidium iodide prior to equilibrium centrifugation in Cs,SO
density gradients since some of the DNA cobands with the l4C-labeled
Ad2 marker DNA in CspS0, density gradients. As expected, the DNA
from the LP-region in the dye-buoyant density gradients cobands
with the marker DNA in CsySO, density gradients. When the DNA in
the HHP-, HP- and LP-fractions is treated at high or low salt con-
centrations with pancreatic ribonuclease (previously heated to
90°C for 5 minutes) and then sedimented to equilibrium in Cs,S0,
density gradients, all of the 3H—-activity cobands with the marker
DNA (Figure 9B).

These results suggest that a fraction of the newly synthesized
viral DNA in Ad2-infected KB cells is associated with RNA in such
a way that the RNA component of the complex becomes susceptible to
digestion by pancreatic ribonuclease at high or low salt concentra-
tion. This finding can be explained best by assuming that an RNA
chain is hydrogen-bonded to DNA by only part of its sequences and
that the major part of the RNA chain remains free. The DNA complex
can be separated from "free' viral DNA by equilibrium centrifugation
in CsCl-propidium iodide density gradients.

The RNA-moiety of the HP-fraction is partly liberated before
or during the final centrifugation procedure since there is free
RNA present in the gradient even prior to thermal denaturation of
the HP-fraction. This RNA is possibly liberated from the complex
due to the shift from solutions of high to low to high salt concen-
tration. After heat denaturation of the HP-fraction and banding
in Csy804 density gradients the label in the density stratum
characteristic for a DNA-RNA complex shifts to the density position
of free RNA.

In a control experiment Ad2-infected KB cells were double
labeled with 3H-uridine and 14C—thymidine and the HP- and LP-frac-
tions were separated by equilibrium centrifugation in CsCl-propidium
iodide and Cs,SO, density gradients. The 3H- and l4C-activity
profiles of the LP-fractions coincide exactly in CsCl-propidium
iodide gradients (Figure 10).

Characterization of the RNA component associated with viral
DNA. a) 1Isolation by Cs9S04 density gradient centrifugation. The
DNA-RNA complex has been labeled with both l14C-thymidine and 3H-
uridine. After equilibrium sedimentation in dye-buoyant density
gradients, both the HP-region (fractioms 6-14) and the LP-fractioms
(fractions 16-17) in Figure 10 contain 14c- and 3H-activities.
The results of an experiment in which the HP- and LP-fractions
have been recentrifuged in a second CsCl-propidium iodide gradient
are shown in Figure 11. The HP-fraction gives rise to a peak of
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FIG. 10. Analysis of DNA from Ad2-infected KB cells labeled with
3H-uridine and l4C-thymidine. KB cells (4.9 x 106 cells per

petri dish) growing in monolayers were inoculated with CsCl-purified
Ad2 (ca. 103 PFU/cell). At 16 hours post infection, 4 uCi of 3n-
uridine and 0.5 uCi of l4C-thymidine were added per milliliter of
medium. At 22 hours post infection, the cells were washed with
PBS—-d and the intracellular DNA was extracted and analyzed in a
dye-buoyant density gradient using CsCl and propidium iodide.
Aliquots of all fractions were precipitated with TCA and the radio-
activity was determined to yield the distribution of the 38- and
1l4C-activities. Fractions 6 to 15 were combined to the HP (heavy
peak) fraction, fractions 16-18 to the LP (light peak) fraction.
Densities were calculated from the refractive indices as described
by Vinograd and Hearst (1962).
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free RNA (fractions 1-5) and to at least two peaks of RNA-DNA
(fractions 7-11) and DNA-RNA (fractions 13-18) complexes containing
different amounts of DNA, whereas the LP-fractions resediment as a
sharp, symmetrical peak of DNA in which the 3H- and l4C-activity
profiles are matched exactly (see above).

The fractions characterized by the experiment in Figure 11
have been purified further by equilibrium centrifugation in Cs)S04
density gradients. It can be shown that the free RNA component
and the RNA-DNA complex can be clearly resolved in these gradients.
Again, it is observed that the 3H- and l4C-activity profiles in
the free DNA component are completely congruent.

b) RNA-DNA hybridization: The RNA components of the RNA-DNA and
DNA-RNA fractions as well as free RNA as characterized by the
experiment described in Figure 11 have been analyzed by RNA-DNA
hybridization (Table 2, Experiment 1). In one experiment (Table 2,
Experiment 2) the RNA component of the complexes was isolated in
Cs9SOy density gradients after heat denaturation of the complexes
and then used in RNA-DNA hybridization experiments. All RNA-frac-
tions hybridize predominantly to viral DNA. There is no difference
in the extent of hybridization to viral DNA between the RNA isolated
from the complexes and the RNA still in the complex. There is little
hybridization to cellular DNA.

Conclusions. The intracellular DNA of KB cells productively
infected with adenovirus type 2 has been analyzed by equilibrium
sedimentation in dye-buoyant density gradients to investigate whe-
ther Ad2 DNA can become circularized in the process of viral DNA
replication. Although as much as 15 percent of the newly synthe-
sized viral DNA has a buoyant density in CsCl-propidium iodide
gradients which is characteristic of supercoiled circular DNA,
further analysis of this fraction of viral DNA does not support the
notion that Ad2 DNA becomes circularized in the cell. Electron
microscopic examination of the material from the higher buoyant
density regions does not reveal circular structures (unpublished
data). Furthermore, the results of rate zonal analysis in sucrose
density gradients at pH 7.6 and 12.5 are not compatible with the
presence of supercoiled circular Ad2 DNA molecules (Figure 8).

The experimental evidence presented is in agreement with the
conclusion that an Ad2 specific DNA-RNA complex can be separated
from the bulk of the newly synthesized DNA due to the increased
buoyant density of the complex in CsCl propidium iodide density
gradients. Preliminary data (Ortin and Doerfler, unpublished
results) indicate that the bulk of the RNA isolated from the com-
plexes carries sequences of polyadenylic acid since more than 807
of the RNA binds to polyuridylic acid-sepharose under suitable con-
ditions. This finding further supports the notion that the DNA-RNA
complex is indeed involved in transcription.
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FIG. 11. Resedimentation of the HP- and LP-fractions in CsCl
propidium iodide gradients in dye-buoyant density gradients. The
HP material (top frame) can be resolved into the RNA-, RNA-DNA-,
and DNA-RNA-fractions. Judging from the buoyant densities of the
fractions, free viral DNA would be expected to band between frac-
tions 20 and 22 in the HP resedimentation experiment. The LP
material resediments in the density stratum of free DNA (bottom
frame). The experimental conditions are the same as described in
the legend to Figure 10.
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TABLE 2. Characterization of the RNA moiety from the RNA-,
RNA-DNA, and DNA-RNA fractions by RNA-DNA

hybridization
Hybridized % of input
3H-1abeled Input counts/min hybridized
Experiment RNA (counts/min) KB DNA Ad2 DNA KB DNA Ad2 DNA
1 RNA fraction 41,131 102 4,639 0.25 11.3
RNA-DNA
fraction 9,582 134 3,745 1.4 39.1
DNA-RNA
fraction 1,026 6 1,430 0.6 100
2 HP-heated 3,159 - 473 - 15.0
HP-unheated 673 - 325 - 48.3

Experiment 1: The fractions after the second cycle of equili-
brium sedimentation in dye-buoyant density gradients (Figure 11)
were analyzed by the DNA-RNA annealing procedure. To each filter
5 micrograms of 14c_1abeled Ad2 DNA or KB DNA were fixed. By using
l4c-1abeled DNA on the filter, it was possible to standardize the
results to a unit amount of DNA on the filter. 1In these experi-
ments, the RNA-DNA and DNA-RNA fractions were added directly to the
hybridization mixture without previous denaturation. The values
represent the mean of double determinationms.

Experiment 2: Ad2-infected KB cells were labeled with 3H-
uridine (20 pCi/ml) and 14C—thymidine (0.1 pCi/ml) from 16-23 hours
post infection. The HP- and LP-fractions were isolated by two
cycles of equilibrium sedimentation in dye-buoyant density grad-
ients. The dye was removed by dialysis and the HP-fractions were
resedimented in Cs,50, density gradients. Prior to equilibrium
sedimentation in CspS0, density gradients, one half of the HP-
material was heat denatured (100° for 5 minutes, then chilled).

For the DNA-RNA hybridization reaction the 3H-labeled material from
the density position of free RNA (HP-heated) and of the DNA-RNA
hybrid (HP-unheated) was used.

The data obtained so far do not provide information on the
question whether some of the RNA in this complex is covalently
linked (Sugino, Hirose, and Okazaki, 1972; Wickner et al., 1972) to
viral DNA. It has to be emphasized that the 3H-uridine label incor-
porated into DNA (in the LP structure) is alkali stable, and hence
not in RNA. A number of laboratories have reported that a partly
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single-stranded DNA structure may play a role in the replication
of adenovirus DNA (Sussenbach et al., 1972; van der Eb, 1973; van
der Vliet and Sussenbach, 1972).

In short pulses of 3H—thymidine of 5, 10, and 15 minutes
duration given at 16 hours post infection, 36.4%, 43.47% and 32.6%,
respectively, of the total label incorporated into DNA is found
in the HP-fraction. A high proportion of this label can be chased
(30 minutes, 100 ug of cold thymidine per milliliter) into the LP-
position of free viral DNA. Thus, it is likely that a part of the
label found in the HP-position after short pulses represents partly
single-stranded DNA which may be involved in viral DNA replication.
When a six hour labeling period is used the bulk of the 3H-label
in the HP-region is due to the DNA-RNA complex.
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THE MECHANISM OF REPLICATION OF ADENOVIRUS TYPE 5 DNA

J. S. Sussenbach, P. C. van der Vliet, D. J. Ellens,
J. Vlak, and H. S. Jansz
Laboratory for Physiological Chemistry, State University

of Utrecht, Utrecht, The Netherlands

INTRODUCTION

The virions of adenovirus type 5 (Ad5) DNA contain a linear
double-stranded DNA molecule with a length of 11 um corresponding
to a molecular weight of 23 million daltons (Eb, Kesteren, and
Bruggen, 1969; Green et al., 1967). Pearson and Hanawalt (1971)
have shown that by labeling adenovirus-infected Hela cells with
3H-thymidine for 5 minutes, the major fraction of the label entered
into a fast-sedimenting "replication complex." The label could be
chased from this complex into mature adenovirus DNA. The DNA
isolated from these complexes showed an increased buoyant density
in CsCl as compared to mature adenovirus DNA. This suggested the
presence of single-stranded DNA or RNA in the replicative forms of
adenovirus DNA.

We have further characterized the replicative intermediates
employing a system of isolated nuclei derived from Ad5-infected KB
cells (Sussenbach and Vliet, 1972; Vliet and Sussenbach, 1972).
These nuclei continue to support viral DNA synthesis from the four
deoxyribonucleoside triphosphates (dNTP's). A similar system has
been developed by Reichard and collaborators for polyoma virus
(Winnacker, Magnusson, and Reichard, 1971). The nuclear system has
several advantages over intact infected cells, e.g., for labeling
of DNA the direct precursors of DNA synthesis (dNTP's) can be uséd,
which allows for rapid pulse and density shifts. This facilitates
the identification and isolation of replicative intermediates. Our
investigations so far have mainly been concerned with the structure
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A) Sucrose gradient centrifugation of new 35-DNA (e—e) on
an isokinetic sucrose gradient synthesized in the nuclear system.
Centrifugation was performed for 16 hours at 19,000 rpm in the
ldc-1abeled mature Ad5 DNA (A—4) was used as marker

B) Alkaline sucrose gradient centrifugations of fractioms
I and II on isokinetic sucrose gradients at 37,000 rpm for 4 hours
in the Spinco SW41 rotor with mature Ad5 DNA as 34S marker.
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of the replicative intermediates of Ad5 DNA and the interpretation
of such structures in terms of a mechanism of DNA replication. In
this paper we present experiments which support a displacement
mechanism for the replication of the Ad5 DNA involving A-shaped
intermediates and which will be referred to as the ) mechanism in
order to distinguish it from the well-known 6 and ¢ mechanism for
circular DNA replication.

RESULTS

For the isolation and characterization of replicative inter-
mediates we have developed a system of isolated infected nuclei.
Cells in suspension culture were infected with Ad5 at a M.0.I. of
3,000 physical particles per cell. At 18 hours after infection
cells were harvested and resuspended in a hypotonic Hepes buffer.
At that time cellular DNA synthesis is considerably reduced, while
active viral DNA synthesis occurs. Subsequently the cells were
ruptured by a Potter homogenizer, and the nuclei were isolated by
centrifugation. In order to study viral DNA synthesis, nuclei
were incubated in a synthetic medium containing 40 mM Hepes pH
7.1, 90 mM NaCl, 5 mM ATP, 8 mM MgCl,, 0.4 mM CaCly, 8 mM phos-
phoenolpyruvate, 0.05 mM each of dGTP, dCTP, dATP, 0.001 mM
6-3H-dTTP (7 Ci/mM) and 1 U/ml pyruvate kinase. After incubation
DNA was isolated using a Hirt extraction procedure (Sussenbach and
Vliet, 1972; Vliet and Sussenbach, 1972).

Figure 1A represents the result of a sucrose gradient centri-
fugation of DNA extracted from isolated infected nuclei which were
incubated for 60 minutes. This incubation period corresponds to a
pulse of approximately 3 minutes in intact cells. Three classes of
new DNA were observed, viz. one sedimenting faster than mature Ad5
DNA (I), one sedimenting slower (III), and one sedimenting with the
same velocity (II).

There is agreement among several groups working in this field
about the interpretation of a sedimentation profile as shown in
Figure 1A. Eb (1973), Petterson (in press), and Vlak (unpublished
results) obtained similar results with Ad2- or Ad5-infected intact
cells, which were pulse-labeled with 3H—thymidine for 1-3 minutes
at 14 hours after infection. Bellett and Younghusband obtained
similar results with CELO virus (1972).

The material sedimenting faster than mature Ad5 DNA (I) and the
material at the same position as mature Ad5 DNA (II) contain
replicative intermediates. The labeled material sedimenting slower
than mature DNA (III) consists for a considerable part of cellular
DNA, while the other part represents fragments of replicative inter-
mediates produced by shear.
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FIG. 2. Equilibrium density gradient centrifugation of 3H-DNA
(A—) (fraction I from Figure 1A) in neutral CsCl gradients. Cen-
trifugation was performed at 38,000 rpm for 76 hours in a Spinco
Ti50 rotor with l4C-labeled Ad5 DNA as density marker (e—e).
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The evidence that fractions I and II contain replicative inter-
mediates can be summarized as follows:

1. It has been shown that during short pulse-labeling of new
DNA in intact infected cells, the label is incorporated in fast-
sedimenting molecules with sedimentation coefficients between 31
and 80S (Eb, 1973; own unpublished results). During a subsequent
chase period all pulse-label can be converted into material sedi-
menting identical to mature adenovirus DNA (31S).

2. The DNA present in the fast-sedimenting material hybridized
to a high extent to adenovirus DNA and not to cellular DNA, indi-
cating its viral origin (Sussenbach and Vliet, 1972; Vliet and
Sussenbach, 1972).

These results are compatible with the assumption that the fast-
sedimenting molecules represent replicating adenovirus DNA. An
extended study of the replicative intermediates, isolated from
nuclei, has led to the following conclusions:

1. Replicative intermediates contain new DNA of genome length
or shorter. Centrifugation of the replicative intermediates in
fraction II (Figure 1A) in alkaline sucrose gradients shows that
this fraction contains new DNA strands of genome size (34S) or
shorter molecules (Figure 1B). The fast-sedimenting molecules
(fraction I), however, contain only new strands shorter than genome
length. Single~stranded new DNA longer than genome length as
expected for a rolling circle type of replication has never been
observed.

2. Replicative intermediates contain single-stranded DNA.
The fast-sedimenting DNA, observed in the nuclear system, was
further studied by centrifugation in neutral CsCl gradients.
Figure 2 shows that this DNA has a higher buoyant density (1.716-
1.724 g/ml) than mature Ad5 DNA (1.716 g/ml) (Sussenbach and Vliet,
1972). The high density of the replicative intermediates suggests
the presence of considerable regions of single-stranded DNA or RNA,
The absence of RNA was concluded from the observation that digestion
of the fast-sedimenting DNA with 20 ug/ml pancreatic RNase and 0.25
U/ml TiRNase for 2 hours under low salt conditions did not influence
the buoyant density in CsCl. The presence of single-stranded DNA
was established by binding experiments with this DNA to benzoylated
naphthoylated DEAE-cellulose (BND-cellulose). Almost all fast-
sedimenting DNA behaved as single-stranded DNA containing molecules
(Sussenbach et al., 1972).

3. The new DNA in replicative intermediates is not covalently
linked to parental DNA. To investigate a possible linkage between
parental and new DNA, nuclei were isolated from cells infected with
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Ad5 containing 32P--DNA. Subsequently the nuclei were incubated in
a synthetic medium containing dBTP and 3H~dATP. Under these con-
ditions heavy new 34-DNA is synthesized. The absence or presence
of a covalent linkage was studied by centrifugation of the replica-
tive intermediates in alkaline CsCl gradients. It was observed
that no linkage existed between the light 32p_DNA and the heavy
3H~labeled new DNA, indicating the absence of repair synthesis
(Vliet and Sussenbach, 1972).

4. Replicative intermediates have a linear structure. Elec-
tron microscopy of isolated intermediates revealed the existence
of branched and unbranched linear molecules containing considerable
regions of single-stranded DNA (Sussenbach et al., 1972). A col-
lection of several types of these molecules is shown in Figure 3.
Also completely single~stranded molecules of genome length were
observed.

These observations have led to a model for the replication of
Ad5 DNA (Figure 4), which will be referred to as the A model. In
this model DNA synthesis starts at the end of the linear duplex on
one strand displacing the other strand. This process can continue
until one strand is completely displaced explaining the presence of
single strands of genome size. Displacement synthesis thus produces
one completed double-stranded daughter molecule and a single strand.
This single strand is converted into the other daughter molecule by
discontinuous synthesis of a complementary strand, explaining the
single-stranded molecules with double-stranded regions. Finally
and alternatively, this complementary strand synthesis may already
start in the branched structure ultimately leading to the same
result.

Recently we have studied in more detail several questions raised
by the A model. This model predicts that the template strand is in
a double-stranded form. To study this prediction, KB cells were
infected with 3H-labeled Ad5 and 18 hours after infection viral DNA
was isolated. Figure 5 shows the result of a sucrose gradient.cen-
trifugation of this isolated DNA. A part of the parental viral DNA
sediments at the position of replicative intermediates. Several
fractions pooled as indicated in Figure 5 were analyzed for the
ratio of single- over double-stranded 3H-DNA by BND-cellulose
chromatography. Before the BND-cellulose chromatography the DNA was
sonicated to fragments of 300,000 daltons. The percentages of
3H-—DNA, which was found in a single-stranded form, have been indi-
cated in Figure 5. This analysis shows that a considerable fraction
of the parental DNA in replicative intermediates is single-stranded.

In contrast we have found that new DNA was in a double-stranded
form. To investigate this aspect, it is necessary to have a system
in which DNA replication does not exceed one round of replication.
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FIG. 3. An array of replicating intermediates of Ad5 DNA observed
by electron microscopy of replicating Ad5 DNA. Molecules were
normalized to genome length. The solid and dashed lines represent
double-stranded and single-stranded regions, respectively.
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FIG. 5. Neutral sucrose gradient centrifugation of 3H-DNA isolated
from cells after infection with Ad5 containing 3H-DNA. Centrifu-
gation was performed for 16 hours at 19,000 rpm in the Spinco SW25
rotor. Fractions were pooled as indicated and the percentage of
single-stranded DNA was determined by BND-cellulose chromatography.
The results are shown in the figure. The arrow indicates the
position of mature DNA (318).
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Consequently, we have used the nuclear system, in which no new
initiations occur but forked molecules are completed (Vliet and
Sussenbach, 1972). Isolated nuclei were incubated for 2 hours in
the presence of 3H-dTTP. The isolated viral DNA was centrifuged
in neutral sucrose gradients, and the replicative intermediates
sedimenting at 318 and 50S, respectively, were analyzed by BND-
cellulose chromatography after sonication. More than 95% of the
newly synthesized DNA in both fractions behaved as double-stranded
DNA.

Another question raised by the X model concerns the nature of
the single-stranded DNA in replicative intermediates, viz. whether
it represents only the viral H-strand or only the viral L-strand or
both strands. To solve this question single-stranded DNA isolated
from replicative intermediates was hybridized to separated strands
of Ad5 DNA.

Fractions 9-20 from the sucrose gradient presented in Figure
5 were pooled, sonicated, and fractionated on BND-cellulose to
separate double-stranded from single~stranded material. The single-
stranded fragments were then hybridized to filters containing the
separated H- and L-strand. These separated strands were obtained
by repeated alkaline CsCl gradient centrifugations and self-
annealing followed by hydroxyapatite chromatography. Although
there is only a small difference in density (4mg/ml) between the
viral L(ight) and the viral H(eavy) strand (the strands with the
lower and higher equilibrium buoyant density in alkaline CsCl,
respectively), this procedure leads to a satisfactory separation
of the complementary strands. Hybridization of 0.08 ug of the
single-stranded fragments with 0.02 ug of the separated H~ and
L-strand, respectively, which were bound to filters, revealed that
4% of the added fragments hybridized to the H-strand and 15% to the
L-strand. This indicates that the single-stranded material
hybridized preferentially to the viral L-strand, suggesting that
the displaced strand is of the heavy type. This conclusion was
confirmed by using hydroxyurea. We have infected KB cells with Ad5
in the presence of an inhibitor of DNA synthesis, hydroxyurea, in
an attempt to synchronize the start of DNA replication. When the
inhibitor was removed, viral DNA replication began. Under these
conditions displacement synthesis occurred but the synthesis of the
complementary strand was retarded, leading to an accumulation of
single-stranded viral DNA (Sussenbach and Vliet, 1973). Hybridiza-
tion of the displaced single strands with the separated strands
showed duplex formation with the viral L-strand exclusively (results
not shown here).

The preferential displacement of the viral H-strand implies
that displacement synthesis starts mainly from the same molecular
end of the linear Ad5 duplex. To determine from which end
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FIG. 6. Partial denaturation pattern of Ad5 DNA obtained by
denaturation in 85% formamide, 10 mM Tris, 1 mM EDTA pH 8.5, 21°C.
The boxes represent denaturation sites.
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FIG. 7. Partial denaturation pattern of replicating Ad5 DNA. This
example is representative for 22 analyzed branched intermediates.
The boxes represent the denaturation sites; the dotted line
corresponds to the single-stranded branch.




194 J. S. SUSSENBACH

replication starts, the orientation of the replication point in the
replicative intermediates relative to regions of partial denatura-
tion was further investigated.

Partial denaturation of Ad5 DNA by formamide shows three
prominent denaturation sites (as has also been found by Doerfler
and Kleinschmidt for Ad2 DNA [1970]1) between 0.0-0.1, 0.5-0.6,
and 0.8-1.0 on a scale of fractional length (Figure 6). The region
at 0.8-1.0 is defined as the molecular right end. The asymmetric
denaturation pattern allows an easy distinction of the molecular
ends in replicative intermediates. Replicating molecules were
prepared in the nuclear system and isolated as described earlier
(Sussenbach et al., 1972). After isolation, the DNA was partially
denatured by formamide and studied by electron microscopy. Analysis
of 22 Y-shaped replicative intermediates which contained a single-
stranded and a double-stranded arm of equal length showed that in
all cases the double-stranded arm contained the typical denaturation
of the molecular right side (Figure 7). These preliminary results
indicate that replication of Ad5 DNA starts always at the molecular
right end of the linear duplex displacing the viral heavy strand
(Figure 4). This implies that the 5'-end of the viral H-strand is
located at the molecular right end and that this end is recognized
by an initiation factor or DNA polymerase.

CONCLUSION

Based on the study of the structure of replicative inter-
mediates of Ad5 DNA, we have proposed a model for the replication
of this DNA. Several predictions of this model have been con-
firmed as shown in this paper and others (Sussenbach et al., 1972;
Sussenbach and Vliet, 1973). Although this model explains the
existence of different types of intermediates, the detailed pro-
cesses involved in replication are still unknown. We do not know
which DNA polymerases are involved in the displacement and the
complementary strand syntheses, why and how replication starts from
one specific molecular end, and how the molecular ends are con-
served during replication. Experiments to solve several of these
problems are in progress.
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THE ISOLATION AND CHARACTERIZATION OF DNA BINDING PROTEINS

SPECIFIC FOR ADENOVIRUS INFECTED CELLS

Peter van der Vliet* and Arnold J. Levine
Department of Biochemical Sciences, Princeton University

Princeton, N.J.

INTRODUCTION

Adenoviruses have been isolated from a number of different
species including man (33 serotypes), monkeys, mice, dogs, cows,
birds (Green, 1970), and frogs (Clark et al., 1973). The most
extensively studied adenoviruses are those of human origin. In
particular, we now know a great deal about the structure and repli-
cation of the DNA from human adenoviruses types 2 and 5. For this
reason this review will be restricted to a discussion of these two
viruses.

The Structure of Adenovirus DNA Isolated from Virions

Viral DNA is most commonly isolated from purified virions with
the aid of pronase and sodium dodecylsulfate followed by phenol
extraction. This method yields linear DNA with a molecular weight
of about 23 x 106 daltons (Green et al., 1967; Eb, Kesteren, and
Bruggen, 1969). Denaturation of this DNA followed by renaturation
does not result in the formation of double stranded circles, as is
the case with the bacteriophages T-2 or T-4, indicating the absence
of a circularly permuted nucleotide sequence (Thomas and MacHattie,
1967). Treatment of linear native adenovirus DNA with E. coli
exonuclease III followed by renaturation does not result in the
formation of double stranded circles, as it does with T-2 or T-7
DNA, indicating the absence of that type of terminally redundant
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polynucleotide sequence (Green, 1970; ‘Thomas and MacHattie, 1967).
However, when low concentrations of denatured DNA from human adeno-
viruses are subject to annealing conditions, single stranded cir-
cular molecules are observed with a high frequency (Garon, Berry,
and Rose, 1972; Wolfson and Dressler, 1972). These single stranded
circles are sensitive to exonuclease IIT treatment and if double
stranded linear adenovirus DNA is treated with exonuclease III,
circles will not be formed by subsequent annealing of the single
strands. This previously unobserved polynucleotide arrangement

has been explained by an inverted terminal repeat of about 0.5-
1.5% of the polynucleotide sequences of adenovirus DNA.

Denaturation mapping of types two (Doerfler and Kleinschmidt,
1970) and five (Ellens, Sussenbach, and Jansz, 1973) adenoviruses
shows that one half of the molecule is predominantly rich in A-T
sequences and this half has been called the right half of the mole-
cule by analogy with lambda DNA (Davidson and Szybalski, 1971).

The unique denaturation map of Ad2 and Ad5 DNA from molecule to
molecule also eliminates any possible circular permutations of
polynucleotide sequences. The DNA's from types 2 and 5 adenovirus
show extensive homology with each other (about 857%) based on DNA-
DNA hybridization experiments (Green, 1970). Heteroduplexes formed
between these molecules (Garon et al., 1973) show two prominently
single stranded or mismatched regions specifically located in the
right half of the molecule at 0.50-0.65 and 0.78-0.92 fractions of
a unit length. By convention the left end of the molecule is

taken as 0.00 and the right end (A-T rich end) as 1.00.

The restriction endonuclease R-Ry cleaves Ad2 DNA into six
fragments called A-F in order of decreasing size (Pettersson et al.,
1973). By analysis of partial digest products, the sequence of
these fragments has been established to be A-B-F-D-E-C with A on
the left-hand side of the molecule (higher G+C side) and C on the
right-hand side (P. Sharp, personal communication). The same
restriction enzyme yields 3 fragments for Ad5 DNA (C. Mulder, per-
sonal communication). The three additional endo R-Ry restriction
enzyme sites found in Ad2 DNA when compared to Ad5 DNA appear to
lie in the regions of nonhomology found in the Ad2:Ad5 heteroduplex
maps. There are then two common EndoR-Rj sites between Ad2 and
Ad5 DNA's.

The adenovirus-SV40 nondefective hybrids (Lewis et al., 1973;
Levin et al., 1971), called Ad2*ND;_5, have between 5 and 7% of
the Ad2 DNA, in the D-E region of the molecule, deleted. This is
replaced by varying lengths of SV40 DNA (Morrow and Berg, 1972;
Kelly and Lewis, 1973; Lebowitz et al., 1973). The ability of
these nondefective hybrids to replicate normally in human cells
suggests that Ad2 DNA may contain some information (in the D-E
region) nonessential for lytic growth. On the other hand, SV40
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information might replace the deleted adenovirus functions required
for lytic infection.

The Replication of Adenovirus DNA

During lytic infection of human cells by adenovirus the syn-
thesis of cellular DNA is suppressed (Ginsberg, Bello, and Levine,
1967), so that late in infection most of the newly synthesized DNA
is of viral origin. The viral replicative intermediates as well
as the newly synthesized mature DNA can be selectively separated
from cellular DNA (Hirt, 1967). Thus far, studies concerning the
mechanism of replication of adenovirus DNA have dealt with the
isolation and characterization of the replicative intermediate.

Replicating adenovirus DNA has been isolated from intact
infected cells (Pearson and Hanawalt, 1971; Bellett and Young-
husband, 1972; Eb, 1973; U. Pettersson, personal communication) as
well as from infected cell nuclei incubated in vitro in a DNA
synthesizing system (Sussenbach et al., 1972; Vliet and Sussenbach,
1972). 1In the in vitro system, cellular DNA synthesis remains
suppressed while viral DNA is replicated (Sussenbach and Vliet,
1972). Viral DNA synthesis in isolated nuclei is semiconservative
and only those replicative intermediates preexisting in infected
cells take part in the in vitro reaction. New rounds of DNA syn-
thesis are not initiated (Vliet and Sussenbach, 1972). Synthesis
of DNA in this system then appears to reflect the physiological
state of the cells prior to the preparation of the nuclei.

The replicative intermediates, isolated from intact cells as
well as from infected cell nuclei, sediment faster than mature
adenovirus DNA (31S) in neutral sucrose gradients. The majority
of ‘this replicating DNA has a sedimentation value of 40 to 60S but
values up to 200S have been reported (U. Pettersson, personal com-
munication) which may be the result of aggregation. The density
of replicating DNA in neutral pH CsCl density gradients is generally
5/10 mg/ml greater than that of mature viral DNA and sometimes
approaches the density of single stranded viral DNA. This increased
density is not caused by the presence of extensive levels of ribo-
nucleotides associated with the replicative intermediate, but
appears to be due to large single stranded regions present in the
DNA (Sussenbach et al., 1972). Treatment of the high density DNA
with a single strand specific nuclease from N. crassa eliminated
the density difference between replicating and mature viral DNA,
while RNase treatment did not alter the density of replicating DNA
(U. Pettersson, personal communication; Sussenbach et al., 1972).
The presence of single stranded regions of DNA in the replicating
intermediate was also demonstrated by chromatography on benzoylated-
naphthoylated DEAE cellulose columns (Eb, 1973; Sussenbach et al.,
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1972; Bellett and Younghusband, 1972). The high sedimentation
values of replicating DNA in neutral sucrose gradients (40-60S)
are then most likely explained by the presence of single stranded
regions of DNA which have a more compact configuration than double
stranded DNA at high salt concentrations and neutral pH's. Con-
sistent with this is the observation that the sedimentation rate
of replicating DNA is strongly dependent on the ionic strength at
neutral pH as is the case with single stranded DNA alone (Vliet,
unpublished results).

The replicative intermediates have been observed in the elec-
tron microscope. Linear branched molecules were found in which
one of the arms was either totally or partially single stranded.
Linear nonbranched molecules with single stranded regions and linear
single and double stranded molecules of unit genome length were
also observed (Sussenbach et al., 1972; Eb, 1973). Based upon the
different types of molecules observed in the electron microscope
and the physical properties of the replicative intermediates Sus-
senbach et al. (1972) have proposed a model for type 5 adenovirus
DNA replication. DNA synthesis starts at one end of genome dis-
placing the other strand (displacement synthesis). This generates
a single strand that is later converted into double stranded DNA
either before or after completion of the displacement synthesis.
This model predicts a unidirectional, highly asymmetric DNA repli-
cation involving linear intermediates. A similar replication
scheme involving circular intermediates has been described for
mitochondrial DNA (Robberson, Kasamatsu, and Vinograd, 1972;
Kasamatsu and Vinograd, 1973).

Recently several aspects of this model have been confirmed.
Sussenbach and Vliet (1973) infected human cells with type 5 adeno-
virus in the presence of an inhibitor of DNA synthesis, hydroxy-
urea, in an attempt to synchronize the start of DNA replication.
When the inhibitor was removed, viral DNA replication began. Under
these conditions displacement synthesis occurred preferentially
leading to an accumulation of single-strand viral DNA. Hybridiza-
tion of this preferentially displaced strand with the separated
strands of type 5 adenovirus DNA showed exclusive duplex formation
(hybridization) with the viral L strand (the light strand after
separation in alkaline CsCl gradients). The same result was ob-
tained with single stranded DNA isolated from sheared replicating
molecules. These experiments demonstrate that the displaced strand
is the one that bands at a heavier density in alkaline CsCl equil-
ibrium gradients. These data confirm the unidirectional displace-
ment replication model and demonstrate that replication always
begins at one unique end of the molecule (since all known poly-
merases synthesize in a 5' to 3' direction). Denaturation mapping
of replicating molecules showed that the unique end, where DNA
replication begins, was the right end or high A+T end of the
genome (J. S. Sussenbach, personal communication).
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RESULTS

While the properties of the adenovirus replicative intermediate
are well characterized and a reasonable model for replication is at
hand, the details of the initiation of DNA synthesis and the steps
in polynucleotide chain propagation have yet to be understood. In
particular not a single protein involved in adenovirus DNA replica-
tion has been isolated or characterized. The observation that
replicating adenovirus DNA contained extensive single stranded
regions led us to look for proteins, specific for infected cells,
that bind only to single stranded DNA and may be involved in adeno-
virus DNA replication. Such a class of proteins had originally
been described by Alberts and Frey (1970) in T~4 infected E. coli
and have now been detected in a number of prokaryotic systems (Sigal
et al., 1972; Alberts, Frey, and Delius, 1972) as well as in mam-
malian cells (Tsai and Green, 1973; Herrick, 1973). At least in
the case of T-4 gene 32 protein (Alberts and Frey, 1970) this single
strand specific DNA binding protein is required for DNA replication
and genetic recombination. In order to eliminate the large excess
of adenovirus coat proteins, synthesized in human cells after infec-
tion, which are known to bind to DNA (Levine and Ginsberg, 1968), we
employed African green monkey kidney cells as a host. In these cells
adenovirus DNA synthesis occurs at a normal rate but late viral cap-
sid proteins are not synthesized or are produced in very small
amounts (Baum, Horwitz, and Maizel, 1972).

In this paper, two adenovirus infected cell specific DNA bind-
ing proteins with molecular weights of 72,000 and 48,000 daltons
have been isolated. Neither protein can be detected in prepara-
tions of purified virions and the synthesis of these proteins is
not blocked by inhibitors of DNA replication. Both proteins can
be detected in extracts prepared from cells infected with a DNA
negative temperature sensitive mutant Ad5 ts36 (Wilkie, Ustacelebi,
and Williams, 1973) grown at the permissive or nonpermissive tem-
peratures. Neither protein can be detected in cell extracts pre-
pared from cells infected with a DNA negative temperature sensitive
mutant Ad5 ts225 (Ensinger and Ginsberg, 1972) grown at the non-
permissive temperature. Thirty percent of the normal yield of
these proteins are present in Ad5 ts225 infected cell extracts pre-
pared at the permissive temperature. Ad5 ts225 and Ad5 ts36 are
representatives of the two different classes of adenovirus type 5
DNA negative mutants. These two mutants complement each other
(Ginsberg and Williams, personal communication).

The 72,000 and 48,000 dalton proteins have been partially
purified. They bind to single stranded DNA and the replicative
intermediate of adenovirus DNA but not detectably to double stranded
DNA. No binding of the 48,000 dalton protein to E. coli ribosomal
RNA has been detected.
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FIG. 1. Fractionation of infected cell proteins that bind to
single stranded DNA cellulose columns. Protein extracts labeled
with 3H-leucine for adenovirus infected cells and l4C-leucine for
mock infected cultures were prepared as described in the text.

The mixed extracts were passed over a DNA cellulose column at 2
ml/hour. The proteins that bound to the column were eluted step-
wise with buffers of increasing NaCl concentrations and 2 ml frac-
tions were collected and analysed.

Top: radioactivity eluted from the DNA cellulose column.
e—e, 3H-labeled infected cell proteins; o—o, l4C-labeled mock
infected cell proteins. Bottom: The ratio of 3H-—cpm/14C~cpm
normalized to 1.0 for the crude lysate.
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The kinetics of synthesis of both proteins in infected monkey
cells are similar to that of viral DNA synthesis. It is estimated
that both proteins are synthesized in large amounts in that the
techniques employed for their isolation detect 1-10 x 106 mole-
cules per cell. All of these properties closely resemble those
of T-4 gene 32 product first described by Alberts and Frey (1970).

Isolation of the Adenovirus Infected Cell Specific
DNA Binding Proteins

Monolayer cultures of AGMK cells were infected with type 5
adenovirus (moi 50 PFU's/cell) in Dulbecco's modified Eagle's
medium containing one hundredth the normal concentration of leucine.
In this low leucine medium wviral DNA synthesis proceeds at the
same rate as in regular medium. Two hours later 3H-leucine (10
pe/ml) was added to the infected cells and l4C-leucine (1 ne/ml)
was added to an equal number of mock infected cultures. At 24
hours after infection both sets of cultures were washed with phos-
phate buffered saline and harvested in a hypotonic buffer (0.02 M
Tris HC1, pH 7.6; 0.01 M NaCl, 1.5 mM MgCl, and 2 mM B-mercapto-
ethanol). 500 pg/ml of bovine serum albumin was added and the
cells were disrupted by sonication for 15 seconds. EDTA was then
added to 5 mM and NaCl to 1.7 M and the lysate was kept at 0°C for
10 minutes after which 307 polyethylene glycol in 1.7 M NaCl was
added to a 107 final concentration (weight/volume). Thirty minutes
later the mixture was centrifuged at 15,000 x g for 20 minutes.
This procedure eliminates DNA from the soluble extract (Alberts and
Herrick, 1971). The supernatant was dialysed against 0.01 M Tris
HC1 pH 7.4, 0.05 M NaCl, 1 mM EDTA, 2 mM B-mercaptoethanol and 10%
glycerol. The protein extract was then passed over a 1 ml cellulose
column containing 24 ODygg units of single stranded calf thymus
DNA (Alberts and Herrick, 1971). Ninety-four to ninety-seven per-
cent of the labeled proteins passed through this column with the
void volume. The bound proteins were eluted stepwise with buffers
of increasing ionic strength (see Figure 1) and between 0.5 M and
1.0 M NaCl, a fraction was obtained that was four- to sixfold en-
richéd for infected cell proteins. This fraction was then examined
by SDS-polyacrylamide gel electrophoresis (Figure 2) where two
prominent polypeptides, detected only in infected cells, were
observed. The molecular weights of these proteins were estimated
at 72,000 and 48,000 daltons. A third polypeptide, with a mole-
cular weight of about 58,000 daltons, was consistently observed in
both infected and uninfected cell extracts. Irregularly a 38,000
dalton infected cell specific protein could be observed. The ratio
of the 72,000 MW protein to 48,000 MW protein was not always con-
stant but appeared to vary from experiment to experiment possibly
depending on the physiological state of the cells.
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FIG. 2. SDS-polyacrylamide gel electrophoresis of the DNA binding
proteins eluted at 1 M NaCl. Fractions 65-72 of Figure 1 were
pooled and an aliquot was precipitated with 20% TCA. The precipi-
tate was dissolved in 0.1 ml of 0.01 M sodium phosphate buffer

(pH 7.4), 1% sodium dodecyl sulfate, 10% B-mercaptoethanol, 10%
glycerol and 0.005% bromophenol blue and boiled for two minutes.
The 10 cm by 0.6 cm electrophoresis gels were made with 10% acryla-
mide and 0.3% ethylene diacrylate by polymerizing with 0.09%
N,N,N',N'-tetramethylethylene diamine and 0.05% ammonium persulfate
in 0.01 M sodium phosphate buffer pH 7.4 and 0.1% SDS. Samples
were run at 50V and 12 mA per gel. The gels were frozen, sliced,
and extracted for 24 hours at 37°C in 0.1% SDS and counted.

Top: 3H-leucine (e—e) infected cell proteins and lé4C-
leucine labeled uninfected proteins (o——o). Bottom: The 3H to
14C ratio normalized as in Figure 1.
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FIG. 3. SDS-polyacrylamide gel electrophoresis of a mixture of
virion proteins and DNA binding proteins from infected cells. The
3H-labeled DNA binding proteins were isolated as in Figure 1. The
14C-leucine labeled virion proteins were obtained from purified
virions grown in KB cells. The virus was purified as described by
Sussenbach and Vliet (1973). o—o, 1l4c-1abeled virion proteins;
e—e, 3H-labeled 1 M NaCl eluted DNA binding proteins.



206 PETER VAN DER VLIET AND ARNOLD J. LEVINE

4&———A gdenovirus DNA
Oo—-—-0 72,000 MW PROTEIN
o—@ 48,000 MW PROTEIN

?I 430,000 I

562,000

E 420,000 &

(&) (8]

O

< 1,000 s
{10,000

10 15 20 25 30
HOURS AFTER INFECTION

FIG. 4. The kinetics of synthesis of the two DNA binding proteins.
Confluent AGMK cells were infected with type 5 adenovirus and
labeled for 4 hour periods with 14C-leucine (15 uc/3 x 106 cells).
Protein extracts were prepared and analysed as in Figures 1 and 2.
The open and closed circles, plotted at the mid-pulse time,
represent the total radioactivity in each peak from 3 x 106 cells.
Viral DNA synthesis (filled triangles) was monitored by a 2 hour
labeling period with 3H-thymidine. This DNA was selectively
extracted (Hirt, 1967) and sedimented through a neutral sucrose
gradient. The DNA that sedimented at 31S was taken as viral
specific DNA.
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The 72,000 and 48,000 dalton proteins contained between 0.3
and 0.5% of the total 3H-leucine cpm found in labeled proteins from
the infected cells. An estimate of the number of molecules of the
72,000 and 48,000 MW proteins synthesized in the infected cells
was obtained by purifying these proteins by DNA cellulose columns
followed by DEAE cellulose chromatography. Each protein was then
run on SDS-polyacrylamide gels and stained with commasie blue.
Known concentrations of bovine serum albumin run on parallel gels
and stained with this same dye were employed as protein standards.
From a comparison of the two staining intensities it was estimated
that each protein was present in amounts between 1-10 x 106 mole-
cules per cell.

To determine if either of these proteins was present in
adenovirus virions a mixture of 3H-leucine labeled DNA binding pro-
teins (eluted from DNA cellulose at 1M NaCl) and l4C-leucine labeled
purified virions were run together on SDS-polyacrylamide gels
(Figure 3). Neither the 72,000 nor the 48,000 MW DNA binding pro-
téins migrated with any of the detectable virion polypeptides.

This was expected from the inability of type 5 adenovirus infected
monkey cells to synthesize late virion proteins.

The kinetics of synthesis of these two DNA binding proteins
was investigated by labeling adenovirus infected AGMK cells with
14C-leucine (15 nc/3 x 106 cells) for 4 hour periods at various
times after infection. Protein extracts prepared from these cells
were fractionated on DNA cellulose and analysed by SDS-polyacryla-
mide gel electrophoresis as described. Figure 4 shows the rate of
synthesis of the 72,000 MW and 48,000 MW proteins. Both proteins
were first detected at about 8 hours after infection and were syn-
thesized at a maximal rate at about 18 hours after infection. The
start of synthesis of these proteins correlates well with the onset
of viral DNA replication in these cells (Figure 4). Viral DNA syn-
thesis is not a necessary condition for the production of these
two proteins, however. Normal levels of both DNA binding polypep-
tides were synthesized in infected AGMK cells in the presence of
40 pg/ml of cytosine arabinoside (Figure 5) or 10 mM hydroxyurea
(figure not shown here).

In order to determine if an adenovirus specific function was
required for the synthesis or induction of these proteins and to
determine if these proteins were involved in viral DNA replication
two different type 5 adenovirus temperature sensitive DNA negative
mutants were employed. Assuming that the binding to single stranded
DNA (DNA cellulose columns) is a functional test for these proteins,
then it is possible to detect an adenovirus mutant that produces a
nonfunctional protein at the nonpermissive temperature. These
experiments were done in collaboration with Drs. M. Ensinger and
H. S. Ginsberg. Monolayer cultures of AGMK cells were infected
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FIG. 5. DNA binding proteins synthesized in the presence of cyto-
sine arabinoside. Monolayer cultures of AGMK cells were infected
with type 5 adenovirus in the presence of cytosine arabinoside and
labeled with 3H-leucine. Mock infected cultures in the presence
of this drug were labeled with l4C-leucine. Protein extracts were
mixed, prepared and fractionated as in Figure 1 on DNA cellulose.
The 1 M NaCl eluted proteins were run on SDS polyacrylamide gels
as in Figure 2. e—e, 3H-labeled infected cell proteins; o—o,
14C-1abeled mock infected cell proteins.
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FIG. 6. DNA binding proteins from Ad5 wild type, Ad5 ts36 and

Ad5 ts225 infected cell extracts prepared at 39°C (nonpermissive
temperature). AGMK cells were infected with type 5 adenovirus
wild type (l4C-leucine labeled), Ad5 ts36 or Ad5 ts225 (3H-leucine
labeled) at 39°C. Protein extracts were prepared as usual and
chromatographed on DNA cellulose as described in Figure 1. The

1 M NaCl eluted proteins were run on SDS-polyacrylamide gels as

in Figure 2.

Left panel: Top——14C—leucine labeled Ad5 ts36 proteins
(filled triangles); bottom—-The ratio of 3H to l4C-cpm normalized
as in Figure 1.

Right panel: Top——14C—leucine labeled Ad5 wt proteins (filled
circles) and 3H-leucine labeled Ad5 ts225 proteins (filled tri-
angles); bottom—-The ratio of 31 to 14C-cpm normalized as in
Figure 1.

cpm 3H(+) and "*C (#)
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FIG. 7. Preferential binding of adenovirus infected cell specific
proteins to single stranded DNA. Purified l4C-labeled 48,000 MW
(5 ug/ml) was mixed with 10 pg/ml of native 3H-labeled adenovirus
type 5 DNA (top panel) or 0.5 ug/ml of adenovirus type 5 denatured
DNA (bottom panel). The mixture was then sedimented in a 5-20%
neutral sucrose gradient for (top) 5 hours or (bottom) 2.5 hours
in an SW 39 rotor. Fractions of 0.15 ml were collected. Identi-
cal results were obtained with the 72,000 MW protein.

Top: o—o0, 3H-labeled native Ad5 DNA; A—A, l4c-labeled
48,000 MW protein. Bottom: o—o, JH-labeled single stranded
Ad5 DNA; A—A, l4C-labeled 48,000 MW protein.
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with type 5 adenovirus wild type, or with each of two different
temperature sensitive DNA negative mutants: Ad5 ts36 (Wilkie et
al., 1973) and Ad5 ts225 (Ensinger and Ginsberg, 1972). The cul-
tures were kept at the nonpermissive temperature (39°C) for the
entire infection. The adenovirus wild type infected cells were
labeled with 3H-leucine while each mutant was labeled with 1l4C-
leucine as described previously. At the end of the labeling period
each mutant culture was mixed with a wild type culture and the DNA
binding proteins were fractionated on DNA cellulose columns and
analysed by SDS polyacrylamide gel electrophoresis. Figure 6 pre-
sents the polyacrylamide gel profiles obtained in this experiment.
Normal levels of both the 72,000 and 48,000 MW proteins were
detected in extracts infected with Ad5 ts36 made at the nonpermis-
sive temperature (Figure 6). On the other hand neither the 72,000
nor the 48,000 MW proteins were detectable in extracts of Ad5 ts225
cells infected and kept at 39°C (Figure 6). Both DNA binding pro-
teins were detected in Ad5 ts225 extracts of cells infected and
kept at 33°C, although only 30% of the wild type yield at 33°C was
obtained. The levels of these DNA binding proteins detected in
Ad5 ts225 infected cells at the permissive temperature was well
above the background levels observed at the nonpermissive tempera-
ture. When the DNA binding proteins were labeled in Ad5 ts225
infected cells at the permissive temperature and then the cultures
were shifted up to 39°C (nonpermissive temperature) for 2 hours,
the 72,000 and 48,000 MW proteins were no longer detectable in
extracts prepared from such cells. These data suggest (but by
themselves do not prove) that one or both of the DNA binding pro-
teins detected here are coded for by the viral genome. Further-
more these experiments strongly suggest that one or both of these
proteins are involved in adenovirus DNA replication.

The specificity of the binding of the 72,000 and 48,000 MW
proteins to DNA was investigatéd by mixing 3H-labeled adenovirus
DNA and l4C-labeled proteins and analyzing their interactions in
neutral sucrose gradients. For this purpose each of these proteins
was purified on DNA cellulose columns followed by DEAE cellulose
chromatography. These columns were equilibrated with 0.01 M Tris
HC1 pH 7.2, 1 mM EDTA, 1 mM B-mercaptoethanol and 10% glycerol.

The proteins were eluted between 0.16 M and 0.24 M NaCl by a linear
0.01 M to 0.5 M NaCl gradient. Analysis of these partially puri-
fied proteins on SDS-polyacrylamide gels indicated that more than
70% of the l4C-leucine label was present in a single species of
protein at either 72,000 or 48,000 daltons.

These preparations of l4c-1abeled 72,000 and 48,000 MW proteins
were mixed with 10 pg/ml of 3H-labeled adenovirus double stranded
DNA or 0.5 pg/ml of adenovirus single stranded DNA. The mixtures
were sedimented in a neutral sucrose gradient to detect binding of
the proteins to DNA. Figure 7 shows that no binding of the 48,000
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FIG. 8. Binding of the adenovirus infected cell specific proteins
to replicating adenovirus DNA.

Top: AGMK cells infected with type 5 adenovirus were labeled
with 3H-thymidine from 16-18 hours after infection. Newly synthe-
sized viral DNA was selectively extracted (Hirt, 1967) and centri-
fuged in a 5-20% neutral sucrose gradient for 3.5 hours in an SW
41 rotor at 38,000 rpm. Fractions of 0.3 ml were collected and
counted. o—o, 3H—cpm. Bottom: Fractions 18-20 from the sucrose
gradient above were pooled, dialysed and mixed with l4c-1abeled
48,000 MW protein. The mixture was centrifuged in a 5-207% neutral
sucrose gradient in an SW 50.1 rotor for 2 hours at 44,000 rpm.
Fractions of 0.15 ml were collected and counted. o—o, 3H-viral
DNA; O, l4c-labeled 48,000 MW protein. Identical results
were obtained with the 72,000 MW protein.
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MW protein could be demonstrated with native viral DNA while 75%

of the labeled protein bound to single stranded adenovirus DNA.
Identical results were obtained with the 72,000 MW protein. The
binding to single stranded DNA was specific to polydeoxyribonucleo-
tides since no binding of the 48,000 MW protein to 23S E. coli
ribosomal RNA could be detected. The binding of these two proteins
to single stranded DNA was not specific for adenovirus DNA since
both proteins also bind to single stranded calf thymus and Fd
DNA's.

The replicative intermediate of adenovirus DNA contains ex-
tensive single stranded regions and so one might expect these pro-
teins to bind to this replicative form. To test this the replicative
intermediate was isolated by labeling adenovirus infected AGMK cells
with 3H—thymidine (10 uc/ml) for 2 hours at 16 hours after infec-—
tion. The adenovirus DNA was selectively extracted (Hirt, 1967)
and sedimented through a neutral sucrose gradient. Figure 8A
shows the sedimentation profile of 31S mature adenovirus DNA and
the replicative intermediate sedimenting as a heterogeneous peak
in front of 31S DNA. The fractions indicated by the bar in Figure
8A were pooled, dialysed and mixed with l4C-labeled 48,000 MW pro-
tein. This mixture was then sedimented in a second sucrose gradi-
ent. Figure 8B demonstrates that the 48,000 dalton protein binds
only to the adenovirus replicative intermediate and not to native
31S adenovirus DNA. 1Identical results were obtained with the
72,000 MW protein.

DISCUSSION

Two adenovirus infected cell specific DNA binding proteins
have been isolated and characterized. The molecular weights of
thes