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SVHO virug = Introductlion,

The widespread use of tissue cultures derived from
monkey kidneys gave rise, in the 1950s, to a number of
reports of indiginous monkey viruses recovered from
uninoculated cultures (Hsiung & Gaylord,1961).
Frequently, unincculated cultures were observed to
degenerate spontaneously to give a distinctive oytopathology.
During production and testing of polliomyelitis vacecine,
numerous filterable, transferable, cybopathogenic agents
other than poliovirus weré encountered (Sweet & Hillman, 1960).

The Simian Vacuolating Virus (SV40) was first isolated
from uninoculated kidney cultures from rhesus, cynomolgus
and patas monkeys (Sweet & Hillman, 1960 (b); Hsiung &
Gaylord, 1961) and was found to be capable of inducing
tumours in the Syrian hamster (Eddy et al, 1962) and
multimamate rat (Robson et al, 1962),

SVLO and the closely related polyoma virus are both
meabers of the Papovavirus group (Melnick, 1962), Where

appropriate, SV40 and polyoma virus will be discussed together.



Physical and chemical propertiecs of SVLO virus,

The virlon, i.e. the extracellular mature virus, consists
of deoxyribonucleic acid (DNA) contained within a protein
shell, the capsid. Electron microscopy indicates that both
polyoma virus (Mattern et al, 1967) and SV4O (Anderer et al,
1967) have icosahedral symmetry and contain 72 sub-units
or capsomeres (Klug,1965). Bach virion may contain 60 hexamers
(each containing 6 identical polypeptide chains) and 12
pentamers (each containing 5 identical polypeptide cha;ns)
(Caspar & Klug,1962). Table A lists the physical and chemical
properties of both polyoma and SV4O viruses.

During the course of purification of both polyoma
and SV4O virions,'empty' particles are always observed
(Crawfqrﬁ, Crawford & YWatson, 1962; Black, Crawford &
Crawford,-1964). 'Empty'particles are readily distinguished
from 'full' particles on the bases of thelr lower buoyant
density, lower sedimentation coefficient and on electron
microscopic analysis using negative staining (Black, Crawford
& Crawford, 196L4; Anderer et al, 1967)e

Viral particles with a lower buoyant density than
normal and which contain smeller DA molecules than normal

are produced in SV4O (Uchida et al, 1963;Yoshiike, 1968;

r——

Uchida & Watanabe, 1968) and polyoma (Thorne ¢t al, 1968;

Blackstein et al, 1969) infected cells at high input

r
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PABLE A, Fhysical and chemical properties of SVLO and

polyoma viruses. (from Green, 1970)

SVLO Polyoma
. B - 6 6
Particle weight 17 x10 25 % 10
(daltons)
Diameter of virion 40 LO=45
(om)
. . 6 . . 6
Molecular weight 3 x 10 * 2.9-3%3.4 x 10
of DNA (daltons)
Y%weight of protein 88 88
% weight of DNA 12 12
Budysyt density of 1 el 1434
virion (g/ml)
Sedimentation coefficient]
of virion (svedbergs) 219* 238%

* from Sebring et al, (1971)
+ from Koch et al (1967)

x from Crawford & Crawford(1963)



I
multiplicities (i.ee high input virus /cell ratios)e.
These "defective" particles may be deletion wmutants. Soue
defective SV4O particles can induce the synthesis. of
virus specific proteins (Uchida st al, 1968) and others
are as oncogenic in newborn hamsters as fully infectious

virus (Yoshiike, 1968),

Virus structural proteins,

In addition to its DNA, the SVLO virion contains one major
polypeptide of molecular weight 43,000 (VP1) which comprises
704 of the total protein in the virion and five minor
polypeptides of molecular weights 32,000 (VP2; 9%),

23,000 (VP3; 10%%), 14,000 (VPh; &%), 12,500 (WP5; 4%),
and 11,000 (VP6; 3%). The molecular ratios of the polypeptides
in the virion are 6,0: 1.0: 1.5 : 1.5 : 1.1: 1.0 (Estes et al,
1971). Polyoma virus has a very similar capsid protein
complement (Roblin, Harle & Dulbecco, 1971)e In the case of
SV40 virus, the nusber of polypeptide chainsg of VP! and VP2
Ahas been estimated as 320 and 54 respectively, close to the
sub-unit values as postulated by the hypothesis that there
are 72 sub-units in the virion. (Caspar & Klug, 1962). This
data is consistent with the idea,that.VPi might pe the polypeptide
for tuilding the hexamers and VP2 the polypeptide for building
the pentamers.

When the virion is degraded in alkaline buffer, and

analysed by velocity centrifugation through a sucrose



gradient, the polypeptides VP1 and VP2 remsined at

the top of the gradient whereas the three smallest
polypeptides ( VPh, VP5, and VP6 ) sedimented as &
complex with the viral DNA (Estes et al, 1971) Similar
results have been obtained by Friedmann (1972) for
polyoma viruse.

The small DNA genomes of polyoma (Follet & Crawford,
1968) and SV4O (Sebring et al, 1971) are estimated to
contain sufficient genetic information to code for
about 200,000 daltons of protein if only one strand
of the viral DNA is transoribed in vivo (see later).
The total molecular weight of polypeptide in the virion
varies from 140,000 to 180,000 and would therefore
saturate a very large fraction of the viral genome,
There are also many proteins the synthesis of which
are induced by the virus and which are not considefed
to be part of the virus particle;these include the
tumour, transplantation and surface antigens (Black
et al , 1963; Habel & ®ddy, 1963; Tevethia et al, 1965;
Tevethia et al, 1968) and certain enzymes (Kit et al,
1966; Kit et al, 1967). In order to overcome the
difficulty that virus induced proteins account for
more than the coding potential of the virsl genome,
one must postulate that ;ome components are not viruse

coded but derive instead from the host cell.



The three smallest structural proteins of polyoma

* virus, which are associated with the viral DNA, contain
no tryptophan (Roblin, Harle & Dulbecco, 1971) and this
fact suggests that these components might be host cell
histones. To date, there are no knowa histones which
contain tryptophan (Bonner et al, 1968) and the molecular
welghts and lysine to wvaline ratios of these three
structural components (Roblin, Harle & Dulbecco, 1971)
are consistent with the available data on histones
(Butler et al, 1968), Frearson and Crawford (1972)

and Hirt (1972) have recently shown that the three
smallest structurel proteins of both polyoma and

SV#O have the same mobility on gels and similar
fingerprints as extracts of basic nuclear proteins

obtained from uninfected host cells.

Viral DNA.

The major proportion of the DNA exiracted from
purified polyoma or SV4O0 virus is in the form of a
closed circular duplex (component 1) (Dulbecco & Vogt,
1963; Weil & Vinograd, 1963; Crawford & Black, 196.4).

It was later shown that these molecules are supercoiled,
or twisted upon themselves (Vinograd, Lebowitz, Radloff,

Watson & Laipis, 1965; Bauer & Vinograd, 1968).



Supercoiling is due to a deficiency, rather than
‘an excess, of Watson - CUrick turns in the DNA double
helix, as shown by experiments with ethidiuvm bromide
(3;8-diamino~6-phenyl-5-ethylphenanthridivm bromide)
(Crawford & Waring, 1967). Bthidium bromide is a
phenanthridine dye which forms a reversible complex
with double stranded DNA. Dye molecules intercalate
between the base pairs of the DNA, causing a local
wnwinding of the double helix. Addition of increasing
amountg of ethidium bromide to supercoiled DNA results
in a gradual removal of supercoiling until a non-
supercoiled conformation is obtained, This would only
be possible if supercoiling was due to a deficiency of
turns in the double helix. The deficiency of right-
handed (Watson-Crick) turns in the double helix can be
made up f;r by the molecule adopting a conformation
with right-handed twists, or supercoils. Further addition
of ethidium bromide to supercoiled DNA results in the
re~appearance of supercoiling, this time in a left«
handed sense, Supercociling may also be removed by partial
denaturation, either by heating to 40 C in formaldehyde
(Crawford & Black, 196L) or at pH iiwé (Vinograd.gg al,
1965). The supercoiled form of SULO viral DNA has a

3 3 Ao 08 AS an @ NAC L N7 O
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The component 2 form of polyomz or SV4LO INA consists
‘of open circular duplex molecules and results from the
introduction of a single-~stranded scission of one
phosphodiester bond in the component 1 form of the virsl
DNA (Vinograd et al, 1965).This form of virsl DNA has a
sedimentation coefficient of 16S at pHB8.0.

Component 3 is maiply degraded cellular DNA, which
haé 5een encapsulated instead of viral DNA in virus particles.

and has a linear double-stranded structure (Michel, Hirt &
Weil, 1967; Winocowr, 1967; Levine & Teresky, 1970).
Virions containing such cellular DA are known as
pseudovirions and, in the case of SV,40, appear to occur
to a greater extent when the virug is grown in primary
culture cells, rather than in cell lines (Levine & Teresky,
1970).

The restricted uptake of ethidium bromide, or its
analogue, propidium di-iocdide (PDI) (Hudson et al, 1969),
by closed circular double stranded DNA molecules forms
the basis of a convendent method for their detecticn
and isolation (Radloff et al, 1967). When ethidium bromide
binds to DNA, it causes an unwinding of the helix about
the duplex axis. However, clused circular double stranded
DNA moledules possess no site within the molecule about
which such an unwinding process could c@cur, and therefore
resist the uptake of dye in large amounts. Closed circular

DA duplexes bind fewer molecules of dye/micleotide than



open duplexes and, as a conseguence of this, have a
higher buoyant density and can therefore he readily
separated from the latter by equilibrium density

gradient centrifugation.

Infection of cells with SVA4Q.

SV40 can interact with cultured cells in two different
ways. On the one hand; there is a productive, or lytic,
response in which the great majority of the cells yield
progeny virus and die. On the other hand, there is an
incomplete infection in which little or no virus is
produced and the cells survive (sbortive or non~permissive
infection). Some of these surviving cells assume a new
set of stable properties which closely reseﬁbie the
properties of cells derived from tumours and continuously
ex@ress certain viral functions. These cells are said
to be transformed. Which consequence virus infection
produces ig solely determined by the species of the
host cell, Non~permissive cells presumably lack some
function(s), of unknown nature, essential for virus
replication, Table B lists the cells that are commonly

used in studies of 1lytic infection and transformation by



SV40 and polyoma.

Lytic infection Abortive infection
SVLO Monkey Rat, Mougse, Humean
Polyoma Mouse Hamgter

(2) Infection of permisgive cells.

The replication of SV4{0 virus is studied in established
monkey kidney cell lines e.ge BSC-1, CV-1 and in primery
African Green Monkey Kidney (AGMK) cells.
The following sections will deal with the events which
occur after infection Qf permissive cells with SV4O.virus.
Events are termed either "early" or "late" dependent on

whether or not they precede the onset of viral DNA replicaticn.

(1) Adsorption, penetration and uncoating of the virus.

Experiments in which monkey cells were infected with
radioactive SVLO virus (Barbanti—Broddno, Swetly and

Koprowski, 1970) have revealed that the virus initially



becomes associated with the cell membrane. Sdsorption
may be locelised at specific receptor sites on the cell
surface. After transport through the cytoplasm, the virus
_particle enters the cell nucleus where the viral DNA is
uncoated and where the virsl replication events ultimately
téke place. The total amount of free parental SVLO DHA in
the nucleus progressively decreases (Barbanti-Brodano et el,
1970} Hirai & Defendi (1972) have recently demonstrated that a small
portion of the infecting viral DNA becomes asscclated with
host cell DNA by alkali-stable linkages. The significance
of integration during the early phases of the replicative
cycle of the virus camnot be clearly assessed at the present
time,

Tai et al (1972) have demonstrated that 7-125% of the
closed circular DNA molecules from SVLO virus grown at
high multiplicity off infeétion contain a region in which a
new base sequence has replaced the normal one. These new
sequences are detected as non-homology regions in heteroduplexes.
Lavi & Winocour (1972) have also shown that the type of SVA4O
DNA synthesised in BSC-1 cells depends upon the conditions
under which the cells are infected. Viral DNA molecules
containing sequences hemecloegous to cell DRNA are produced in

cells infected with serially passaged plaque-purified virus,



or with non plague~purified virus at high multiplicity

of infection, whereas viral DNA which hybridises detectably
to host DNA is not produced in cells infected with plaque~
purified virus or in cells infected with non plague~
purified virus at low multiplicity of infection. Host cell
DNA might be incorporated into SV4LO DNA by a mechanism
similer to production of lambda transducing phage. During
the lytic infection, SV40 viral DNA would become integrated
at one or more sites into host cell DNA (as occurs in the
transformation process (Sambrook et al, 1968) ). Subsequent
excision would occur by recombination at a site within the
viral DNA and a site somewhere on the cellular DNA, A
molecule which had lost an SV40 seguence and gained a cellular
DNA sequence would result. Presumably, the plaéue-purified
virus DNA has a low probability of recombining with cell

" cell DNA (pefhaps because genetically homogeneous viral
DNA can interact with only a few sites on the cellular
genome), but the virus DNA which has acquired host DNA
sequences during a previous infection has an enhanced
probability of recombining with cellDNA in & subseguent
infection, Serial undiluted passage of plague-purified

would thus increase the frequency with which the recombination
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event oceurs and result in the emergence of progressively
larger nwibers of viral DNA molecules conbaining sequences
homologous to cell DNA, Viral DNA molecules which have
acquired sequences homologous to cell DNA may replicate
by complementation with "normal" virus multiplying in
the same cell., Hence the inocreased production of virel DNA
containing sequences homologous to cell DNA in cells
infected with serially-passaged plaque-purified virus
may be due to two separate effects; namely, an increase
in the frequency with which the réeombination events
oceur and an increase in the frequency with which
replication of the hybrid viral-cell DNA molecules

which result from the recombination event occcurse.

(2) Viral DNA replication,

The onset of SV4O viral DNA synthesis generally occurs
12-18 hr post-infection, depending on the cell system used.
Hirt .(1966, 1969) demonstrated that polyoma DNA veplicates
semi~conservatively and that the replicating DNA molecule
forme a structure with two branch points and three branches
much 1like those observed with bacteriophage lambda (Tomizawa &
Ogawa, 1968) and @Xi74 DNis (Knippers, Whalley & Sinsheimer,
1969). Replicative intermedistes have been detected in both
SVLO and palysma.infectea cells by labelling appropriate

cultures for short periods with 3H-thymidine (Levine, Kyang &



Billheimer, 1970; Bourgaux, Bourgaux-Ramnolsey % Dulbecco,
1969). Levine et al (1970) have shown that replicating SV4O DA
consists of molecules with two branch points , three branches
and no visible ends. Two of these branches (replicated
branches )were always equal in length and one replicated branch
plus the remaining unreplicated portion were equal in length
to relaxed eircular SV40 DNA (1,66 microns).

Newly-replicated SV4LO DNA strands are not covalently
linked to the parental DNA strends (Sebring et al, 1971).
The absence of a covalent link between parental DNA and
newly-replicated DNA excludes the rolling circle model
of DNA replication (Gilbert & Dressler, 1968) and indicates
ingtead that replication of the ring proceeds by the mechanism
proposed by Cairns (1963, 1966).

The parental strands of most replicating SVAO DNA moleculés
are covalently linked circles (Sebring et al, 1971;
Jaenisch, Mayer & Levine, 1971). This fact presents
certain conceptual problems. During replication of a covalently
closed duplex, the process of unwinding the two strands
would necessarily introduce superhelical turns into
the molecules. As replication proceeds, the introduction of

these turns would make it progressively more difficult

‘i )+o



1he

(and eventuvally impossible) to unwind the parental strands.
To resolve this difficulty, it is necessary to postulate
the existence of a swivel in the unreplicated portion of
the molecule., Very few replicating SVLO DNA molecules contain
such a swivel (Sebring et al, 1971) and this strongly
suggests that the swivel is present only intermittently
during replication. The simplest possible swivel would be
introduced by a single-strand break., The intermittent
swivel could then be envisaged as the alternate action of
a nicking endonuclease and ligase. Champoux and Dulbecco
(1972)>have recently demonsitrated that muclel of secondary
mouse cells contain an activity capable of untwisting
closed circular DNAs with superhelical turns. The enzyme
apparently acts by introducing a single-stranded nick into
the DNA, forming a DNA-enzyme complex that allows the strands
to rotate relative fo the helix axis before reversing the
action and sealing the break. This enzyme might possibly
serve as a swivel during viral DNA replicaticn,

Initiation of replication of the SV4O genome occurs at
a specific site (Danna & Nathans, 1572; Thoren et al, 1972)
and replication appears to proceed in a bi-directional
{(Danna & Nathans, 1973; Bourgaux et al, 1971; Fareed et
al 1972a) discontinuous (Fareed & Saltzman, 1972) process
(Oxazald et al, 1568, 19682 ), Concurrent protein synthesis
has been shown to be necessary for viral DNA replication

(Kit et sl, 1969; Levine et:al- 1971).
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The phenomenon of supercoiling of circular DNA is
presumably -assoclated with the ring-closure step.
Wang, Baumgarten and Olivera (1967) have suggested three
possible causes.
(1) A portion of the molecule is unwound at the time of
ring-closure to acéomodate the ligase.
(2) The number of base pairs per helical turn is higher in
the environment of ring~closure than in vitro.
(3) The DNA is associated with a protein core at the t%me

of ring-closure and extraction of the DNA results in the loss

of this protein core.

(3) Synthesis of viral RUWA.

During productive infection with.8V40 there is no
reduction in the rate of host c¢ell RNA synthesis and no
method has been found to inhibit specifically host RNA
metabolism. Therefore, the only way to examine the pattern
of yiral RNA synthesis in infected cells is by DﬁA-RNA
annealing. Competition hybridisation experiments showed
that, during productive infection, certain viral RNA
sequences appeared early and were synthesised throughout
the virus growth cycle; others were detected only after
the onset éf viral DNA synthesis (0da & Dulbecco, 1968;
Saver & Kidwal,i968; Carp et al, 1967; Martin‘& Axelrod,

1969; Nartin, 1970; Tonegawa et al 1970; Sauer, 1971).
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Westohal (1970) showed that SV4LO DNA is an efficient
template for RNA synthesls using B Coll DNA=-dependent
RNA polymerase. The product (cRNA) is highly asymmetric
and can be used to prepare separated strands of the viral
DNA. The strand which forms hybrids with cRNA is called
E=DNA and the other is called L-DNAo

When the geparated strands of SV40 DNA are annealed to RNA
extracted from lytically~infected cells at early times after
infection, 30% of the sequences of the E-strand enter inte
hybrid. RNA extracted at late times after infection
hybridises to both strands of the DNA. At ssturation,
30-35% of the E~strand and asbout 707 of the Lestrand
sequences anneal to the RNA (Sambrook, Sharp & keller,
1972). The early and late subsets of viral RNA are
transceribed from different strands of SVLO DNA and
possess little or no mutual couplementarity,

The factors that bring about the shift in the pattern
of viral RNA that occurs as cells pass from the early to
the late stages of SVLO infection are unknown. Several
explanations are possible.
(1) There may be a change in the physical state of the
viral DNA as a consequence of replicstion, sc thai & néw
promoter responsisle for the initiation of late RNA

synthesis becomes accesalble to RNA polymerase.



(2) During the cowrse of infection, there my he a change
in the gpecificity of RNA polymerase which mediates the
trangition from the early to the late pattern of viral

RNA synthesis.

(3) It is known that SV4LO DNA becomes integrated into

host DNA during lytic infection (Hirai & Defendi, 1972)

and 1t is possible that some classes of RNA are transcribed
from the integrated viral RNA sequences under the control
of hpst promobers or terminalbors.

(&) Tt may be thaf primary RHA transcription from SVHO DNA

is subsequently modified by post-trenscriptional processing

events and that changes in such events are responsible for the

modulation of viral RNA transeription (Aloni, 1972).

There is evidence that early viral RNA is transcribed
from DNA which is integrated with the cell DNA. The size
of the heterogeneous nuclear RNA containing SV40 sequenceé

is considerably greater than the segment of the viral genome

that is exvressed early (Tonegawa et al, 1970; Martin, 1970).

i&) Pelypeptide synthesis in SVLO infected cells

SVLO does not repress the synthesis of host cell RNA

and proteing ard, so far, nc ichibitor has been found that

18,



inhibits host cell macromolecular synthesis without
simultaneously inhibiting viral replioationﬁ It is
primarily for this reason that so little is known about the
synthesls of SV40 specified polypeptide synthe&is, the
synthesis of virus induced host proteins or the aszcmbly of
virus particles.

Within the first 10 hr of infection,>virusnspecified
RNA and virus - induced T and U antigens can be readily
detectgd (Lewis & Rowe, 1971). Between 12 and 18hr post-
infection, viral DNA synthesis begins and by 24 hr,V antigen,
associated with assembled capsids,can be detected in the
nucleus (Lewls & Rowé, 1971). In addition to the.appearance
of the virus specific antigens, many enzymes concernsd
with DNA synthesis increase in activity during the early
stage of virai replication (Eckhart, 1968).

During the first 12-2Q hr of infection,'there is no
obvious qualitative change in the species of protein being
synthesised compared to the patterns cbserved in uninfected
celléo It would appear that the egarly SV4LO induced proteins
are synthesised in relatively small amounts (Anderson &
Gesteland,1972). Shortly after the onset of viral DNa

synthesis however, the synthesls of VP1, VP2 and VP3 can be



dbsefved. All three protelns sppear at approximately

the same time and are synthesised at increasing rates
throughout the late portion of the infecticus cycleo

The synthesis of these three components appesrs to be
contingent upon viral IMA synthesis (Anderson & Gesteland,

1972; Sauer, 1972).

(5) Virus induced synthegis of _cellular DNA,

Productive or abortive infection with polyoma or SV40
can stimulate the synthesis of host cell DNA under sultable
conditions (Dulbecco gt al, 1965; Well et al, 1965; Winocour
et al 1965).

SVLO infection of frimary AéNK ¢ells or of CV-1 cells
(Xit et 21, 1967; Ritzi & Levine,1970) but not of BSC-1
cells (Gershen et al, 1966; Ritzi & Levine, 1970) induces

host cell DNA synthesis,

(B) Non-permissive infection

Polyoma induces tumours in newborn hamsters, mice and
rats and transforms mouse, hamsters, rat, and bovine cells
in culture., SVLO induces tumours in newborn hamsters and
transforms hamster, rat, monkey, bovine, porcine and human
cells, Tumour cells can be established in culture and cells

transformed in vitro produce tumours in appropriate animals.
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Transformed cells differ from thelr normal couwnterparts

in;

(1) altered cell morphology

(2) growth to higher cell densities forming multi~layered
colonies

(3) growth in agar

(4) increased growth rate

(5) altered chromosome number or morphology, or both

(6) new antigens

(7) increased trnsplantability in appropriate animals

l.e. malignancy
(Black, 1568).

Cells transformed by SVLO or poiyoma possess new virus
specific molecules including viral gene copies (Sambrock
et al, 1968),viral RNA (Westphal & Dulbscco, 1968; Gelb et
al, 1971; Ozamme et gi, 1973), virus specific antigens
(Black et al, 1963).

Since the present work relates only to the ﬁrocess of
permissive infection, non-permissive infection will not be

further discussed.
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Aim of the present work,

The aim of the present work is to determine the form in
which the viral DNA exists within the cell and to study
the processés which the viral DNA undergoes, especially

in relation to the viral assembly process.



MATFRIALS AND METHODS




MATIRTALS & METHODS 0o

Cell growth and virus infection

BSC=1 cells (Flow Laboratories Ltde, Scotlend) were grown in
plastic petri dishes (90 mm by 1hmmy Nunc Ltd., Denmark) in Eagle's
minimal essential medium (Ragle, 1959) containing 10% foetal calf
serum (Biocult Itd., Scotland) in an atmosphere of 5% 002 in air.
The cells were routinely screened for the presence of mycoplasma
by growth on PPLO agar (Biocult Ltd., Scotlend; Mycoplasma solid
growbth medium). in an atmosphere of nitrogen.The ¢ells used in the
present study were free from detectable mycoplasma contamination,

The wild~type strain of SV40 virus was plague~purified and
supplied by Dre J. Williams, Department of Virology, Glasgow
University. The SVL0 stock used in these experiments was prepared
by low multiplicity (0.01 pfu/cell) passage of the virus on
confluent BSC=1 oells ; the titre of the stock was 946 x 107 pfu/ile

Confluent monolayer cultures of BSC-1 cells were infected with
SV4L0 virus at a multiplicity of 1 to 100 pfu/cell. After 1 hr
of adsorpticn at 37 C, the cultures were overlaid with 10 mi

of Fagle's medium containing 2% foetal calf serums

Tivration of virus

Samples were serially diluted and 0.2 ml samples of esch dilution
was overlayed on monolayer cultures of BSC~1 cells for 90 min
at 37 C. The c¢ells were subsequenily overlaid with Fagle's medium
containing 2% calf serum in 0.65% noble agar. The cells were fed
with Fagle's medium in 0.65% egar on the 9th day and plagues were

counted on the 12th day.
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Isolation of radioactive SVL0 nucleoprotein complex.

Two extraction procedures were employed. Whenever
radiocactive thymidine was used as the sole isotopic
tracer, complexes were extracted from whole infected cells
with triton X=100,

To individual dishos of BSC~1 cells infected with SVLO,
radioactive ﬁhymidine was added over the intervel 25-50 hp
post=infection. After labelling, the cells were washed twice
with PBS and SV4O nucleoprotein complexss were extracted by

To each dish, 1ml of 0.25% triton X100 {British Drug Houses,

Itde) in 0,01M tris(hydroxymethyl) aminomethane (tris) -HCL,
0.01M ethylenediamingsetra-acetic acid (BDTA), pH7.9, wes
added and incubated at 200 for 15 min. NaCl was added to a finel con-
centration of 0.2M, The resulting lysate was carefully scraped
into a centrifuge tube and centrifuged at 2,500 rev/min
{(1,500g) in a MSE Medium centrifuge for 30 min at 4 C,
The supernatant material, hereafter referred to as TRITON
EXTRACT, was stored at 4 C. Centrifugation at 30,000z did
not significantly decress e the yileld of acid-precipitable
radiocactivity in the extract.

When radioaofive amino acids were employed, complexes
were extracted from isclated nuclei as follows. Monolayer
cultures were washed twice with lce-cold phosphate buffered

saline (PBS) and the cells were scraped off the dish into
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5,0 ml of PB3. The suspension was centrifug:d at 1500g

for 5 min at 4 C. The cellular pellet was resuspended in
1.0 ml of 0o5% Nonidet NP4O (Shell Chemical Coes U.X. )
containing 1mi MgClag 0eO1H tris-fICl buffer, pH7.9, 0,141
Wall and incubated for 1 min at 4 C .'l:o relesse nuclei.

The mixture was centrifuged at 1500g for 5 min at 4 C and
the nuclear pellet was resuspended in 0.5 ml 0,50 NPLO
containing O.01M tris-HCl buffer, pH7.9 and 0.01M EDTA.
After 10 wmin at 4 G, the NaCl conéentration was adjusted to
0.2M by the addition of 2.2} NaCl. After 5 min at 4 C, the
sample was centyrifuged at 2000g for 10 min at L C and the
supernatant material, which contained the complex, wes

removed and stored at 4 C.

Preparation of labelled SV4O wirus

Two monolayer cultures of BSC~1 cells were infected with
0.01 pfu/cell of SV40 virus and after 80 hr, JH-leucins or
3I—I—-l._')rs:'me or 140-protein-—-hy<1rolysate (200 pCi/dish, 200 uCi/dish,
and 25 uCi/dish respectively ) was added. At 160 hr post~infection,
the cells weres suspended in the growth medium by scraping and
stored at & € for 1 hr. The mixture was centrifuged at 15000g
for 30 min then thc cells were suspended in 2.0ml PBS and
made 1% with respect to sodium deoxycholate. Deoxyribonuclease
and ribonuclease A (Sigma Chemical Corp.) were added to final

concentrations of 40 ug/ml and 12 pg/ml respectivelye



The mixbtwre was then dispersed by sonic vibration then
inecubated .at 37 C for 30 min, Cellular dedbris was removed
by centrifugafion at 15,000z for 30 min at 4 C., The virusge
containing supernatant was underlayed with 2 ml of saturated
KBr solution and centrifuged for 3 hr at 40,000 rev/min in
the Spinco SVW50.,1 rotor at 20 C, The fractions correspoﬁ&ing
to the lower visible band {(SV40 vi?us) or to the upner
visible band ('émpty' shells) were separately pooled and
layered on to 3¢5 ml CsCl (density 1.36 g/wl) and centrifuzed
for 18 hr in the Spinco SWS6TL rotor at 40,000 rev/min at 20 C.
The visible bands corresfonding to V40 virus (density 1.3 g/ml)
or empty shells (density 1,30 g/ml) were collected and dialysed
for 2 hr against PBS at 4 C.

Typical profiles obtained for 3H ~thymidine labelled virus

] A
(2), for “H-leucine labelled virus (B) and for 3

H~leucine
labelled 'empty' shells are shown in Fig (i). Profiles

obtained on analysils of similarly lebelled mock-infected cells

are shown in each case {( 0 =-=0 Jo
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Preparation of labelled SVLO DIIA

Using 32Pmphosphate

32

One hundred }IG:'L of “"P-inorganic phosphate were added

to single petri dishes of monolayer B3C-1 c¢ells infected with
SV4O at 20 hr after infection , and thereafter at 12 hr intervals.
Three days after infection, SVLO DA was extrected with sodium
dodecyl sulphate (SDS) by the metﬁod of Hirt (1967). The SV40
DNA extract was made 1.0M in CsCl and stored at O C for 30 min.
Caecsiun dodecyl sulphate was removed by centrifugation at
14,000g for 10 min at 2 C, The DNA was centrifuged in 5.0

ml CsCl (density 1.52 g/wml) = propidium di-iodide (PDI; 500
pg/ﬁi; Calbiochem, Los Angeles, California) and centrifuged

for 40 hr in a SW50L rotor at 40,000 rev/min at 20 ¢ (Hudson

et al, 1969). The tubes were then punctured and 6 drop fractions
were collected, Five yl aliquots were applied to 2.5 cm Whatman
M filter discs and assayed for radicactivity as deseribed
below, The fractions which contained supercoiled SVLO DNA were
Peooled and dizalysed twice against PBS for 1 hr. PDI was removed
by repeated extraction with isqamyl alcohol, Purified DNA was

stored at -20 C,.



Using 1ACmthymidine

BSC-1 sells were infected with SV4O virus (100 pfu/cell)
and labelled 26-4l hr post-infection with MC»thymidine
(1625 pCi/ml) prior to extractionof DNA by the method of
Hirt (1967). The Hirt supernatant was adjusted to 1.0¥ in
CsCl, stored at 4 C for 30 min and centrifuged at 14,0004
for 10 min at 4 C,s The resulting supernatant material

was dialysed for 2 hr against 0.01M tris buffer, pH7.%9;

0.01M EDTA, 0.2M NaCl at ). C then stored at «20 C.

Centrifugation technigues and isobope measurenents
£ que, 2}

Linear sucrose gradients (5~20%) were prepared containing
0,01 tris buffer, pH7.9, 0.01M IDTA, 0.2M NaClo, The vélume
of the gradient waslheo ml when the Spinco SW56Ti rotor was used,
13,0 ml when the Spinco SWAOT'L rotor was used, and 5.0 ml
when either the SW50L, SW50.1 or SW65L rotor was used., Individual
conditions of centrifug.tion are detailéd in the figure legends.
Velocity sedimentation analysis on CsCl was performed by
layering 0.2 ml samples on 3.0 ml CsCl (density 1.50 g/ml)
in Q.01M tris-HC1l at pH7.9. Samples were centrifuged in a
SW50L rotor for 3 hr at 40,000 rev/min at 20 ¢ and harvested
as described below, -
Equilibrium dye~buoyant centrifugaticn wos porformed by

adding 0.2 ml samples to meke a f£inal volume of 3.2 ml CsCl



(density 1452 g/ml)<PDI (500 ng/ml)e Centrifugation was corried
out in a SW50L or S5W50.1 rotor at 40,000 rev/min at 20 Co
Gradients were harvested by direct tube puncture, and 2
drop fractions were collected on 2.5 cm Thatman 3MM filter
discs. The discs were washed three times in ice-cold 10%
trichloroacetic acid and dried in ethanol-ether, after which
they were counted in either a Phillips 1iquid scintillation
analyser or a Nﬁclear Chicego Isocap 300 liquid scintillation
system. The scintillation fluid consisted of O.5% 2,5~diphenyl~

oxazole in toluene.

Blectrophoresis in SDS~-polyacrylamide gels,.

0e1=0.2 ml samples were adjusted to 1.07% SDS, 5.0%
2-mercaptoethanol (¥E) and 8M vrea then incubated et 70 C
for 1 hr.

Acrylamide gels (10%; 7mm x 70mm) had an acrylamide:
bis-acrylamide ratio of 50: 1 and contained 0.07%
tetramethylethylenediamine (Koch), 0,1M phosphate buffer,
pH7.2, 0.1% SDS. Electrophoresis was carried out for 3.5 hr
at 16 mﬁ/gelc The gels were sliced laterally and prepared for
scintillation counting as described below,

Gel slices were digested by incubation overnight at 60 ©
with 0.3 mi of hydrogen peroxides. Seintillation fluid (10 ml),
composed of 3 parts by volume of toluene cqntaining OS50

2,5=diphenyloxazole and 2 parts 2-methoxyethanol, was added
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and samples were counted in a Phillips liquid scintillation
analyser eguipped with computerised quench correction,

The molecular weights of proteins were determined
by the method of Shapiro et al,(1967) by comparing their
electrophoretic mobilities with the migration of a series
of proteins of known molecular weights. Bovine serum albumin
(mol wt. 66,500), carboxypeptidase (mol wte 34,000), chymotrypsin
{mol wte 245500) and cybochrome C ( mol wt. 12400 ) were used as

standards.

Buoyant density of SV4O DiiA-raotein complex

Triton extract (015 ml), prepared from SV40 virus infected
cells labelled with “Hwthymidine, was mixed with 0,05 ml of
14CmSVAO DNA and made 15 with respect to glutaraldehyde ( Koch)
in Q.01M EDTA, 0.2M NaCl, 0,01M tris~HCl buffer, pH7.9, and
incubated for 15 min at 20 C. 0.1 ml of the mixture was added
t0 3,0 ml of CsCl (density 150 g/ml) and centrifuged for
40 hr at 40,000 rev/min in the Spinco S7W5041 rotor,

Fractions, collected by tube puncture, were assayed fox

radiocactivity and aliquots used for density determination.

Radiochemicals

A1l radiochemicals were obtained from the Radiochemical
Centre, Amersham, England at the following specific activities;

33 J s s .
thymidine “2“51*} 62 nCi/mmole; uridine m6~H3, 5 ¢i/mmole;



% - 7
thymidine-6-H", 26Ci/mmole; Leleucinesl, 57 5203/ mucles
ﬁrotein hydrolysatew01h; ShuCi/maton carbong Lwlysina~4y5wﬁjg

565 Ci/mmoles 52Pminorganic phosphate, S0CL/mge.

Drugs
Puromycin was obtained from Serva, Heidelbersg. Actinomyecin D
and arabinofur&nosylcytosineﬁ(aramC) were purchased from

Sigma Chemical Co., London.

Enzymes

Ribenuclease (RVase; Sigma Chemical Coo, Ltd, London), 200 pg/ﬁl
in phosphate buffered saline (PRS) was heated to 85 ¢ for 20 min
to inactivate latent deoxyribonuclease activitye Pronase
(Calbiochem” Los Angeles, California), 200 yg/ml in PBS, was
autodigested for 2 hr at 37 C to destroy latent DNase activity.
Deoxyribonuclease was obtained from Sigma Chemical Co., Ltde,

Londone
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TIsolation of SV,0 Nucleoprotein Complex

Twenty=five hre after infection of BSC~1 cells with
SVLO0 virus, 3H&thymidine was added for 5 hr. The cells
were then treated with 0.25% triton and a soluble supernatant
extract was prepared as described in the preceding section.

A 0.2 ml sample of the extract was mixed with 32Pm1abelled

215 (supercoiled) SV40 DNA and centrifuged through a linear
5=20% sucrose gradient. The results of this experiment are

pregsented in Fig.l.

The triton extract contained a component which scdimented
more rapidly than purified 32P~-labelled 215 SV40 A and which
accounted for all the radiocactivity present in the semple,

The rapidly sedimenting material had a sedimentation coefficient
at the peak maximum of 448, compared with the value of 218 for
the SVL0 DNA markere No 3Hinlabelled material was detected in

the region of 21S SV40 DNA, Imn mock-infected BSC~1 cells. labelled
in a similar manner, negligible amounts of acid-precipitable

radicactivity were present in triton extractse



When a gample of triton extract, mixed with 32P-1abelled
218 SV4O DNA, was analysed by veloclty centrifugation on
Cs0l (Fig.1B), the Z’H»radioactivity was found to co-sediment
with the 32P-—1abe11ed mrker SV40 DNA. Furthermore, on
analysis by CsCl propidiuwn di-iodide buoyant centrifugati o,
the jﬂ—radioac‘tivity was observed to have a buoyant density
corresponding to the clased circular form of SVALO DNA (Fig.2).
These results demongtirate ‘th;t the 448 m terial, chserved
in 5 br labelled triton extracts b‘y gedimentation analysis
on sucrose gradients, contains 218 SViO DNA, which is assoclated
with other macromolecular component s.
In an attempt to test for non-specific essoclation of
SV40O DNA with components in the triton extract, 32P-—la‘beil.led
215 SV4LO0 DNA was incubated with a sample of triton extract for
1l at 20 Co The sedimentation properties of the 218 SVALO DNA
in sycrose gradients were unalt ered after such treatmwent, and
no complexes were wesent. Since this experdment cannot
duplicate precisely the conditions in the cell at.the time of

extracting, wme form of non-specific interaction canot be

excluded at this point,

Evidence that Protein is Present in the Complex.

“In order to determine the mature of the mterial complexed
to SVLO DNA in the 44S componen:, the following experiments

were performed. A 0.2ml sample of the triton extract, cotained



Pigele Sedimentation analysis of triton extract from SV4L0
infected cells. The cells were labelled 25 hr. pogt-infection
with %ﬁ~thymidine for 5 hr. bhefore harvesting. 3szlabe;Lled
218 SV4O DNA was added as a marker. (A) Centrifugation on

a 5-20ft sucrose gradient was for 2 hr. in a SW50L rotor

at 36,000 rev/min at 4 C. (B) The sample was layered on

3 ml CsCl (density 1050 gemlnd) and centrifuged for 3 hr.

in a SW50L rotor at 40,000 rev/min at 20 C.

The multiplicity of viral input was 10 pfu/cell and the

3H%thymidine concentration was 5 pCi/ml.

L
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Pige2. Dye-buoyant analysis of triton extract from SV40
infected cells. Triton extract was prepared from SV4O-infected
BSC~1 cells as described in Fig.1. A 0.2 ml sample of extract
was mixed with ~2P-labelled SV4L0 DNA (form 1 and form 2) and
centrifuged in CsCl (density 152 g.ml"1) in PDI (500 ug/ml)

for LO hre in a Spinco SWH0L rotor at 40,000 rev/min at 20 C
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in the previous experiment, wag incubated with heat-treated
RNase (10 pg/ml) for 15 min at 20 C. A further sample of

the triton extract was incubated with pronase (10 mg/ml) under
the sam conditions. These two éamples were separately mixed
with 22P-labelled 21S SV40 DNA and centrifiged throuvgh 5-207%
sucrose gradients as previously describ ed, The results o

this experiment are shosn in Fig. 3.

Digestion of the complex with pronase under the conditi ong
described gave rise to a component (Pig. 3A) with a sedimentation
coefficient of 395 and more prolonged incubation led to a furbber

redwtl on in sedimentation coefficlent (Fig.h).

Incubation of the complex with RNase (Fige3B) did mot
decrease the rate of sedimentation of the cemplex end it is
evident therefore that the complex did not contain significant
amounts of RNA, A slight increase in the aversge sedimenmtation
coefficient (483) was observed and is attributed to associstion
of the complex with BNase. A similar effect has been reported

by Green et al (1971).

Doiuble label experiments were perfor med wing 3H«
thymidine and u"C-pz‘otein hydrolysate to provide additioml
evidence that the mterial assoclated with the viral DNA was
protein (Fig.5). BSC-1 cells infected with SVLO virus were

i
labelled 27 hr post~infection with )K*thhymidine and 140-protein



Fige3s (A) Sedimentation of triton extract after incubation
with pronase, which was added to a final concentration of

10 }lg/ml and the mixture incubated for 15 min at 20 C.

(B) Sedimentation of triton extract after treatment with
ribonuclease, which was added to a final concentration of

10 pg/ml and the mixture was incubated for 15 min at 20 Ce
The triton extract was prepared from infected BSC~1 cells

83 described in Flgel and the procedures for sucrose gradlent
analysis are presented in the legend for Fig.1(A). The arrow
indicates the position of the complex in untreated triton

extract.

iy
iy
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Figehe Sedimentation of triton extract after prolonged
exposure to pronase, Triton extract was prepared as described
in Fig.1 and pronase was added to a final concentration of
10 pg/ml. The mixture was incubated for 2 Hre at 37 C.

A 0,2 ml aliguot was subsequently mixed with szmlabelled
219 SV40 DNA and analysed by sucrose gradient centrifugation

as described in Figele



hydrolysate for 3 hr end triton extracts were prepared.
Allquots (005 ml) were centrifuged through a linear 5-205
gucrose gradlent and the ri;sults are shown in ¥ig, KA. A
small amaunt of 1)43-"183)6116(1 mierial was dsexrved to
cogediment with 3H--labe11ed complex. In addition, a

11"0-15&) elled component was dserved with a sedimenbation
coefficient of 40S. A large smcunt of :U"'C»la,bellecl mterial,
probably free protein, remined at the top of the gradient.
Triton extracts of mock-infected BSC--1 cells similerly labelled
with u‘C-protein hydrolysate were prepared and a 0.5 mi!. aliquot
was mixed with 0.1 ml of triton extract from infected cells
labelled with 3H--~‘l;hymi<3,irxe as described in Fig. 1. The mixture
was centrifuzed on a linear 5-20% sucrose gradiems and the
results ere shown in Fig. 5B. A *C-labelled 405 component

11"0-'1ab elled mterial

wag observed along with a large amcunt of
at the top of the gradient. It was concluded that the 40S

| component cbserved in Fig. 5A is probably of cellular arigin end
dees not arise as a result of virug infection. Since it was
probable that the 405 component contained RNA, 0.5 ml aliquots
of the triton extract analysed in Fig. 3A were incubated with
20 pg/ml RNase fa 1 hr at 37 C, then analysed on linear 5-207%
sucrose gradients (Fig. 5C). The L40S component cbserved in
Fig. B5A was no 19nger present bub the "'C-labelled mterial

3

agsociated with the “H-labelled 44S complex was unaffected by



hes

Fig.5e. Sedimentation of triton extracts from SVHO - infected
BSC~1 cells and mock - infected BSC-1 cells after labelling

with 0~ protein hydrolysate. (A) Infected cells 27 hr.
post-infection were labelled for 3 hr. with 140«proﬁein
hydrolysate and 3H’r-thymidine and triton extracts were

preparede (B) Hock-infected BSC-1 cells were labelled in
parallel with 1“Cnprotein hydrolysate and a triton extract

was prevared. (C) The double-lsbelled extract from infected

cells described in part (A) above was incubated with 20 pg/ml
ribonuclease for 1 hre at 37 Co All samples were centrifuged

in 5-20% linesr sucrose gradients for 3.25 lir. in a Spinco

SWLOTL rotor at 40,000 rev/min in a Beckmsn L2-658 ultracentrifuge
at 4 C. The first 30 fractions only out of a total of 40
eollect ed are shown due to the large amount of 140—1abelled
material (10,000 ecpm) at the top of the gradient,

The multiplieity of viral input was 10 pfu/cell. Tﬁe 5H’--thymidine
and 140—protein hydrolysate concentrations etployed were 5 pCi/ml

and 7.5 pCi/ml respectively.
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this treatment. The 40S component 13 probably a ribonucleoprotein
of cellula.r origin whose presence 'in.tri‘t:on extracts is
independent of SV4LO infectlion., The 443 ]‘Z‘LC-labell ed materisl
occurs only in SV4O-infected c€lls and is prdably due Lo protein
assoclated with the viral INA. These vresults indicate that in
the complex extracted with triton, 215 SV40 DNA is prcbably

assocla ted with motein.

The effect of salt concentration end detersent treatment
on tle sedimentation properties of the nucleoprotein complex is
shown in Fig, 6, When the triton extract was treated with
0.5 M NaCl, a component was dhserved on sucrose gradierts with a
sedimentation coefficient of 295 (Pig. 6A)., Treatmnt with either
1.0 M NaCl (Pig. 6B) or with 0.5% SDS (Fig. 6C) yielded components
which sedimented only slightly in advance of the 213 SV40 DNA
marker, indicabing effectively complete Alssociation of the
complex, Binling of protein to DNA in the complex is senéitive
to variation in salt concentration and this behaviour is similar
to that o the polyoma DNA-protein complex in infected ME cells

(Green et al, 1971).

Treatment of the complex with 0.25% deoxycholate for 1 heowr
caused partial dissoclation of the c¢omponents of the complex

(Fige 7A).

After such treatment , the complex was dbserved to sediment

heterogencously between 355 and 215. However more prolonged
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Figebo Sedimentation of triton extracts after treatment in
dissociating conditions. (A) The triton extract was adjusted
to 0.5 ¥ NaCl and incubated for 15 min at 20 Ce. The sample
was centrifuged in a 5-20% sucrose gradient adjusted to

0.5 M in NaCle (B) The triton extract was adjusted to 1.0 M
in NaCl and incubated for 15 min at 20 C. The sample was
eentrifuged in a 5-20% sucrose gradient adjusted to 1.0 M

in NaGle (C) The triton extrsct was made 0.5% witlll respech
to sodium dodecyl sulphate and incubated for 1 hr. at 37 C.
The sample was: centrifuged in- a 5=-200% sucrose gradlent.

The triton extract was prepared from SV4O-infected BSC-1
cells ag described in Figel. 5ZP--J..abeil.leél 218 SVLO INA was
added as marker and centrifugation was for 2 hr. in a Spinco
. SW50L rotor at 36,000 rev/min at A4 C. Th. arrow indicates the

position of the complex in untreated triton extracts.
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Figofo Sedimentation analysis of tritom extract after treatment
with deoxycholatee Triton extract, prepared as described in

Fige! was made 0.25% with respect to sodium deoxycholate

and incubated at 20 C for either 1 Wre. (4) or 18 hr (B),
Thereafter, the complex was mixed with 32P~138.‘belled 218

SVLO DNA and centrifuged through a 5-20% sucrose gradient

as described in Fig.lo
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treatment "dissocl ated the complex still further to o mixtuwre

of 255 complex and 215 DNA (Fig. 7B). —

Analyais o the polypeptide constituents of tle comlex.

o

Analysis of the polypeptide cmstituents o SVLO DNA-protein
complexes extractable with Triton X-100 is complicabed by the
presence in the extracts of a protein-contal ning component with
a sedimentati on coefficient (LOS) close to that of the complex,
This component was found to be o cellular arigin amd &ld not avize
as a result of virus infection. It was sensitive to ribonuclease
treatment , bus the enzyme bound to the SV40 DNA-prot ein complex
anl mrolonged incubation resulted in exbtensive lossas due to

nuclease activity in the Triton extracts.

In arder to determine the sensitivity o the 403 componet
to actinomyein D, 3 monolayer cultures of %BSC-~L cells were treated
with Ou4 pg/ml of actinomycin D and at verying times thereafter
were pulsed with 3I-I--ZLei.tc::'Lne for 40 min periods. At the end of the
pulse period, each culture was extracted with triton X-100 and
the extracts thus dbtained were analysed by sucrose gradient
centrifugation, In eachdase, the amaint of 3H—radioactivity
incorporated into the 4OS component was approximately equivalent
to that cbserved o analysis of an exbtract obtained from a culture
labelled with “H-leucine in the absence of actinomycin D {Pig. 8.).

Incorporation o radioactive leucine was therefore insensitive to
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PigeBe Effect of actinomycin D on incorporation of
:I)leeucine into the 403 ribonucleoprotein complex of
triton extracts. The medium was removed from kL resting
monolayer cultures of BSC-1 cells and replaced with warm
Tagle's: medium containing Q. }1@/1111 of actinomyein N, or
in the case of one of the culitures, with Eagle's medium
containing no actinomycin D (A)e 30 min later, the
medium was removed from hoth a drug—treé’ced culture (B)
and the single non: drug~treated culture (4) and replaced
' s

with wernm leucine=free Hagle's medium containing 3H.-o:l;eucine
(20 pCi/ml) and either actinomycin D or mno sctinomyein Do
After a 4O min exposure to isotope, the cultures were
extracted with triton X-100. The 2 remaining drug-treated
cultures were similarly labelled with 3H’--»leuc::}.ne in the presence
of actinomyein D for 40 min periods at 70min (C) and IIO
min (D) after the addition of drug and triton extracts
were prepared from each culture.

0.2 ml samples of cach extract were analysed by
velocity centrifugation through linear 5=-20% sucrose
gradients at 55,000 rev/min fer 50 min in the Spinco

SW56T1 rotor at 4 Co
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actinomycin D umd er the conditions employed.

The first step in overcoming the w oblems asscciated with
the mresence of the 4B component hags been to develop a wuclear
extraction procedure which reduced the dlevel o 105 vomponmt
present , compared with the Triton extracts. Uninfested resting

cultures of BSC-1 cells were incubated at 3700 in leucine~free
Bagle's medium to which 3I-l’u;].euc::n‘.nsz wa 3 added. Afte 3 hr, a
nuclear extract was prepared and a semple was mixed with an
aliquot of Triton extract from SV40 virus-infected BSC-1 cel ls,
labelled 284 hr post-infection with ““C-thymidine. The mixbuce
was centrifug ed through a linsar 5-207% sucrose gradiat (Fig.94),

2
A component with sedimentation coefficient LOS was dserved comared

to the 44S mrker., Labelling with 3IﬂI-qu':’.dinse and. J'L"C-protein
hydrolysate demonstrated the presence o«f RNA in the 408 material
(Fig. 9B). The amount of 405 component obtained by the nuclear

extraction procedure was less than 10% of that dbtained by the Triton

X~100 proc edure,

To determine the sensitivity of the nuclear 4LOS o mponent to
actinomyein D, a monolayer culture of BSC-1l cells was treated with
001 }lg/ml actinomyein D for 1 hr. The medium was fep]aced with
leucine-free Eagie's medium containing 2H-leucine plus 0,1 pg/ml
actinomycin D and the cells were inciwbated for 3 . A nuclear

extract was prepared and sucrose gradient analysis (Fig. 9C) revealed
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Fige9e Sedimentation analysls of nuclear extracts from
uninfected BSC-1 cells. The medium was removed from 3
resting monolayer cultures of BSU~1 cells and replaced
with warm Eagle's mediuvm, or in the case of cne of the
cultures, with Bagle's medium containing actinomycin D
(0o? pg/ml)e After an incubation period of 1 hw, the
medium was removed and replaced with either warm leucines
free Fagle's medium containing leucine (50 pci/ml) (4)
or with leucine~free Eagle's medium containing both
J-1eucine (50 uCi/ml) and actinomycin D (0.1 pg/ml) (C), "

Jtridine (25 pGi/ml)

or with Eagle's medium containing
and “‘"C-aprotein hydrolysate (10 pCi/ml) (B). After a

3 hr exposure to isobope, nuclear extracts were prepared

in each ease.

In the case of extract (&), 0.1 ml of a triton extract
prepared from SV40 virus-infected B'SC--’l cells labelled with
“‘"C-‘bhymidine was added as a marker for the SV4O nucleoprotein
complex.. The extracts were thereafter centrifuged in 5-20%
linear sucrose gradients for 3.5 hr in the SWAOTL roter of
& Beckman L2-65B ultracentrifuge at 40,000 rev/min at LC.
Fractions were collected and 50 »L aliquols of each were

assayed for radioactivity,
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that only negligible amounts of L0S material were @ esent .

Extracti on of cultures with triton X 100 demcnstrated that
the incorporation of 3I-I»«leuo,im-": into LOS component was unaffected
by concentrations of actinomycin D as high as 0.4 pg/mlo However,
the nuclear 40S componert is sensitive to the action of the drug.
Presumably, newly-synthesised proteins become associated with
preformed ribonucleoproteins in the cytoplasm to mroduce a labelled

403 component .

However, in nuclesr extracts, newly-synthesised protelns
become assoclated only with newly-synthesised RWA, the syn;hesis
of which is sensitive to actinomycin D, The pool of pre-synthesised
ribonuclecprotein within the nucleus at any given time is probably
very small., The nuclear extraction procedure, coupled with the

use of actinomycin D therefore elimimtes incorporation of

3H--ZLen.m:'x.rm. into the 40S ribonucleoprotein component .

The effeét of 0.1 pg/ml actinomycin D onthe poducti an o
SV40 DNA-protein complexes was initially studied in Triton extracts.
SVL0 virus-infected monolayer cultures of BSC-1 cells were pretreated
with actinomycin D then lebelled 3 hr with -H-thymidine. The
resulting nucleoprotein complex was observed to havve sedimentation
characteristics idemtical to those o ILPC-labélled complex prepared

in the absence of actinomycin D (Fig. 10). Further experiments

denonstrated that 0.1 pg/ml actinemyecin D @id not quantitatively



Figel Qo Sedimentation analysis of SV40 nupleoprotein

complex synthesised in the presence of actinomyein D,

2 resting monolayer cultures of BSC~1 cells were infected
with SV40 virus {100 pfu/eell)e. After 27 hr, the medium

from each culture was removed and replaced with Fagle's medium
containing actinomycin D (0.1 pg/ml) or no actinomyein Do
After a 1 hr incubation period, 3Hathymidine was added

to the drug=treated culture to a final concentration

of 5 pCi/ml whereas 1AC~thymidine was added to the non
drug-treated culture to a final concentration of 1.25 pCi/blo
The cultures were exposedto isotope for 3 hr prior to
extraction with triton X~100, 0.1 ml aliquots of the 2
triton extracts were then mixed prior to centrifugation
through a 5-20% sucrose gradient in the Spinco SWHETL

rotor at 55,000 rev/min at 4 C for 50 min,
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affect synthesis of the complex under the conlitions employed.

The incorporation o« label led amino acids into the proteirs
of SV4O DNA-protein complexes was then studied in the presence
of actinomyein D by means o the nuclear extraction procedur e,
Infected cells, 27 hr post infectlion, were treated with
actinomycin D for 1 hr then labelled with 3H-1eucime and
Mc-nthymidine in leucine~free Eagle's medlum for 3 hr., Analysis
of the nuclear extract on sucrose gradieats (Fig. 114) demonstrated
that & large amount of mterial labelled with Z’H-rleucine‘)
cosedimented with the MC—labelled complex, It is possible, however,
that infecti on with SV40 virus might stimulate synthesis o L0S
component so as to alter the sengitivity to the level of
actinomycin D used above, To investigate this possibility, it
was necessary to study the actinomycin D sensitivity of 31{-191103'.1’3
incorporaﬁon into the nuclear 405 component in SV4O~infected cells
in which the synthesis of the 4A4S viral nucleoprotein complex had
been suppressed and in which, therefore, selective incorporation o
3H---l¢=,~v.1c=:'Ln<-3 into the 405 componert could be achieved.
Arabinofuranosyleytosine ( ara~C ) is a potent inhibitor of INA
synthesis., In order to determine precisely its effect on SV40
- DNA synthesis, 3 monolayer cultures of SVL;Ominf‘ecte& B3C-1 cells
rore treated with 28 pg/ml ara-C at 28 hrs post infection ard

were pulsed with 3H--4.:h;)m:'ui‘:i.ne at varying times thereafte for



Fig,11. Sedimentation analysis of nuclear extracts from
SVL40 infected BSCG-1 cells.

Two resting cultures of B3C=i cells were infected with
SVL0 virus (100 pfu/cell). After 27 hr, the medium was
removed from each culture and replaced with werm Bagle's
medium containing actinomycin D and further incubatede
30 min later;, arabinoecytosinylfuranoside (28 pg/ml) w;s
added to one éf the cultures (B)e After a further 30 min
incubation, the medium from both cultures was removed
and replaced with 4 ml of warm leucine-~free Eagle's
medium containing actinomycin D (0.1 pp/ml), jﬂhleucine
(50 pCi/ml), “Fthhymidine '(1 25 pCi/ul), and arebino-
cytosinylfurancside (28 pg/ml) (B) or no ara~C (4).
After a 3hr exposure to isotope, nuclesr extracta were
prepared. and centrifuged for 3.5 hr through 5-20% sucrose
gradients in the Spinco SWLOTi rotor at 40,000 rev/min
in a Beckman 12-65B ultracentrifuge at 4 Co

Fractions were collected and 50 pl aliquots of each

were agsayed for radicactivity.
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2}5 min pericds, 1In each case, the pulse was terwinated by

extraction of the culbures with Triton. Samoles of each

extract were analysed by CsCl velocity sedimentation and the 3H==-
radioactivity incorporated into 215 SVL0 DNA in each case vas compared
to that chtained on analysis o an extract made from a parallel
infected culture labelled with BH--thymidine in the absence of

ara-C (Fig. 12). Ara-C was observed to completely imhibit SVLO

DNA gynthesis after 30 min of treatment.
]

L3

3

Since ara-C has no effect m incorporation of “H~leucine into

the 408 componert in uninfected célls, this drug was used to

supress synthesis o SVL4LO nucleoprotein conplex so that incorporation
of 3H-~-Il.euc:1'.n{a into the 40S component could be evalwated, BSC-1

cells were treated as in Fig, 112 exce?t that 28 }15/1111 ara=C was
added 30 min pricr to add:’ﬁ;:?.on o 3H-le:um'.ne. Sucrose gradient
analysis (Fig. 11B) demonstrated total inhibiti on of SV4O
nucleoprotein complex anl the level o 3H-—leucine incorperati on into

LOS mterial was similar to those dserved in uninfected cells in

the presénce of 0.l pg,/ml actinomyein D (cef. Fig. 9C).

It is concluded from these results that the SV40 DNA-protein
complex has been isolated in a state of radiochemic al purity and is

essentially free of extraneous labeiled proteims.



Figsli2o Effect of ara=-C on SViO DNA gynthesis.

At 28 hr post=infection with SV40 virus, the medium wes
removed from 3 monolayer cultures of BSC~1 cells and

replaced with warm Fagle's medium containing ara=C (28 pg/ml).
At O min (B),15 min (C), and 30 min (D) thereafter,
3H&nthymidin,e was added to a final concentration of 5 pCi/ﬁl
and,in each case, the cultures were exposed to the isgtoz;é
for 15 min and subsequently extracted with triton X~1C0.

A pargllel SVL40 infected culture was similarly labelled
with 3E«thymidine in the absence of ara-C at 28 hr poste
infection and a triton extract was prepared (4).

0.2 ml samples of each of the above extracts were analysed
by velocity centrifugation through neutral CsCl (density
1650 g/ml) in the Spinco SW50¢1 rotor at 40,000 rev/ﬁin

for 3 hr at 20 C.
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Characterisation of nolypeptides in the nucleoproteln comnplex.

SV4O0 virus-infected BSC~1 cel ls were exposed to 5H~1eucine
in the presece of actinomyein D as before and nucleoprotein
complex was isolated by sucrose gradient centrifugation of
nuclear exbtractse The 3H-mla‘oe‘ll’Leﬁ 418 complex was mixed with
purs.fied SV4O virus, which Imd been labelled with ~“Gprotein
hydrolysate, ard the proteins in the mixture were disaggregated
in SDS, ME and 8M urea pria to electrophoresis in |
SDS-polyacrylamide gels (Fig. 13). At least seven discretbe
components, incluwling all of those present in the mw ture virion
were observed in the nucleoprotein complex. It has not proved
possible to resolve clearly the 3 virus proteins VP4, VP5 and
VP6 (Barban & Goor, 1971). The complex is particularly rich
in the small polypeptides VPL=6., VPl was also observed in the
complex but the radiocactivity in this component was only 7% of
the total radioactivity compared with 79% in the matwre virus.
Material with a molecular weldt o 80,000 was clearly evidet,
especially in the nucleoprot ea’.ﬁ. complex. A component was observed
(M.W. 28,000) which @id not comigrate with sny o the “"C-virel
marker proteins, Material from experiments shown in Fig. lﬁB gave
no discrete péaks in 8DS gels. The percentage of rac’Lioa&tivity
in the proteins in 3H»-ZLeuc:Lne--labelled comple x has also been compared

to those in both SVLO virus and empty shells labelled with



Pigel3e Acrylanide gel electrophoresis of the protein

components of SVLO nucleoprotein complexe

3

as described in Fig.d1 (A4) and the pesk fractions in the

44S region (fractions 9,10,11 in Fige.ll (A) ) were poolede

14,

A 0.1 ml aliquot of this pool was mixed with purified -
amino acid~labelled SVLO wvirus to provide merkers for the:
viral coat proteins. After disruption, the sample was
analysed by electrophoresis on a 106 acerylamide gel
containing 0.1% SDS as described in the Materisls and
Methods section.

A pool was made from the corresponding fracticns from
the ara=-C treated culture described in Fig.11 (B) and was
similarly analysed by SDS acrylamide gel electrophoresis

(3 Hopn  Xe——mX)

He-leucine labelled SVLO nucleoprotein complex was lsolated
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FPigoeilie Acrylamide gel electriphoresis of the protein
components of 'full’ SVL0 virus and SV4LO 'empty' shells.
Two monolayer cultures of BSC-1 cells were infected with
0.01 pfu/cell of SVLO virus and, 80 hr later, were labelled
with BHLIysine (200 pCi/dish)e The cells were harvested
80 hr later and 'full® SV4O virus and ‘empty' SV4LO shells
were purified as described as in the Materials & Methods
section,

After disruption, & 50 pl aliquot of ffull' virus (4)
or ‘empty' shells (B) were analysed by electrophoresis on
a 10% acrylamide gel containing 0.1% SDS as described in

the Materials & Methods section.
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TABIE 1

Distribution of leucine in purified wviral ccuponeants

Preparation

SVLO virus

Bmpty shells

Complex

% of total in constituent proteins

v W2 VPR3 VPli=6

75 L . 8 11

77 6 8 2'5" .
7 1 6 82

-

Purified SVL4O virus, SVA0 ‘emply' particles and SV40
¥

2
nucleoprotein complex (all labelled with “H-leucine)

were analysed By SDS-polyacrylamide gel electrophoresis

and the amount of radiocactivity im: each of the major

viral components was measured and expressed as a

percentage of the total redicactivity recovered from

the gel,
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H-leucine (Pable 1),

The total counts in the region VPL4~6 have been corbined.
The 3 H-radiocactivity profiles obtelned on SDS-polyacrylamide gel
analysis of disrupted SVAO virus (4) aml SVAO 'empty' shells (B)
are sharn in Pig. 14 and are gqualitatively similar to the profiles
obtained with 3H--Il_euc:'nmsz labelled particles. The 'empty® shells
have a reduced content of VPL4-6 compared vith full virus (Pig. I

& Table 1).

Protein-DNA ratio in the complex,

It is clear that an unambiguous determimtion o the protein-

DNA ratio in SV4O DNA-protein complexes requires a complete cheidc al

analysis of the constituent proteins. Since it hes not -ﬁt been
possible to achieve chemical purification, as opposed to
radiochemical purification, we have dotel ned a preliminary estimate

on the hasis of the buoyant properties o complex fixed with
glutaraldehyde. The principal objection to this approach is that
any contaminatirg unlabelled proteirs might hind to the complex
under these conditions., In an effat to determine the extet of
rendom et tachmnt of probein, “C-labelled 218 SVAO DNA wes mixed
wit h Triton-extracted nuclecoprotein compl ex, vhn.ch fed been labedlled
vith 5H-thym:i.6ine s prior to glutaraldehyde treatmnt . Buoyant
analysis in CsCl gradients (Fig. 15) demmstrated that the buoyan:

density of the complex was l.42 g;nl‘. The M*G—DNA was fourd at



Figol5e Buoyant properties of SV4O nucleoprotein
complex after fixing with glutareldeshyde.

BSCw«l cells were infected with SV40 virus (100 pfu/cell)
and were labelled with 5 pCi/ml of “H~thymidine for 3 hr
prior to extraction with triton X=100. 015 nl of this
extract was mized with 50 jl of ' *G-labelled 21§ SVAO
DNA and the mixture was subsequently made 1% with respect
to glutaraidehyde. Af'ter 15 min at 20 C, Ol ml of
sample was added to 3 ml of CsCl (density 1.50 g/ml)
and centrifuged for 40 hr in the Spinco SW50.1 rotor at

40,000 rev/min at 20 Ce
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Figo 160 Sedimentation properties of SV40 nucleoprotein
coamplex after fixing with glutaraldehydee

A Oel ml aliquot of the glutaraldehyde treated
material described in Figel5 was centrifuged through.
a 5-20% sucrose gradient at 55,000 rev/min for 50 min
in the Spinco SWARGTL rotor at 4 C. The arrows mark the
positions in the gradient of non glutaraldehyde~treated

1S comlex (&) and 215 SVLO DNA (¥ ).
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the bottom of the tube. Further experiments (Fige 16) demonstreted
that the sedimentation coefficiet of the compiex did not fal
below 44S, imdicating that no disruption o tle conplex was
praduced by the glutaraldehyde treatment. ITun addition, the
sedinmentation coefficient of the 218 u}CwSVl;.O DHA marker was

unalt ered, so that non-gpecific attachment of proteins to the DNA
had not ccowred to a detectable extent. Caloulation on a welght
percent basis indlcated that the percemtege of mrotein in SV4LO
MNA-protein complexes is of the arder of 605 and the molecular

€

weight o the complex is therefore in the range 7.5 = 8.5 x 107,

Replicatirne SVAO DNA can be Detected as a Nucleoprotein Complex.

Levine et al (1970) demonstrated that when SV4O-infected
AGMK cells were exposed to 3H-thymidine for periods of the wder
of 5 min, 1little @ no x‘adio—activity was @ esent as 218 SV4O DNA,
Ingstead, a component, vhich had the properties of a replicative
int eymediate DNA molecule, was mesent and lnd a sedimentatimn

coefficient of 258,

In view o these results, short term labelling experiments
were performed with SV4O-infected BSC-1 cells to determine the
nature o such replicating DNA molecules in triton extracts. S:L'{‘
monolayer cultwes of BSC~l cells were infected with SVAO virus and
%0 I post-infection, the medium was removed and replaced with 2 ml

Bagle's medium cmtaining 3H-thymi6ine (80 pCi/ml) in the absence



r2s

of seruml, ' After 5 min Ilncubation at 37 €, the radiocactive
medium was removed. The célls were then washed with PBS, and
four of the dishes were overlayed with 10 ml Esgle's medi wm
containing unlabelled ﬁhyntldi.ne (5 pg/ml) and incubated ab
37 €, The fifth dish was extracted with 0.25% triton, whilst
the sixth was extracted with 0.25% deoxycholate, which extracts
intracellular pools of unencapsulated SV4O DNA (Bourgaux ef é,;L,
1969 s Bason & Vinograd, 197’1)o Afber a 5 min chagse, the firab
two dishes were extracted, one with triton and the other with
deoxycholate as descrid ed previocusly. Similarly, afte a 15
mn chase, the remaining dishes were treated as in the case o

the 5 min chase.

Samples (0.2 ml) of the three triton extracts were analysed
by sucrose gradient centrifugation to detect the r esence of
nucleoprotein complexes and by velocity analysis on CsCl to
characterise the DNA species mresent. The deoxycholate extracts
were also anslysed by CsCl wvelocity cehtrifugatl on, Anslysis o

the triton extracts on guwrose gradients is shown in Pig. 17,

2
In cells which had been labelled with “H-thymidine for 5 min,
the triton extract containsd mterial with a bread sedimentation
distribution profile (455-1008) (Fig. 178). Samles in the regions

indicated by the horizontal bars were podled to determire the type



Tigs17« Sedimentation of triton extracts from SV40-
infected BSCU~1 cells exposed to 3Hhthymidine then
chased with cold thymidine., Infected cells 30 hr
post=infection were labelled for 5 miﬁ (A) then

chased with cold thymidine for 5 min (B) and for

15 min (C)e ““Pelabelled 218 ST4O DA was added as merker
and samples were centrifuged in 5-20% sucrose gradients
for 2 hr in the SW65L rotor at 36,000 rev/min at L4C

in the Beckman L2-65B ultracentrifugee The horizontal
bars in (A) represent fractions pooled for subsequent
analysis of the DNA species present in these reglons

of the distributione.
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of DINA present in these parts of the gradient. In triton

extracts obtained after a 5 min chase period (Fig. 178), the
proporti on of mterial with high § values wes diminidied, tut

a significant amount sedimented fagster than the L4S component

in the form o a diffuse leading bourdary. After a 15 min

chase period (Fige. 17C), the triton extract comtained a population
of molecules which appeared to be much less polydisperse and which
consisted mainly of 44S materisl. These results indicaie progressive
conversion of rapidly-sedimentlng material to the A4S component .
Material with sedimentati on properties of 255 @ 2LS SV4L0 DNA was
not observed in any significant amount vhen the triton extracts were
analysed on sucrose gradients. It is therefore possible that the
intracellular pools o SV4O DNA may not occur in the free state but

are associated with protein,

The properties of DNA present in the triton extracts were
analysed by CsCl velocity centrifugation and by means o CsCl-PDI

gradients at equilibrium (Fig. 18).

The se results demonstrate that, after a five min exposure
to 3H-thymidine » & large proportion o the DNA in the triton extract
was in the form of 255 SV40 DML (Fig, 181)., The 25 DNA was
progressively chased into 218 SV40 DﬁA (Pigs. 18B, 18C). 2n
essentidl ly similar sequence of events was dserved to ccow in

the SVL0 DNA extracted vith deoxycholate in agreement with the



Fige18e Analysis of triton extracts by CsCl velccity
centrifugation and CsCl-EDI buoyant centrifugation

after exposure to 3H-*bhymidine followed by chase with

¢old thymidine., Three dishes of cells, 30 hr post-
infection with SVLO virus, were labelled with

3H»-thymidine for 5 mine One dish was extractedwith

triton for velocity analysis (A) and buoyant snalysis

(D)o The remaining dishes were washed free of lsobope

and medium containing cold thymidine was added..

After 5 min chase, one dish was extracted for velocity(B)
and buoyant (B) analysis. After 15 min chase, the remaining
dish was. extracted with triton for velocity (C) and buoyant
(F) analysis. Far velocity centrifugation, samples were
mixed with “2P~lsbelled 215 SV40 DNA and layered on 3 ml
CsCl (density 1.50 g/ml). Centrifugation was performed

for 3 hr in e SWFOL rotor at 40,000 rev/win at 20 C.

The arrow indicates the position of 215 marker DNA.

For buoyant analysis in CsCl-PDI gradients, samples were mixed
with 32P~1abellec1 218 (form 1) and 16 S (form 2) SVLO

DNA and centrifuged in CsCl (density 1.52 g/ml)=PDI

(500 pg/ml) for 4O hr in a Spinco SW50L rotor at 40,000
rev/min at 20 C. The arrows indicate the positions of the

marker DNA species,
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observations of Levine ot al (1970). However, the smll
molecular weight DML observed in short labelling and chase
pericds in these experiments with BSC-1 cells (Fig. 184 and
Fig. 17A) were not reported to occur in SV4O~-infected AGHK
cells (Levine et al 1970). We cannct at gresent exclude the
possibility that this small DNA chases into 215 viral INA.

The small DNA may alternatively arise from the host cell, since
this mterial is also observed in uninfected cells labelled for

A
short periods with “H-thymidine.

Anglysis of the samples by means o CsCl-PDI gradients at
equilibrium, demenstrated clearly the progressive comwersion o
255 DNA to 21S DNA with increasing time o chase with cold
thymidine (Figs. 18D, 18E and 18F). It was chserved in Fig. 18D
that the peak of replicating SV4O DNA was present as a bread
heterogeneous distributi on which extended to the 215 DNA marker
pogition in a manner similar to that reported by Sebring ard
coworkers (1971) amd by Jaenisch & Levine (1971). The distributicn
became more c¢learly resolved after 5 and 15 min chase with cold
thymidine. The improved resolution achieved by this means allowed
accurate quantitation o the percentage of 215 SVLO DNA presmt
atl each time ivberval and a comparison is drawn with DNA extracted

from infected cells with deoxycholate ab correspomiing times (Teble 2).
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TABLE 2. Percentage of 213 SV4LO DNA in triton & deoxycholate

agxtractse

by

Time of chase

after 5 min

Percentage of total counts/min

in 215 SVLO DNA

exposure to Triton extract Decxycholate extract
S-thymidine
0 min Tl 17
5 min 26 2l
15 min " 66
55 min 100 100




Tl.mse resul;ts indicate that essentislly the same proportion of
215 SV40 DNA was mesent at corresponding times in the triton
and. deoxycholate,extracts; Further experiments to estimte the
efficlency of extraction of aclid-precipitable radiocactivity
demonstrated tlat the two extraction procedures gave the same
yield of DNA to within five percent. We exclude, on this tesgls,
the possibility of selective extraction of nuclecprotein complexes
with triton. That is, the DNA extracted in the form of* complexes
by means of triton represents at least the m jor poridon of the
DNA extractable with deoxycholates Replicating form SV40 DNA
appeared to be mesent only vhen complex was present with
sedimert atl on coefficient greater than }4S. To confirm this finding
and to test for the presence of 215 viral DNA througiout the
heterogeneous distribubion indicated in Fig. 174, the reglons
indicated by the horizontal bars were analysed on CsCl-FDI
equilibrium gradients (Fig. 19). Rapidly sedimenting material from
the region indicated by bar *a' contained only replicating form
INA (Fig. 194) while only covalently closed SV4O DNA was 1resent
at the trailing edge (bar 'b') o the population (Figz.198).

In arder tordetemine more precisely the nature of the complex
containing the replicative form o SVALO DNA, a culture of B3C-1
cells was labelled with lLFC-—thymiaine for 2 Irs at 28 hr

post-infecti on, The eells were subsequently wasred free o isoctope
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Flge19e Buoyant behaviour of materiat fractionated from
sucrosec gradients of triton extracts from SV4O infected
BSC~1 cells after exposure to 3Hhthymidine for 5 mine
Fractions were prepared from the experiment described in
Fige 17(A)e Pooled samples indicated by the horizontal

bars 'a' and 'b' were dialysed free of sucrose and adjusted
to density of 1.52 g/ml with CsCl and to 500 pg/ml with PDI
then centrifuged to equilibrium as described in the legend
to Figs18. (A) Material from the pool indicated by bar ‘a!
in Fig 17(A). (B) Material from the pooled samples indicated

by bar 'b! in Fig. 17(A),
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Iig.20. Sedim@ntatibn;analysis of replicating complex.
At 28 hr post-infection with SVLO virus, a monolayer
culture of BSCG-1 cells was exposed to 1l*'thhymidine
(125 pCi/ml) for 2 hre The cells were then washed
free of igotope and incubated for a further 2 hr with
warm Hagle's medium, After this time, the medium was
again removed and replaced with warm Eagle's medium
containing BH;thymidine (100 juCi/ml). The cells were
subsequently extracted with triton X~100 after a 3 min
exposure to isotope and the extract thus obtained was
centrifuged through a 5-20% sucrose gradient at 40,000
rev/min for 2.5 hr in the Spinco SW4OTi rotor at 4 C.

The multiplicity of virus input was 20 pfu/cell
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5
and incubated with Lagle's medium (no serum) for a further
2 hre After this time, the medium was remcved and replaced
with Bagle's medium containing 3H’mthym‘idine. The cells were
extracted with triton X-100 after a 3 min exposure te isocbope.

Analysis by sucrose gradient centrifugation of the triton

extract revesled that the majority of the 3H-labelled replicating
complex sedimented around 903 compared to the 146~1abe11e& LIS
complex (Fige.20). However, in this case, conditions are such as
to permit complete resolution between the replicating and

matuwre forms of complexoe

Synthesis of the complex in relation to virus_growth

In order to establish the optimum time period for s£udying
SV40 nucleoprotein complex synthesis in relation to the synthesis
of virions, an experiment was performed to determine thé rate
of 3H--thymidine incorporation into both complex and mature
virus at various times after infection, The formation
of infective progeny virus was also followed. AtQ, 17,

29, L2, 51, 65, and 90 hr after infection with 3V40D, a thr
exposure to 3H--thymidine was administered to monolayer

cultures of BS5C-1 cells. In each case, the pulse was terminated by
extraction of the cultures by triton X-100. An aliquot of each
extract was centrifuged through a 5=-20% sucrose gradient and the )

total number of counts per culture sedimenting in the LLS region
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of the gradient was determined (Fig. 22). In every case,

the radicactivity behaving as 44S complex accowtted far all

the acid precipitable radioactivity in the extract, indicating '
that, at &ll times after infection, 3SVLO DNA was present oniy
as a 4435 complex; complexes whth altered sedimen teti on
characterist ics were not observed. '7}H-thymidine incorporation
into 445 complex was not dserved at 17 hr. post infection, but
thereafter increased sharply to a mximum rate of synthesis at

42 hr. After this time, the rate of incorporati e of isotope

declinad.

In a similar experiment, the cells were exposed to
“
JHm‘chymiaine for 2 hrs. at various times after infection, ami
were subsequently harvested anl assayed both for infectious virus

and for 3H--Jra.d:i.oac‘c:'L'v:‘i.’t;:,‘r behaving as virus (see als Fig. 22).

The production of infectious virus was first noted at 29
hr post-infection and Z’H-thymidine ino orporation rea ched a
maximal rate of 42 hr post infection., At later times, the rate
of lsotope incorporation was redwed. A pronounced cytopathic
effect was observed by 51 hr post infection and by 90 hrs a

yield of 10° pfu/cell was obtained.
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Fige22e Synthesis of the complex in relation to the synthesis

of SV4O virions. At O, 17, 29, 42, 51, 65, and 90 hr after infection
with SV4O vivus ( input multiplicity 10 pfu/cell), 3H&»thymidine
(EOlpCi/ml) was administered to monolayer culturss of BSG-1 celis and.
these were exposed to the isotope for 1 hr at 37 Co In encl

case,the pulse was termlnated by extracticn of the cultures

with triton X-100 A 0.2 ml aliquot of each extract was

centrifuged through a 5-20% sucrose gradient in the Spinco

SW50e1 rotor for 2 hr at 36,000 rev/min at 4 C and the total

number of counts/min/culture sedimenting in the JJS region of

the gradient was determined in each case ( 0 wws= 0 ),

In a parallel experiment, the cells were exposed, at each

of the above times post infection, to 3H»thymidine ( 20 pCi/ml)

for 2 hr end were subsequently harvested and assayed both

for infectious virus ( pfu/culture; ) wee—= %) and for
3H%radioactivity in the form of virions ( 0 = =~ = o ) ( the

latter being determined as described in the legend to Fig.z8

and expressed as counts/min/culture).
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The comnlex in relation to the virus assembly process.

'"Bupty! shells of SV4LO virus can form independently of the
virus in vivo and serve as a precursor of dintact virus (0zer,
1972; Ozér & Teg'l:meyer,1972)D The 'empty' shells do nolt contain
viral DNA and have a reduced content of VPL4~b6 compared to 'full!
virus (Black, Crawford & Crawford, 196k; Eetes et al,1971;

Ozer; 1972; see also Table 1). It is possible that these
deficiencies would be corrected if complexes of the kind

reported here were to combine with 'empty' shells to yield

mature viruse. To further investigate this possibility ;hat the

44S complex might be an intermediate in the viral particle assembly
process, pulse~chase experiments were performed to determine
whether the labelling properties of the complex are consistent

with such a role,

23 monolayer cultures of BSC-1 cells were infected with
10 pfu/cell of SV4LO virus and after 42 hr the medium frem
each culture was removed and replaced with 2ml of Hagle's mediun
containing 20 pCi/ml of 3H—thymidine, After 10 min of inecubalion
at 37 C, the radiocactive medium was removed; The cells were
. washed with PBS and 20 of the dishes weve overlaid with 10ml
of Eagle's medium containing excess unlabelled thymidine and
inecubated Turther at 37 Co The remaining 3 cultures were either

extracted with triton X-100 or with 0.5 SDS or harvested for
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Fig.23. Synthesls of the complex in relation to SV4O virus assembly.
23 monolayer cultures of BSC-T cells were infected with 10 pfi/cell

of SV4O virus and after 42 hr, the medium was removed and replaced
with 2 ml of warm Fagle's medium containing 20 pCi/ml of 5H--thymid.ineo
After 10 min of incubation at 37 C, the radiocsctive medium was
removed. The cells were washed with PBS and 20 of the dishes were
overlaid with 10 ml of Hagle's medium containing excess unlabelled
thymidine (250‘pg/m1) and incubated further at 37 C. The remaining

3 cultures were extracted with either triton X-100 or with 0.5%

SDS or harvested for determination of fadioactivity in virus

particles (as described in the legend to Fig¢28)o SDS extracts were
made from 4 of the cultires to which excess unlabelled thymidine had
‘been added at 10, 20, 30, and 60 nin after removal of the mdicactive
thymidine, Triton extracts were made from 8 of the cultures at 10,

20, 30, 60, 120, 240 and 360 min after removal of isotope. The
remaining 8 cultures were harvested for determination of radio-
activity in SVLO virus at 10 min,20 min, 30 min 40 min, 60 min,

120 min, 240 min and 360 min aftér removal of isotope. The SDS extracts
were analysed by CsCl velocity sedimentation as described in Fig.1B
whereas the triton exbracts were analysed by suerose gradient
centrifugation as described in Fig.22 « The quantity of rediocactivity
per culture sedimenting either as 21S SV40 DNA (in the SDS extracts)

or as Q&B SVLO L4S complex or the radicactivity per culture in the t

form of SV4O virlons was debermined in each case.
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determination of radicactivity in virus particles. SDS extracts
were mde from 4 of the cultures to waich excess unlabelled
thymidines had be en ada.ed at 10 min, 20 min, % min and 60 min
after removal of the radiocactive thymidire., Triton extracts were
made from 8 of the cultures at 10 min, 20 mwin, 30 min, 60 min,
240 min, ad 360 min after removel of isotope. The remaining 8
cultur es were harvested far determination of radicactivity in
SVLO virus at 10 min, 20 min, 3 min, 40 min, 60 min, 120 min,

360 min, and 480 min, after renoval of isotope.

The SDS extracts were analysed by CsCl veloclity sedimentation
and the radicactivity sedimeting as 215 SV40 DNA per cultw e was
guantitated, wlereas the triton extracts were analysad by
centrifugation through linear 5-20% sucrose gradients and the amsunt
of radiocactivity sedimenting as L44S complex per cultwe was
determined in each case. The amount of radiocactivity in SVLO virus
at each time was also calculated. The results obtealned are shown in

Fig. 231

The amount of radiocactivity in the complex was cbserved to
reach a mximm value 10 min after removal of isotépe. Over the mextb
" 40 min ch‘ incubation the value was observed to 8ecay by a facta
of approximately 8‘;‘3. Thereafter, the value decayed only slightly.
Over the first 10 min of tl= chase period, the amount of DI

i

extractable by the 5DS methcd was epproximately equivalemt {o that
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extractable by the triton method. However, over the next L0

min of the chasepériod, no decay in the quantity of radicactivity
behaving as 215 SV40 DMA was observed. This indicates that the
decay in triton extractable DNA observed over the period 10 min
to 60 min of chase is the consequence of a porbion of the DilA
being converted to a form which is no lomger extractable by the
non-ionic debergent rather than o belrng degraded. Triton has
no effect on SV4LO virus. This portlon of the DNA romaing
extractable by SDS, hewever. No radiocactivity could be detected
in the form o mature SVAO virus until after 10 min & the chase
periocd. Between 20 min and 60 min of the clese period?a rapid
appearance of radiocactivity into virus occurs and after 1 hr of
chase, the rate of imcrease of radicactivity in the virus over the
next 5 haurs. Over the 6 hour chase period, only 2% of the total
SVLO DMA (as extracted with SDS) label led during the pulse pericd
became encapsulated into mture virus. The decay in the quantity
of labelled complex was of the order of 8% over the sam pericd.
However, the bulk of the label led complex (90%) was stable over

the duration of the experiment.

The extremely lawr efficlency o encspsidation of the viral
DA makes it dlifficult to dhtain conclusive evidence o a pulse-
chase nature that the nucleoprotein complex is a precursor of the

virus since decay of the complex is only slight. However, the



data & tained in the abore experiment is consistent with

the possibility that the complex could be a precursor o the

full virus, The 10 to 20 min. delay in appesrance of radiocactivity
after removal of isotope would seem to indicate a rate~limitimg
step in viral .DNA encapsidation. The dlscrepancy hetween decay

in redioasctive complex (8%) and appearance of radioactivity

in mature virus (2%) possibly results from low efficiency of

recovery of virus from the cells.

Effect of puromyein on protein-DNA complexes

BSC-1 cells infected with SV4O virus, were exposed to
tritiated thymidine in the presence of puromyein at different
times after addition of the drug and protein-INA complexes weore
extracted with triton X-100. A sharp reductian in incorporatim
of tritisted thymidine into triton-extractable SV40 DNA, similar
to that dbserved in polyoma virus-infected cells (Bourgaux, 1972)
was observed. (Table 3). Radioactive SV40 DNA was jresent in
probein-DNA complexes which had a greatly reduced average
sedimentatlon coefficient (258) (Fig. 24b) compared with that of
complexes obtained in the absence of puromycin (448) (Fig. 24a).
The low molecular weight DNA in Pig. 24b was G.served in
uninfected cells treated with puromycin and is therefors prdbably

cellular in origin. More prolonged puromycin treatment reduc ed

the rate of incorporation of tritiated thymidine inte such
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TABLE 3

Effect of puromycin on BH&mhymidine incorperation into 213

SV40 DNA

Time of puromycin

treatment (min)

I opeme/aliquet in 215 SVAO DNA

15 10200
30 8800
60 1 2700
90 1500

At 28 hr post~infection, 4 monolayer cultures of SVLO infected

BSC~1 cells (10 pfu/cell) were treated with puromycin (final

concentration 4 x 10"4M). At 15, 30, 60 and 90 min after

addition of the drug, 3H-thymidine (50 pCi/ml) was added for

a 30 min periode At the end of each pulse pericd, the cultures

were extracted with triton X=100 and 0.1 ml aliquots of each

extract were centrifuged for 3 hr through 3ml of CsCl {density

150 g/ml) in the S750.1 rotor of a Beckman ultracentrifuge

and the amount of radicactivity sedimenting as 213 SVLO DNA was



Fige 2. Sedimentation analysis of protein-DNA complexes
extracted from puromycin-treated (B) and untreated (A)
SV4O infected BSC~1 cells. Monolayer cultures of BSC-1
cells were infected with SV4O virus (10 pfu/cell).

At 28 hr post-infection, the medium was removed from

the cells and replaced either with warm Bagle's medium
containing puromycin (4 x 1Om4M) or with Bagle's medium
containing no puromycin, After 30 min incubation at 37 C
3H‘-—thymidine was added to a final concentraticn of 50 pCi/ml
and the cells were extracted with triton X-10Q subsequent
fo a 30 min exposure to the lsobtope. Sucrose gradient sed-
imentation analysis of the triton extracts was performed
by layering 0.2 ml samples on to 4.0 ml linear S-ZQ%.
sucrose gradients, 4hC~1abe11ed 215 SV40 DNA was added as
a marker, The samples were centrifuged for 50 min at

55,000 rev/min in the Spinco SWS56Ti rotor at A C,



- X
o-=--0 Nnoﬁ WdD Uwﬁ

hoal oy o™ -t < o3 o~ i
. i -l i 1 LI 1] T
uAouo..
e ——
T . Rl
- X O—=-~-aq
IIX"X/
X“ van
S e ~x
X .
K X e,
Xl‘lhm m X
J L L] 2 4 i ! 1 1 ] L 1 1 m
< < [t o < b oy o @ Ne] < o1
[Ee <H o o — — i -

Xemex 0T X NAD mm

20

FRACTION NUMBER

10




complexes; but did net alter the average sedimentation coefficient.
SVL0 DNA which wos completely free of protein was mver ohserved
after puromycin treatment. These complexes are more sensitive
to treatment wi th deoxycholate than triton X-100. The repart
that protein binding to polyoma DNA in the presence of puromycin
is completely inhibited (Bourgaux, 1972) may be attributeble to
this dif ference in extraction procedure. Analysis cof SV40 DNA

in the "puromycin complex” by dye~buoyant density gradient
centrifugation indi cated an increase in buoyant density and
therefore a reduction in the number of swperhelical tums (Fig. 2%,
25b), compeared with SVLO DNA from the control extract. This change
ié similar to the behaviour of polyoma DNA under taese ccnditi ans
(Bourgauz, 1972). It is possible to interpret these results on
the formation of such protein-DNA complexes in terms of specific
binding events. The "puromycin DNA" in the infected cell has very
few superhelical turns and has therefore a more relaxed conformaticn
than ‘normal’ SVLO DNA (Upholt, Gray & Vinograd, 1971).  If protein
binding in these circumstances represented a random attachment of
proteins presenf in the vicinity of the SV4LO DNA, such relaxed
molecﬁles should bind a greater amount of protein‘and asaume a higher
sedimentation coefficient than 'normal! SV40 DNA (Barclay & Eascn,

1972). The resglts presented above indicate that no such random

binding processes ocour,



Fige.25. Dye-buoyant eguilibrium density gradilent analysis
of triton exbtracts. Triton extracts were prepared from
SV4D viruseinfected cells which had bheen exposed to
3H'-mthymidine in the absence (A) or in the presence (B)

of puromycin as described in Fig.24. A third monolayer
culture of SV4O virus infected BSC~1 cells (C) was treated
with puromycin and exposed to 3H'---’chy'midine as described
in Fige24. This culture was then washed free both of
isotope and the drug and incubated further for 2 hr at

37 C with Fagle's medium containing thymidine (250 pg/ml)e.
The cells were subsequently extracted with triton X100
for analysis. Equilibrium centrifugation was performed

by adding Ouk ml samples of the appropriate triton extract
to a final volume of 4.2 ml CsCl (density 1.56 g/ml)=
ethidium bromide (330 ug/ml). An aliquot of The.aabelled
SV4L0 DNA obtained by exbtraction of SV4LO virus infected
cells, labelled with ' ‘C-thymidine (1.0 uCi/ml) 2h4-45 hr
post~infection with SDS, was added to each tube to act as
a supercoiled marker. Centrifugation was carried out in

a Spinco No.50 A1 rotor for 40 hr at 38,000 rev/min

at 20 C.
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Recovery from puromvein treastment.

SVLO virus infected cells were labelled with tritiated
thymidine in the presence of puromycin, waszh ed m.Lh Bagle's
medium containing excess thymidine ad incubated & further
2 hr. Dye-buoyant analysis of triton-extracted material
demonstrated that the tritiated SV4LO INA was superimposed on

the “4C-1labelled SVAO DNA marker (Fige 250). Velocity
sedimentati on analysis on a neutral sucrose gradiﬂ nt (Fig.26)
reveal ed the presence of a protel n-DNA complex wibth an aversge
sedimentation coefficient of 244S. The "puromycin complex" bhad
therefore acquired the "norml" sedimentatl on characteristics

ard its constituent DNA had the "nomal" superhelix density.

To determine if DNA replication was concerned with the
introduction of superhelical turns in' " puromycin DNAM, 'ini’:'ected:
cells were labelled with tritiated thymidine in the presence of
puromyein, as before. The cells were washed free of puromycin
and tritiasted thymidine, then incubated in the presence of
5-bromodeoxyuridine., Buoyant equilibrium anelysis in CsCGl
indlcated that about 305 of the labelled SV40 DNA hnd a density

greater than the "light-light" ~*U-labelled SVAO DNA morler
(Fig. 27a), which demonstrated that extenslve DNA replication ¢ould
occur under these conditions. When arsbinofurancsyloytosine

(are-C) was added simultaneously with 5-bromodeoxyuridine no
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Figo 26, Sedimentation properties of DNA-protein complexes
from SV4O virus infected cells recovered from puromycin
treatment, The éxtract analysed in Fig.25 (C) was mixed
1)+C

with ~labelled 21S SV40 DNA marker and centrifuged through

a 5-20% sucrose gradient as described in Fig.2L.



Figure 27. Buoyant analysis of triton extracts in CsCl
gradilents. SVLO virus infected BSC-1 cellg, viiich had
been treated with puromycin and exposed to 3H;thymidine
for 30 min as: described in Fig. 24, were washed free of
the drug and isotope and were incubated further for 2 ar
with Bagle's medium comtaining ara~C (28 ug/ml) (B) or
no ara~C (4&), S5-fluorodeoxyuridine (Calbiochem; 15 ug/ml)
and 5-bromodeoxyuridine (Sigme; 5 ug/ml). The cells were
extracted with triton and 0.2 ml samples were mixed with:
1hC-1abelled "light-light" SV40 DNA marker prior to
equilibriun density'gradiént centrifugation in CaCl
(density 1.75 g/ml) for 4O hr at 38,000 rev/min in

the Spinco SW50.1 rotor at 20 C.
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tritiun labelled DNA of hybrid density was observed (Figo27b)s
indicating that DNA replicsastion was entirely inhibited., However,
when triton extracts were prepared from infected cells to which
gra-0 had been gddedg after washing free of puromyein and 3Hﬁ
thymidine,dye~buoyant analysis of the SV4LO DNA gave results
identical with those in Fig.25c. The "puromycin DNA" hed therefore
acquired the "normael" superhelix density. Moreover, the
sedimentation properties of this extract on sucrose gradients
were indistinguishable from those presented in Fig.26. The
introduction of guperhelical turns into "puromycin DNA" therefore
appeared to occur by a nicking-reclosing process (Champoux &
Dulbececo, 1972) which was independent of DNA replicaticne In
sagoclation with this process, binding of proteins takes place.
Since binding of proteins in the presence of puromycin occurs
only to a limited extent, either the synthesis of these proteins
has been inhibited or the production of some factor concerned
with the assembly of such complexes has been inhibited. The

assembly process was not, however, sensitive to ara=-C,

DNA-vrotein complexes in virus assembly,.

SV40 virus infected cells were labelled for 3 hr with
tritiated thymidine in tﬁe presence of puromycin and intaoct
SV40 virus was isolated. No radiosctivity was subsequently
observed in virus particles (Fig.28) despite the presence

of labelled "puromyecin DINA" in the cells. The amount of radioactive



Fige 28. The effact of puromycin on SVLO virus assembly.

0.2 ml of '3I:f--thym5.c"s,:i.n.e (500 pCi/ml) was added to monolayer
cultures of SV40 virus-infected BSC~1 cells which had been
overlayed 30 min previously (at 28 hr post-infection) with
4.0 ml of warm Bagle's. medium conteining elther puromycin
(=mo0==) (4 x 107 M) or no puromycin (e x wme)
After 3 hr exposure to the isotope, the cells were washed
twice wirh cold saline snd scraped into 2 ml of PBS. The
samples were then frogen. Excess unlabelled SVAC virus
infected cells were added as carrier and the mixture was
adjusted to 1% with respect to sodium deoxycholate,
Deoxyribonuclease and ribonuclease A wére added to.a

final concentration of 4O ng/ml and 12 pg/ml respectively
and the mixture was dispersed by sonic vibration then
incubated at 37 C for 30 min. Cellular debris was removed
by centrifugation at 15,000 rev/min for 30 min in an 1SHE 18
high speed centrifuge. The virus-containing supernatant

wag decanted and underlayed with 2.5 ml of saturated KBr
solution and centrifuged for 3 hr at 40,000 rev/min in

the Spinco SW50e1 rotor at 20 C. The fractions corresponding
to the lower visible band, comprising SVLO virus,.ﬁere
layered onto 3.5 ml CsCl (density 1.36 g/ml) and centrifuged
for 18 hr im the Spinco SWE6TL rotor at 20 C. Gradients

were harvested and 5 drop fractlons collected of which 50 ul
were assayed for radiocsctivity. SV40 virus is found in the regicn

of fraction nuwmher 11

etion num 2
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SVL0 DNA synthesised under conditl ong of puromycin treetment

was 8% of that synthesised in the asbsence of the drug. If
‘puromyein-DNA' was encepsulated with the same efficlency as
"normal' SV40 DNA, then the amount of radioactivity behaving as
meture virug from the puromyein treated culture would be 8% cof
thet observed in the culture Jabelled vi th 3Hm’cb_q,rm:'uiine in the
absence of drug. No radiocactivity was observed in full virus
- on analysis of puromycin treated SVLO infected cultures even

when the experiment was repeated, using ten times the previous
amownt of radilocactive thymidine. Puromycin migat inhibit an
event intermediate between DNA synthesis and fingl virus assembly.
To test this possibility, infected cells were labelled with
tritiated thymidine prior to pwromycin treatmnt and v:i.x;t.as
asserbly durirng puromycin treatment was examined. An increase

of sbout four-fold (Table 4) in the radiocsctivity present in intact
virus was observed over a 2 hr pericd. That is, virw assenbly
occurred under conditions of puromycin treatment although
"puromyein DNA" was nct encapsulateds On removal of puromyeln,
radioactivity which was formerly in "puromycin DNA" was recovered
in intact virus particles, mresumebly as a result o« the recovery

events described above (see Fig. 29).

¥We find no evideice for exchange o proteins between preformed

protein-DNA complexes and ¥puromycin ccomplex and this may be the



TABLE L.Synthesis of SV40 virus in the presence of puromycin

Time of Radiocactivity in
puromycin treatment SV40 virus
(min) (cpm)
50 80
90 | 160
150 310

Twenty min prior to addition of puromyecin, three dishes

of SV40 virus infected BSC~1 cells were exposed to

3H;tr1ymidine (25 pCi/ml). After 10 min, the cells were

washed free of isobtope and incubated a further 10 min

with Fagle's medium containing thymidine (250 pg/ml).

The cells were then (28 hr post-infection) treated with
puromycin (4 x10-4 1) and plates were harvested at 30, 90

and 150 min thereaflter as described in Fig.28. Determination

of the radioactivity of SV4LO virus ineach sample was determined

as described in Fig.28.
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Fig.29e DNA encapsulation after recovery from puromycin
treatment. At 28 hr post~infection, 2 monolayer cultures of
SVAO infected (10pfu/cell) BSC~1 cells were labelled with
BH«thymidine (50 uCi/ml) for 30 min in the presence of
puromyein (4 x 10"1*]\4)o The medium was then removed from
both cultures and repleced with warm ¥agle's medium
cmﬂahﬁmgeﬁhm’mmmwdn(4x1oqm)( x~m~x)orn9
puromycin ( 0 « = = 0 ) and excess unlabelled thymidine
(250 pg/hl)o The cultures were then further incubated for
5 hr. The cells were then harvested and the amount of
radiocactivity in SV40 virions was determined in each case.

Fractions from the equilibrium gradient were collected

directly onto filter discs.



reCcPHxl 0

S o R TR IS SR

it

ALt

EEEITR S, VSE

-——. tEm U CT GO W D Wy TCD e G TR tee Twm T s Oem B SR (-
' “ Lol

o]

10 20

FRACTIONW

3Q

NUMBER

-‘ﬂ%ﬁﬁik?@%*bér e ""JNA&“@%M

g

SECEIE

q.._«..v:.}r'r"r—ﬂ!

SRR

HE

R

T e s

iR e R e R T B I R T

PRI )

R

g

sEr

Tt

T

11 i;,‘,



result of co-operative binding of certain proteins to

DNA (Barclay & Bason, 1972; Rubin & lioudrianakis, 1972).
"Puromycin DNA" has an altered superhelix density (Bauer &
Vinograd, 1968) due, it appears to restricted binding of
proteins It is probable that binding of protein to SV4LO DNA
is required to produce s condensed structure suitable for

encapsulation and that steric restrictions prevent packaging

of "puromycin complex".
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DISCUSSTON

The experiments reported in this work show that when
SV40 infected BSC-1 cells are exposed to radiocactive thymidine,
all forms of labelled SV4O DNA can be extracted in the form
of viral DNA-protein complexes, After labelling for long periods
with EHmthymidine, a 44S complex was present which contained only
215 SVLO DNA, When shorter pulse times were used, DNA-protein
complexes with higher S values were present, in additicn to 448
material, and which contained replicative form SV4LO DNA, In a
similar study, Green et al (1971) have demonstrated that polyoma
DNA-protein complexes can be extracted from mouse embryo cells
infected with the virus. In both studies, free viral DNL was
never observed using the triton extraction procedure.

The conclusion that the altered sedimentation properties
of the forms of SV40 DNA in the infected cell are due to protein

binding is based on the sensitivity of the complex to protease



dlgesti on and on labelling studies with labelled amino acids,
Interpretatli on o the protein labellirg experimen ts were
complicated due to the presarce o radicactive ribonucleoproteins
of cellular origin., However, after digestion vith ribonuclease,
a virus-specific component labelled vwith B”A'C«-a.mino acids was
nace clearly evident in a position corresponding .to that of
JH-1abelled SV4LO DNA in double label experiments. The dcuble-
label experiments do not conclusively demonstrate, however, that
the labelled proteln in the 445 component is bound to the viral
INA end it may be that the proteins represent some cther virug-
induced component which fortuitously cosediments with the
BH—labelled complex., This possibility might be explored by mans

of alternative purification and fractionati an techniques.

A procedure which permits radiochemical purification of
SV40 DNA-protein complrexes from infeoted cells, and vhich thereéy
allors identification of the constituent polypeptides, has been
described. A nuclear extraction procedure gave yields of
nuoleoprotein complex equivalentA to about 40% of that dtalned from
whole cells. Actinomyecin D was found to renove a ribonucleoprotein
complex which had simllar sedimentation properties as the SV40
DNA~protein comp-lex and which had been difficult to elimimte by
other metholss It is possible that the protein content of the

complex might have been affected by this drug, since puromycin has
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dr;astic effects in this respect. However, synthesis o the
complex were found to be completely unaffected by the levels

of drug employed. Further studies have indicated that the
sedimentatl on properties of the conplex are entirely waffected
by actinomycin cocentrati ong as high as 2,0 }g/ml, although the
rate of synthesis of the complex begins to decrease, The proteln
contah of the complex caont therefo re be grossly modified by

actinomyecin D. .

The most striking feature of the analysis of the proteins
in SV40 DNA-protein complexes from infected cells is the content
of proteins in the region usuelly designated to contain VP4, 5
anl 6., Indeed, the patterns are similar in mny respects to
those obtained from virus structural complexes prepared from
purified virus (Anderer‘__ég 2l 1968; Huang et 8l 1972). We find
that VP2 and VP3 are clearly defined c aaponents with additional
peaks around molecular weight 80,000, 28,000 and j)ossibly about
22,000, Problems associated with especidl ly tight binding of VP3
to SVLO DNA reported by Huang et al (1972) were not evident in this
work, These authors have suggested that VPl may be detected in
virus structural complex preparations since it is present in large
amounts in alkali-degraded virus preparations and may therefore be

diff icult to remove entirely. A similar explanation might be



119,

conceivably adopted here to account for the presence « VFPL
in the complexes prepared from nuclel, where virus assembly

occurs and where amounts of VPl would be correspondingly high.

In an effort to demonstrate that the complexes do not
appear in the course of extraction, due to non-gpeeific binding
of protein to virus DNA, reconstructi on experiments were performed
in which purdified 215 SV40 DNA was incubated with triton extracts.
The sedimentatlion properties of the virus DNA were unaltered by
such treatment and no complexes were present . Since these
experiments lca,nnot duplicate precisely the conditions in the ceil
at the time of extraction some form of 110n-speciﬁc interaction
cannot, on this besis alone, be excluded. However, SV4L0 INA
synthesised in the presence of puromycin has very few superhelical
turns anci, therefore a nore relaxed conformation than 'normsl’
SVL.0 DNA, ~If protein binding in these circumstances represented
a random attachment of proteins to SV40 DNA, such relaxed molecules
should bind a greater amount of protein and assume a higher
"sedimentati on coefficient then 'normal' SV40 DMA. Since this was
not observed to be the case, such random binding processes do not
occur.  SVLO Tempty' shells can form independently of the viruvs
in vivo and can serve as a precursor of intact virus (Ozer, 1972;
Ozer & Tegtmeyer, 1972). The principle of’ 'errp‘ty" shells acting
as intermediates in virus asseuwbly has been establ;i.shed in the case

of both poliovirus (Jacobson & Baltimore, 1968) and for the



bacteriophage T4 ( Wood et al 1971 ).

SVLO 'empty® shells possess all of the structural protelrs
observed to be present in the full virus but do not contain
viral DNA and are deficient in the proteins VP4, 5 & 6 (Black,
Crawford & Crawford, 1964; Ozer, 1972; Estes et al, 19771.).,
These deficlenclies would be corrected if the nucleoprotein comlex
were to combine with 'empty' particles to yield mature virus.
However, the stoichiometry is not simple since the ‘empty' shells
are morphologically heterogeneous (Ozer, 1972) and the nucleoprotein
complex described here conbains proteins not found in the mature

virus,

It is difficult to obtain clear evidence that the A4S complex
" is a precursor of the virus since the efficiency of encapsidation
of intracellular SV4O DNA is very low. The consequernce of this is
that decay of complex is very slight when appropriate pulse-chase
experinments are performed, The data obtained, however, is
compatible with the possibility that the complex, to a small extent,
is a precursor of virus. It has not been possible to detect
intracellulsr unencapsidated SV4O DNA in any form c¢ther than as a
44S DNA-protein complex and; furthermore, this form of the viral
DNA accounts for all the newly-synthesised unencapsidated viral
DNA in the cell. -

On this basis therefore, there appears to be no svidence
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for an alternative to the complex as the source of eﬁcapsidatoi
viral DNA, Indeed, protein binding to viral DNA appears to be

an es;ential step in.thé process of SV40 viral particle asseumbly,
SV4LO DNA synthesised in the presence of puromycin was found to be
present in the form of a DNA-protein complex (258) in which the
bynding of protein had been severely restricted and was found to
have very few superhelical turns. Puromycin inhibits the
appearance of BH-thymidine into mature virus particles, despite

the presence of labelled ‘puromycin DNA' in the cells. ?&periments
were performed which demonstrated that virus particle assenbly

occurs under conditions of puromycin treatment, but that 'puromyein
DNAY wag not encapéiAated. If the puromycin is subsequently removed,
the SVLO DNA was observed to recover both its 'normsl' protein
complement (44S) and its “normal superhelix density and can be
subsequently encapsidated. Since these recovery processes can take
place in the presence of ara-C, it appears that the introductiop of
superhelical'turns into SV40 DA can occur by a nicking-reclosing
process which is independent of DNA replicaticn and that in association
with this process, binding of proteins takes place. It is

probable that binding of proteins to SV4O DNA is required to

produce a condensed structure for encapsi&ation and that

steric restrictions prevent packaging of' the puromycin

complexa Hoﬁever, since polyoma virus assenmbly may

involve a preliminary interaction with nucleoprotein



P
complex with capsid protein (friedmsnn, 1972), the participation
of the moteins in the comolex is likely to be more complex
than solely to induce counformational changes in the virel DiiA. The
small amounts of VP1 in the complex may be significant in a
possible interaction of complex with "empty' particles.
Proteins designated as possible intermediate structural

elements have been VP3 in the case of SViO virusv(Huang &b al, 1972)
and VP6 in,ﬁhe case of polyoms virus (Friedmann,1972). Since
i% has been found that all proteins are present in both ‘'empty!

. .
shells and in the SV40 DllA-protein complex, it is difficult to
select which, if any, of the proteins are essential assembly factors.

There 1s evidence that the binding of basic proteins to

adenovirus DNA is an important step in the process of virus assenbly,
Adenovirus is in the form‘of an icosahedron of diameter
70 mm with 252 sub-units or capsomeres (Horne et al, 1959;
Valentine et al, 1965). Two types of capsomerc have been recognised
and designated as hexons and pentons (Ginsberg et al, 1966). The
hexons have 6 nearest neighbours and there are 240 situated on
the faces and edges of the ico;ahedron. The pentons are composed
of a base and a fibre with a knob on the end and they are situated
at the 12 apilces of the icosahedron., The components hexons, pentons

and fibres may be obtained as soluble antigens in virus-infected

cells and purified by chromatography (Klemperer et al, 1959). The
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DA is présent in an irnternal core of diameter 25 w37 an
(Liorgan ef al, 1959; lpstein et al, 1960). Treatment of the
virasl particle with acetone released the internal core of the
virus which could he separated from capsomeres by zonal rate
centrifugation in a sucrose gradient (Laver, Surianc & Green, 1967).
The proteins assoclated with the adenovirus DiA accounted for at
least 20% of the total virion protein. These préteins were
relatively rich in arginine and resembled histones (Rusgell,
Laver & Sanderson, 1968). Adenovirus failed to mature when cells
were infected in the absence of arginine (Rouze & Schlesinger. 1967).
Arginine deprivation resulted in the synthesis, but not the assembly
of most of the wviral proteins. The;e proteins were assenbled into
mature virions containing DA after arginine was restored
(Bveritt, Sandquist & Philipson, 1971). The only antigen the
synthesis of which appeared to be dependent on a supply of
exogenous arginine was the internal or 'core' antigen (Russell &
Becker, 1968).

Short term labelling experiments indicated the presence of
nuclecprotein complexes which contained replicative form DNA.
The properties and kinetics of conversion of this 255 DNA
to 215 INA are compatible with the results reported in AGMK
cells infected with SV40 (Levine et al, 1970) and in polyomaw
infected HE cells (Bourgaux‘gg‘%;, 1969). The 255 SV4L0 DNA preseat in

rapidly~sedimenting complexes could be chased into the 215 SVL0



DNA present in the 44S material,

The very high sedimentation coefficient (903) of the
complex containing replicative form DNA swgested that the
LS complek acted as a template for the synthesis of the progeny
strands in the replicative intermeliabe., However, precise
analysis of the sedimentation distributions obisined for the
nuclecprotein complexes 1s difficult to perform. Changes in
sedimentation behaviour could arise from changes in molecular
weight, from changes in conformati o:r.‘.lﬂ&‘ from both of these

. simultaneously.

The origins and nature of the proteins in the 908 replicating
complex have not been established, nor is it known what roles the
bound proteins play in the replication precess per se. It has
recently been reported b#f Green (1972) that the polyoma
nucleoprotein complex contains no endogenous INA polymerase.
aoti\:rity and it would therefore appear that at least some of the
proteins present in the 905 replicating complex are bound temporarily

to the DNA and mwresumably dissoclate after replicati on is complete.

The role of the individual protein components present in the
448 DNA-protein complex has not been clearly established, but it
is ¢lear that asscciation of protein with SVLO DNA at the time of

ring closure has important consequences in terms of the superhelix



density of the clesed circular daughter molecules. If diflerent
amounts of proteln, o a variable number o types of protein

were bound, it might then be possible to account for the superhelix
- density heterogeneity which exists in intracellular 218 SV40 DI

in infected cells (Eason & Vinogred, 1971).

The 3 smallest proteims (VP4-6) of SV4O or of Po:f_yéma (vP5-7)
contain no tryptophan, and ave lysine and arginine cortent s
characteristic of histones (Robin, Harle & Dulbecco, 1‘971;
Bourgaux, pers.onal communicati ean data for Polyoma; B, Hirt personal
communication data for SV40). Frearson & Crawford (1972) have
demonstrat ed that., in the case o Polyoma virus, the peptide maps
of these basic proteins, after labelllrng with 355--methionine, are
similar to those of uninfected host cell histones., Similar results
bhave been dtained in the case of SV40 virus (B. Hirt, Cold Spring
Harbour Tumour Virus Meeting August 1972). A wealth of evidence
(8tellwagen & Cole, 1959) suggests that the bindi ng of histones
to DNA inactivates transcription and that these proteins act as
regulatory molecules in gene expression. SV4O 'care' complex,
obtained on alkaline dissociztion of virus particles (Anderer
et &zl 1967, Huang gt al, 1972), resembles the L44S nucleoprotein
complex in that it has a similar sedimentation c:;.\effi clent, similar
salt and detergent sensitivity, amdl similar protein composition,

The 'care' complex is active in DNA-~dependent RNA synthesis with



both E. Coli NiA-dependant RNA polymerase and an RNA polymerase
from mgmmalian cells (Huang, Nonoyama & Pagano, 1972). However,
the template activity is much less than that of an equal amount

of deproteinig:d SV4.0 componern: 1 DNA. DNA-RNA competiti on
hybridisation experiments shaved that the RNA symthesised in vitro
with the 'core' complex as template hybridised with only a fractiom
of the 21S viral DNA transcribable with the E, Coll RVA polymerase.
Viral protein appears to prevent transcription of some of the viral
sequences. However, tlhe function of the proteins in the 445
nucleoprotein complex in terms of wiral gene expression is not at
present known, but on the basis of the close resemblsnce of the
L4S complex to the 'core' comlex, research directed at the
elucidation of such functi ong would appear to be a promising field

of study.
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840 deoxyribonucleic acid (DNA) can be extracted with
teiton X=100 from productively infected cells in the form
of a DNA~protein complex which is quite distinct from the
virus and which hasKa sedimentation coefficient of WS,

Mnalysis of the proteins present in the complex is
complicated by the presence in the extracts of large awmounts
of a ribonucleoprotein component with a sedimentation
coefficient close to that of the complex. However, a nuclear
extraction procedure coupled with the tise of actinomyein D
abolighed the synthesls of the ribonucleoprotein component
and, as a consequence of thig, radiochemical purification of
5 ~leucine lebelled co@plex could be achieved. Analysis of
3H—leuoine labelled complex on sodium dodecyl sulphate-—
polyacrylamide gels revealed that thelcomplexcontained all of
the Virus Capsid proteins (1,2,3,4,5, and 6) but in greatly
altered relative proportions from those observed in mature
virus particles. The complex appears to be particulérly rich
in the small basic proteins (4,5 and 6)¢ SV4LO 'empty' particles
_possess all of the structuwral proteins ohserved to be present
in SVLO virus but do not contain viral DNA and are deficient

in proteins 4,5, and6. The above deficiencies would be corrected



if the complex were to combine with an "empty' particle to
yield matu%e virus., Pulse-chase experiments with 3Hmthymidine
provided further data which was consistent with the possibility
that the complex is a precursoy of mature viruse

Short term labelling experiments with 3H'—-thymidine
demonstrated that SV40 DNA molecules in the course of
replication were also present ag DNA~protein complexcs (903

SVLO DNA synthesised in the presence of puromyein was
found to be present in s DNA-protein complex which had a
greatly reduced sedimentation coefficlent (253) and also
to have very few superhelical turns. If the puromycin is
subsequently removed, the 3SV40 DNA is observed to recover both
its normal protein complement (445) and its normsl superhelix
density. Since this recovery process can take place in the
presence of arsbinocytosinylfuranoside (a potent inhibditor
of SV4LO DNA replication), it therefore appears that introduction
of superhelical turns into SV4LO DNA occurs by a nicking»réclosing
process which is independent of DNA replication and that in association
with this process, binding of proteins takes place.

Puromycin inhibits the appearance of 3H~thymi<1ine into
mature virus particles, despite the presence of lébelleﬁ
‘puromycin~DNA' in the cells. Experiments were performed which
demonstrated that virus particle assembly occurs under conditions
of puromycin treatment, but that 'puromycin-DNA' was not

encapsiiated.
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It is probable that binding of protein to SV4O DHA is
required to produce a condensed structure for encapsidation
and that steric restrictions prevent packaging of the

‘puromyein complex!',
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A VIRAL DNA — PROTEIN COWPI®K IN SVAQ - TNREOT™N OWITS

SV40 deoxyribonucleic acid ( DNA ) can be extracted with
Triton X=I00 from productively infected cells in the form of a
DVA~protein complex which is distincet from the virué and  which

has a sedimentation coefficient of 443,

S Y

» ‘ Analysis of +the proteins present in +the corrmlex 1is complice

N

~‘Qé by the presence in the extracts of large amounts of & ribonucle

¢~protein component with a sedimentation coefficient close 1o trat

of the complex, Fowever, & nuclear extraction procedure coupled
with the use of actinomycin D abolished +the synthesis of thre
rihonucleoprotein component and, as a consequence of this, radio-
chemical purification of 3H - leucine labelled complex could he
achieved, Analysis of 3H ~ levecine labelled comnlex on sodium
dodecylsulphate = polyacrylamide gels revéaled that the complex
contained all of +the ¥irus vapsid proteins ( T, 1I, TIII, IV, Vv,
! VI® ) Put in greatly altered relative proportions from those
! observed in mature virus vparticles, The complex apnears *o he
particularly rich in the small basic proteins ( IV, ¥, VI )
SV40 ‘ewmpty’ particles possess all of the structural proteins
observed +to he present in 5S40 wvirus but do not contain wiral
; DVA  and are deficient din proteins 1V, 7, and vI, "he ahove
deficiencies would %be corrected if the complex were to comhine
with an ‘empty' wparticle to yield mature +virus, Pulse —~ chase
i experiments with 3H - thymidine provided Further dJdata which was
consistent with +the possibility that +the comnlex is . a preéursmr
of mature virus,.

Short fterm 1labelling experiments with 3o ~ thymidine demonstrs

;T ¥*A that BSwWr4A0 DNA molecules in the course of replication were also

{ 905 )

‘present as NA-protein complexes;
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DVAN  ¥A  synthesised in the wnresence of muromyecin was found

to be nvresent in a TNNA-protein complex whick had a preatly
reduced sedimentation coefficient ( 255 ) and also to have very

few superhelical turns, Tf +the puromyein is subsequently removed,
the V40 TWA s ohserved to recover hoth 1its normal protein
complement (448 ) and its normal superhelix density. Sirce this
recovery nprocess can take wplace in the npresence of arabinccytosinyd
fursnoside ( a potent dinhibitor of SVA0 TVA renlieation ), it
therefore anpears that dintroduction of superhelical turng into 740

DNA can occur by o thicking - reclosing process which dis independent

of WA replication and that in associati~n with this process,

binding of proteins takes place,

Puromycin inhibits +the apnearance of 38 - thimmidine into mature
virus particles, despite +the w»resence of Ilabelled ‘'puromycin-NFA? '
in +the cells., “ixperiments were performed which deron-trate. that
virus particle assemwbly occurs under conditions of puromyein
treatment, but +that ‘puromycin-NFA was not encapsulated, It is
probable that hinding of protein to SV4AN TWA is readired +to orodyn

a condensed structure for encansulation and that steric restrictions

prevent packaging of the Tpuromycin comnlexi,




