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"The Mind is indeed restless, Arjuna: it is indeed haxd
to train. But by constani practice and by freedom from
passions the lidnd in truth can be trained".

Bhagavad Gita, 6, 35.

sy




ACKNOWLEDGEMENT S

I am gratefgl to my supervisor, Professor John H. Subak-Sharpe and to

“his staff at the Institute of Virology for continually.providing stimulating
discussion and a pleasant atmosphere. Particular thaﬁks are &ue to Mr.
Graham Russell for help with the analytical ultracentrifuge work and for
coﬁsistently reliable advice, and to Drs. Bill Wunner and Ian Halliburton,
whose .willingness tolshare their experience was valuable.

, The work was donme while I was receiving a Studentship for Training
in Research Methods from the Medical Research Council, and I am pleased

to record my gratitude for this suppart.

. ’ Norman Lockhart

‘ Wy 1972,



Section 1:
1.1

1.2

1.3

i.é
Section 2:
2.1

2.2

2.3
2.4
2.5
2.6
2.7
2.8
Section 3:
3.1
3.2

3.3

. CONTENTS

INTRODUCT ION

General introduction

Genetical effects of exogenous DNA

" Biochemical studies on DNA uptake

Polyoma pseudovirions; nature and uptake

TECHNIQUES

* Cell culture methods

Liquid scintillation counting
2.2a: Equipment
2.2b: Scintillant systems

2,2c: Efficiency of counting

" 2,2d: Heterogeneous counting. systems

. 2.2e: Procedures

2.2f: Double label counting
Extraction of DNA
Labellinglof DNA
Autoradidgraphy ,
Caesium chloride gradfents
Sucrose gradients

Polyoma virus production

GENETICALLY-~MARKED CELLS

The genetic system

Origin ;nd derivation of the cell lines
Properties of the cells

3.3a: Resistance to analogues

3.3b: Autoradiography

3.3c: Enzyme assays

3.3d: Metabolic cooperation

11
18

27

31
37
37
37
38
39
40
41
43
46
54
57
58

59

61

65

67
68
68

69



Section 4:
Section 5:
Section 6:

Section 7:

CONTENTS (cont.)

3.3e: Back-mutation

UPTAKE OF LABELLED DNA

GENETIC EFFECTS OF EXOGENOUS DNA

GENETIC EFFECTS OF POLYOMA VIRUS

DISCUSSION
CONCLUSION
SUMMARY

BIBLIOGRAPHY

T,

page
71

76

88

99’
105

125



"

ABBREVIATIONS

Each abbreviation is fully explgined on its first appearance in the text,

but they are all tabulated here for ease of reference.

AA; 8—azaadenine

lAAR; 8-azaadenosine

AR, CR, GR, TR, UR;. ribonucleosides

AdR, CdR, GdR, TdR, UdR; deoxyribonucleosides
AMP, CMP, GMP, .TMP, UMP; deoxyribonucleotides

dAMP, dCMP, dGMP, dTMP, dUMP; deoxyribonucleotides

.APRT; Adenine phosphoribosyl transferase

aCyt; arabinosyl cytosine, l-f-D-arabinofuranosylcytosine

AzG; B8-azaguanine

AzH; 8-azahypoxanthine

AzT; Q—azathymine . L
BrdUrd; bromodeoxyuridine, 5-bromo~2'-deoxyuridine |

dCK; deoxycytidine kinase

DEAE~dextran; diethylaminoethyl dextran

DNase; deoxyribonuclease

EClO} Eagle's plus 10Z (v/v) calf serum

EFC10; Eagle's'plus 10%Z (v/v) foeﬁél bovine serum

FdUrd; 5-fluoro-2'-deoxyuridine

'HGPRT; inosimic pyrophosphorylase; =~ hypoxanthine-guanine phosphoribosyl

transferase

uCi; microcurie

PBS; Dulbecco's phosphate-buffered saline

RNase; ribonuclease

8DS; sodium dodecylsulphate

S$8C; saline~sodium citrate

~

TG; -6-thioguanine




TGR; 6—-thioguanosine

TK; thymidine kinase .

The system used in naming the mutant cell lines is explained in fig. 3.4

and in table 3.1.

Pomm, ~
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Section 1.1: GENERAL INTRODUCTION

The first report of cell-to-cell transfer of genetic information
was the paper by Griffith (1928) which demonstrated the rescue of the
capsular polysaccharide t&pe of a killed strain of Pneumococcus by a live
strain of différent polysaccharide type when the two were injected together
into the same mouse. Griffith thought that the "transforming principle"
might be the polysaccharide itself and never quite arrived at the idea
of the transfer of genetic characteristics. Furthér work, by Dawson
and Sia (1931) and .Alloway (1933), showed that transformation could be
effected by ceil-f?ee extfacts of the donor strain and that the transforming .
principle did not have the characters of the capsular polysaccharide. _It
was not until ten years later that Avery, McLeod and McCarty (1944) showed
that the transforming principle had all the properties of DNA, including
being specifically inactivated by deoxyribonuclease (McCarty and Avery, 1946).
They were at that time unable to exclude the possibility that the active
substance might be a trace contaﬁinant in their DNA preparations, but all
subsequent work has been consistent with the idea that transformati?n is a

process involving uptake of macromolecular DNA and its integration into the

bacterial chromosome. . The process has attracted a lot of attention, both

K
)

as a subject for study in its owm right and as a means for elucidating the
genetic fine structure of the bacterial genome. An excellent review of
the work om transformation is f&uﬁd in the second edition of Hayes' mono-—
graph (1969).

A second mechanism.of genetic transfer was found by Lederberg and
Zinder ;nd their colleagues (1951, 1952) as a result of studies on the
appearance of prototrophic recombinants of Salmonella typhimurium. They
were able to demonstrate that the filterable particles mediating the appear-—
ance of these recombinants were inseparable from the particles of the phage,
P22. This process is termed transduction and has now been demonstrated.in

a number of systems (e.g. Morse, 1954; Lontit, 1959; Morse, 1959; Coetzee
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and Sacks, 1960; Thorne,'1961). It involves the inclusion of a fragment
of the genome of the infected bacter?um in the phage particles which are
releaéed after the lytic cycle. This inclusion can occur either by the
erroneous excision of a temperate phage which has beén induced to undergo
a lytic cycle, or by the encapsidation of pieces of DNA which have been
produced by fragmentation of the host genome. In the former case, the
transducing phage particles contain a fragment of bacterial DNA covalently
bound to the femnént of the phage genome, while in the latter they contain
'only bacterial DNA. In either case, cells infected with the transducing
particles receive some of the genes of the original host bacterium and there
is the chance of these genes being expressed and possibly integrated into
the recipient chromosome. Hayes (1969) reviews the mechanism and the
genetiéal uses and implications of both types of tramsduction.

'The demonstratioﬁ and elucidation of transformation and transduction
in bacteria soon gave rise to the question of whether similar phenomena
could be detected in eukaryotic cell systems such as mammalian cells in
culture. That these investigations have not reached a state of knowledgeA
equal to that of the work on bacteria is the result of a combination of
conceptual ané technical difficult%es.

: : ki

Firstly, eukaryotic cells ar; very much more difficult to handle than
are bacteria, ana this is reflected in the relatively recent development of
reliable methods of culturing them. They are, of course, essentially an
artificial mic;oorganism in that they are not adapted to independént growth,
For this reason, they are extremely fastidious in their growth requirements,

.both with respect to,the'prevailing con@itions of temperature, pH and so on,

and the substances which are supplied in the growth medium. This inability

of cells to grow in simple, defined conditions produces a number of diffi-
- \

culties for genetical work. Firstly, the culture techniques dictated by
. ~

the growth requirements of the cells make cloning an extremely laborious

’

.
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operation in the majority of cases, an& ‘even now only those cell lines
which will form colonies in agar suspension culture can be cloned in
reasonable numbers. This is a considerable obstacle to genetic analysis.
'Secondly, the complex requirements for aminoacids and vitamins which cui%ured
éukaryotic4cells exhibit mean .that a class of mutant, the auxotroph, which
has been so useful in bacterial genetics, is not available for the gnalysis
of mamﬁal%an cells. Some work has been done in this direction, however.
For example, Puck and Kao (1967) and Kao and Puck (1968) selected nutritiomally-
deficiené cell lines by incubating the cells in medium deficient in the
particular nutrient but containing 5~bromodeoxyuridine (BrdUrd). Cells
which could grow in the absence of the nutrient did so, and incorporated
BrdUrd into their DNA, while the auxotrophic cells did not grow and thus

did not incorporate BrdUrd. As BrdUrd has a strong photosensitising effect,
subsequent exposure of the cells to strong light preferentially killed those
cells which had incorporated BrdUrd and in this way selected in favour of

the aﬁxotrophs, which were tﬁen grown up in complete medium to give.a
population consisting of K the progeny of those cells which had not grown in

the absence of the nutrient. This contained a high proportion of auxotrophs,
but also probably included cells ?nable to incorporate BrdUrd for quite
different reasons, such as thymidzne kinase deficiency, and‘cells which were
in GO throughout their exposure to BrdUrd. A startihas been made 6n the

use of these mutants and this w?ll probably be extended in the future (Kao,
‘Chasin and Puck, 1969).

The'Laék of well-defined mutants has in the past meant that the study

" of geneticlphénomena in eukaryotic cells has in most cases been restricted
" to the use of differentiated functions or of whole~organism characters which
were often poorly understood biochemically. The most frequently-used type
of genetic marker not falling into either of these two categories has been

resistance to, drugs which are toxic to the parental :cell line. Examples of

1
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this are the 8-azaguanine-resistant mouse (Littlefield, 1963) and human
(Albertini and DeMars, i970) fibroblasts, and human (Szybalski et al., 1962)-.
or hamster (Subak-Sharpe, 1965) cells in continuous lines resistant to one .
or ﬁore antimetabolites. . |

The use of cells resistant to cytotoxic agents presents its own diffi-
éulties in the study of trénsformation. The problem arises because, with
few exceptions, there are no gyétems in which a small number of drug-sensitive’
cells can be selecte& out of a resistant population. The typical experimental
plan has been dictated by this technical deficiency, and usually involves
treating the sensitive céll population with DNA from resistant cells and then
exposing it to the cytotoxic agent. Ideally, only those cells which have
specifically tranéformeé to drug resistance by the DNA treatment will grow
in the bresence of the drug, although this has not been found to be the case

in practice (Fox et al., 1969). Resistance to a particular toxic agent may

‘arise in a number of ways. The resistant cells may be cryptic, so that the

which is the target of the drug or in that which is necessary for the conversior
of the drug to a toxic form. The other possible mechanism - that the cells

gain the ability to detoxify thefdrug - is not often found in practice. In

the three most frequent mechanisms outlined above, the common factor is that

the change to drug resistance involves the loss or modification of a cellular
funcfion. In genetic terms, this is a change towards a recessive character,
and raises two problems for the selection of transformants. The first of
these stems from the presence in the cell of homologous pairs of chromosomes.
This means tﬁat each cellular function is potentially determined at two
independent sites within the cell, the only exceptions to this being those
genes which are carried on the nonhomologous parts of.the sex chromosomeé.

In a selection experiment in whic£ it is necessary to detect a recessive

character arising from a transformation event, it is necessary to eliminate
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 the dominant éllele from both of these chromosomal loci. In fact it is not
sufficient’ simply to insert the éxogenous genetic material into tﬁe recipient
cell chromosomes, because such insertion will not be detected owing to the
contin;ing presence and operation of the dominant genes. In more particular
terms, if the acquisition of drug resistance involves the loss of an enzyme,

.

a detectable transformation event is essentially the inactivation or loss of
the DNA specifying that enzyme, and this must occur in the same cell in two
chromosomes. This restriction greatly diminishes the probability of a

.

detectable transformation event. The other drawback of this type of system
is that, even if the dominant genes in question are totally lost, théi; gene
products may be quite stable and by their continuing presence delay the
appearance of phenotypically resistant cells. In many of the studies of
DNA-mediated transformation which have been published and which have ﬁade use
of this type of drug-resistance marker, there have been difficulties both in
intérpretation and reproducibility (e.g. Majumdar and Bosé, 1968; Fox, Fox
and Ayad, 1969), and some of these difficulties may be due to the phenomena
discussed above. For example, Fox et al. (1969) found considerable‘numbers of
colonies arising from untreated populations of sensitive cells, even in the
presence of high concentrations_%f the cytotoxic agent. These same.workers

z

also found great variations in the results obtained when the same experiment
was repeafed. The number of colonies obtained when similar numbers of sensitiv
cells were incubated in the presence of the drug varied between 3 and 251, |
while DNA-treated cells gave between 9 and 197. Statistical énalysis of the
ratios of control ‘to DNA treated colonies for each experiment indicated that
the DNA—treafed cells gave a higher frequency of "resistant" cells, but with
such variation the results cannot be regarded as satisfactory.

Studies on t?ansformation towards a dominant character have largely

been restricted to the use of cells which express a differentiated functiom,

such as the production of haemoglobin (Kraus, 1961), or the induction of
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melanin synthesis in amelanotic melanoma cells (Glick, 1962). This'Iatter
case and the closely-related induction of pigment in cells from albino mice
(Ottolenghi-Nightingale, 1969), are inductions of a single enzyme, tyrosinase,
and offer some advantages for transformation studies. More recently; there
have been developed systems which exploit the fact that some analogues of
nucieosides are not toxic to cells unless they are phosphbrylated. In this-
situation,. it is clear that a cell line which has lost the capacity to
phosphorylate a particular analogue will no longer be sensitive to it, but
wili alsc as a consequence be unable to phosphorylate the corresponding normal
nucleoside. The resistant cells will thus be totally reliant on the de novo
" synthesis of the nucleoside, éndif this pathway is blocked, for example with
a folic aﬁid antagonist such as aminopterin, the cell will be unable to grow.
If such inhibition is performed in the absence of the analogue and after
treatment of the cells with DNA from analogue-sensitive cells, transformants
in the particular ‘enzymé deletion will be detectable because they will have
acquired the ability to use thé preformed nucleosides from the medium and will
thus be able ‘to grow and form colonies, This syétém, invalving as it does
the reéaining'of an activity which was previously totally absent, is not subject
to the probleﬁs of diploidy and Qpenotypic delay outlined above. The cells

2 ] .
used in the present work carry this type of marker and are discussed in more
detail in section 3.1.

In addition to these technical difficulties,eukaryotic cells present
 considerable topological and enzymic barriers to the incoming DNA mole;ules.
Lysosomes contain high levels of nuclease.activity and it seems likely that
a high proportion of the DNA entering a eukaryotic cell will be, exposed to
the risk of complete degradation to its component nucleotides. The topological
difficulties agise from the size and complexity of the eukaryotic céll and

from the need for the pure DNA to reach the sites within the cell where the

enzymic apparatus for transcription and replication is available. This will’
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present a much greater difficulty in the mammalian than in the bacterial cell,
particularly if the mesosome plays a role both in DNA uptake and in chromosome
replication. That these do not constitute insuperable difficulties is shown
by the infectivity of isolated wviral DﬁA (Herriot, 1961; Colter and Ellem,
1961; Di Mayorca et al., 1959; Weil, 1961; Atanasiu et al., 1962; Ggrber,
N '

1961; 1Ito, 1960, 1961). The most efficient recovery of the original virus

. ~
‘infectivity after the DNA extraction is of the order of 0.1% (Pagano, 1970)
and various factors contribute to this loss, although it should be borne in
mind -‘that loss of infectivity does not necessarily mean that none of the viral

genes can be expressed. In the inactivation of virus, for example by UV
light, infectivity is the first function that is lost. In short, it is not
clear how. much of the loss of infectiﬁity is the result of damage to the DNA
during the extraction process and how much is due to the difficulty in peﬁe-
trating into and functioning within the cell. '

One final difficulty in transformation studies in eukaryotes is the’
great complexity of the genome. While the DNA complement of a bacterium is
109-1010 daltons, that of a mammalian cell is 1012. This means that unless
. a protein—specifying sequence is highly-reiterated - and the evidence is
againsﬁ this - it wilL be reﬁresegﬁed in a randomly-sheared population‘of
manmalian DNA at a frequency of 1(;-3-10—2 of that which it would have in a
" similar preparation of bacterial DNA. - Hence a cell would have to absorb
103 times as much mammalian DNA as bacterial to give the same probability
,that'a particular protein-épecifying sequence will be represented among the
intake. Even more extreme is the comparison with viral DNA. While every
virai molecule is potentially inﬁectious, a mammalian DNA preparation of
molecular weight 107 daltons will carry the gene under investigation on only
one molecule.in 105. This complexity of the eukaryotic cell genome means

that extracellular DNA concentration becomes a limiting factor, particularly

in view of the reported cytotoxicity of DNA at high concentrations (Floersheim,
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1962; Smith, 1964; Smith and Créss, 1967; Glick and Goldberg, 1966;
Glick and Salim, 1967a and b; Glick, 1967a) and the ease with which high

molecular-weight DNA will precipitate.

. Methods of detecting DNA-mediated transformation’

If transformation is to be detected, some means must be available
for the identification of a small number of genetically-altered cells in a
gell population. That which hﬁs been most frequently used is the exposure
of the celi.p;pulation to conditions in which only the altered cells can
grow and divide (e.g. Szybalski and Szybalska, 1962a). Any genetic change
'is manifested as the appearance of colonies of cells. This is the rigourous
"means of identifying cells which have undergone a heritable change, but not
all fhe phenotypic changes induced by treatment with DNA need be of this
type. The analogous phenomenon in bacteria would be abortive transformation,
in which the fragment of DNA introduced by the tranéducing phage particle
. does not enter into-a close association with the recipient cell chromosome
and does not replicate as rapidly as the recipieﬁt cell. This means in the
‘extreme case that only one of the progeny of each cell division wiil receive
the genetic function (Hayes, 1969, p.96 et seq.). Were this to occur in
the eukaryotic cells which were beéng examined for transformants, no coionies
would arise even though the input DNA was biologically active. Detection
of this. type of phenomenon requires the examination of iﬁdividual cells in
the DNA-treated population, and this has been carried out in various systems
either by examining the cells for a visible product which is not pres;nt in
the‘untreated cells (Glick amnd Salim, 1967), or by devisiﬁg a method by
which individual cells canbbe assayed for the acquisition of a gemnetic
function. It is this 1a£ter method which is used -in the present investigation.
The detection of small numbers of gémetically-altered cells in the presence

of a large number of unaltered cells is achieved by exploiting the inability

of the mutant cells to incorporate certain exogenous nucleosides into their
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‘nucleic acid. The cells are exposed to the tritium—labelled nucleoside

for a period of some hours, and are then fixed, acid-washed and examined by
autoradipgraphy. Only cells which have écquired the ability to utilise the
exogenous precursors will be radiocactively labelled. . This pre of procedure
is able to detect the linear inheritance of the inpﬁt DNA fragment and is
~also capable of-detécting biological activity in the situation where the
absorbed DNA functions only temporarily and is then degraded or otherwise
‘lost, ’

The sensitivity of these methods is potentially very high. In the
selective system, the iimiting factor is the total number of cells which are
exposéd to the selective conditions after QNA treatment, and the number can
be very high indeed. In the direct examiﬁation of cells, the sgnsitivity is
largely determined by the total number of cells which can be effectively
scanned after DNA treatment, In this, time is a limiting factor and it is
impbrtant that éhe difference between the two types of cell should be as wide
as possible. Ideally, the difference should involve a simple presence/
absence choice so that individual cells can be immediately and unequivocally
classified. In the autoradiographic system used in the present work (see
section 3.3b) the nonincorporatin%fcells are nearly ideal in that they exhibit
 an extremely low background of silvef grains, whereas the incorporating cells
.unde; the same conditions become very heavily labelled. This clea? distinction
means that large numbers of cells can be easily and quickly scanned under a
relatively low-powered microscope. Details of this are given in sections
2.5.and 3.1b, and the experimental results are set out in sections 5 and 6.

One othér methoé which has been used for the detection of the induction
of a cellular product is the extraction of a DNA~treated cell population and
detection of the induced product by électrophoresis. Kraus (1961) used

this method to detect the induction of a different haemoglobin type in DNA-

treated bone marrow cells. The disadvantage of this method is that it requires
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the production of the substance in detectable quantities, and this may not
be'achieved if only a small proportion of célls are transformed.

.Tﬁe chances of finding transformants‘can be increaséd if a means can
be found to increase either tﬁe amount of DNA that the cells absorb or the
efficiency with which the DNA reaches the intracellular sites at which it
can function. A number of methods ﬁave been employed to achieve'one or
other of these increases. The infectivity of isolated viral DNA can be more
efficiently detected if the cells are subjected‘to hypotonic treatment before
_ihfection (see Warden, 1968) and is increased to an even greater extent by
pretreatment of the cells with diethylaminoethyl-dextran (DEAE-dextran) or
‘by simply‘inﬁecting the cells in its presence (McCutchan and Pagano, 1968).
A comparison of the effect of this polycationic substance and of some others
on the infectivity of DNA'was carried out by Warden (1968), who found that
DEAE-dextraﬁ was the most effective. Its effect on the uptake and functioning
of isolated mammalian cell DNA is investigated in the present work. Szybalski
and Szybalska (1962a) found that transformants could only be detected in their
system if spermine was present in the DNA solution'ﬁith which the cells were
treated.  The mechanism of the enhancement of uptake and biological activity

of DNA by these substances is notfclear.

H
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Section 1.2: GENETIC EFFECTS OF DNA

Thé'most convincing demonstration that DNA molecules can enter
eukaryotic célis and become integrated in their genetic apparatus would be
to show the aéquisition of a genetic character determined by the exogenous
DNA. It was jﬁst such an observation that gave impetus to the work on DNA
uptake by bacteria, and many attempts have been made to show that a similar
phenomenon does occur in eukaryotic cells. That the evidence accumulated
so far is not totally convincing in either direction is in large part a
result of the difficulties outlined in section 1.1.

The difficulties in producing génetically—marked cells in culture has
encouraged the use of whole-organism characters, such as the classical
5¥osophila markers (Fox and Yoon, 1965, 1966, 1967, 1970), simfiar markers
"in other insects (Nawa et al., 1971) and natural producté of cells dispiﬁying
éifferentiated functions (Kraus, 1961; Glick and Salim, 1967; Ottolenghi-
Nigh£ingale, 1969). »

Fox and Yoon, in a series of papers (1965, 1966, 1967, 1970), describe
experiments in which Drosophila melanogaster eggs were collected and treated
with DNA . from genetically-different strains of Drosophila. Sixteen characters
which hdd been used in conventioqél Drosophila genetics were examined inuthe
adults which developed from the DNA-treated eggs and in their progeny. The
markers-included pigmentation and abdominal chaetae morphology, and transform-
ation was found in 11 of the 16 characters at frequencies of up to 3 i/io'z.
In the other 5 markers, no transformation was seen (Fox and Yoon, 1970). in
all cases, the transformation was specific for the genotype of the strain
from ﬁhich thé DNA had been éxtracted, but various peculiarities we?e found
in the expression of the characters. No fully-transformed individuals were - -
found, all transformed flies being genetic mosaics. This mosailcism was

passed to the progeny of transformed flies with a high probability after the

., first two or three generations, during which the' transmission and expression
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of the acquired éenetié character waé uncertain. Even in established lines,
the loss was at a frequency of 10-.3 - 10.:4 per generation. Several lines
_carried the exogénous DNA markers cryptically for two generations after DNA
treatment before any mosaic flies appeared. To account for these results,
the authors postulate an exosome model in which the exogenous DNA is retained
but not integréted into the chromosomes. The model involves a copy-choice
mechanism which allows the mosaicism, high frequency of gene-loss and
phenotypic’delay to be coherently explained, but the nature of the exosome
and of its transcription, replication and transmiséion remains unclear.
Similar findings have been reported in papers by Nawa and co-workers
(Caspari and Nawa,1965; Nawa and Yamada, 1968; Nawa et al., 1971). These
studies were concerned¢With the genetic effect of exogenous DNA on various
species of insect, including the silkworm (Bombyx mori). Genetic changes

in wing-scale colour and eyecolour were observed after DNA extracted from
Qild-type flies had been injected into the haemocoel of mutant larvae. | The '
‘Bombyx eye colour marker is a useful one for transformation studies because
éhe white-eyed mutant¢ have a single enzyme lesion and it is acquisition of
thistenzyme that is beiﬁg sought (see section 1.1). Homozygous white—eyed
(Ql/wl) larvae were injec#ed withjZOug. of DNA in the presence of 50ug./ml.
of spermige (Szybalski and Szybalska, 1962a) and allowed to develop to
mgtprity{ They were screened for dark—eyed individuals and for the laying
of pigmented’ eggs, these two characters being determined by the same gené.
The adults were also analysed by cross breeding. The Wllw1 larvae. which
had beeﬁ treated with +/+ DNA subsequently produced pigmented eggs at very
low frequency; Out of 626 batches of eggs, totalling 180,000, only ofe
batch had pigmented members, and even that batch had only 3 out of 250.

The progeny of flies from unpigmented eggs from these batches, however,

included dark-eyed individuals. at a frequency of 1 in 3,000, a rate much higher

than that found among ungreated flies. These dark-eyed flies were backcrossed
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‘flies, and mostly behaved as +/+ homozygotes, with a few flies

1

with wl/w1

giving dark-eyed progeny at a rate rather higher than would be expected from

+/wi. The authors (Nawa et al., 1971) postulate a model involving an exosome

and resembling that of Fox and.Yoon (1970).

Three reports have appeafed in which a differentiated function was used

as a genetic marker. A brief article by Kraus (1961) reported the induction -

_of g2 haemoglobin in BS bone marrow cells after they had been treated with

DNA extracted from Ba cells. No further details have been published. Glick.
and Salim (1967) fgund that the number of cells producing melanin in a culture
of amelénotic melanoma cells was increased to 0.827 by treatment with melanoma
cell DNA and épermine. This represents a three-fold increésg over the
untreated cont?ols'or cells treated with DNA from unpigmented cells. DNase

treatment of the DNA abolished this genetic effect. Ottolenghi-Nightingale °

(1969) used a similar system. Homogenised tissue from albino mice was treated

in vitro with DNA from pigmented mice and implanted into the necks of albinos.
Tissue from the sites of implantation was examined 14 days later by microscopy
and scored for the presence of melanin-producing cells. It was found that
15/483 DNA-treated explants had groups of ﬁigmented cells, while none of the
421 séline— or DNased DNA—treatedfcontrols had any pigmented ceils. The
production of melanin is a useful’marker for transformation studies because
it is determined by acquisition of the activity of a single dominant gene,
that for tyrosinase.

Podgajetskaya and her colleagues (1964) also worked with a system
involving implantation of DNA-treated cells in whole aﬁimals but the genetic
system was less well-defined. Cells from sarcolysine-sensitive transplantable

tumours were injected subcutaneously into rats together with DNA from

- sarcolysine~resistant cells. When tumours developed, the rats were given a

course of sarcolysine injections at 72 hour intervals, under which conditions

most of the tumours disadappeared completely. Ngtive DNA and RNase-treated
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DNA from resistant cells increases the frequency of resistant tumours to 177 ‘~
compared with 1.2% in rats which were not treated with DNA. No such iﬁcrease
was found in rats which received DNase—treated or denatured DNA. This work -
is necessarily imprecise because of the nature of the experimental sys%em

and éoes not seem to have been followed up. Various other studies on genetic
transformafion in whole—-animal systems ha&e been reported but the ;esults

have been either negative or inconclusive (Benoit et al., 1958; Medawar, 1958;
Bearn, 1959; Kok, 1959; Shoffner et al., 1961; Svoboda and Haskova, 1959;
Tigyi et al., i959). The likelihood of finding such in vivo transforming
activity is méintained'by the finding that Pneumococcus DNA is recoverable in:
biologically active form after intravenous injection into test animals

(Bendich et al., 1965), although Gosse et al (1965) found that DNA injected
"intravenously or intraperitoneally into mice or rabbits was degraded to a
"subbiological" state within a few ﬁinutes. Ito and Evans (1961) and Ito
(1970) .were able to demonstrate tumour induction by injection of isolated
tumour DNA, but they did not conclusively demonstrate the absence of viral

DNA in their preparations. Hewer and Meek (1958) injected herring sperm DNA
info mice and found some tumours in the duodenal mucosa, but the phenomenon

.~

was not reproducible.  Ledoux e%}al (1967) were able to detect injected
¢

Bacillus subtilis DNA by equilibrium density-gradient analysis of tissue

extracts even after it had become uﬁdetectable in the bloodstream.

Most of the other work that has been puplisﬁed has been concerned with
cgltured cells and has used genetic markers involving pu;ine or pyrimidine
metabolism. Threg group§ of workers have reported transformations from
sensitivity to resistance to b;se or nucleoside analogues (Bradley et al.,
1962; Majumdar and Bose, 1968; 'Fox, Fox and Ayad, 1969). The mechanism
" of this resistance is discussed in section 3.3 an& it is subject to the

compllcatlons of dlploldy and phenotyplc delay discussed in section 1.1.

Bradley, Roosa and Law (1962) and Roosa (1966) used P388 cells and
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treated them with DNA which had been extracted from 8~azaguénine resistant
P388 cells (P388/AzG). They did indeed find that DNA-treated cells gave
rise to clones which would grow in the presence of toxic concentrations of
AzG but isolation of these clones and further testing showed that they were
fully sensitive. The concluéion reached was that the release of nucleotides
by Hegradation of the absorbed DNA antagonised the effect of the AzG suffic-
iently to allow the cells to go on growing as if they were resistant. The
later publication (Roosa 1966) reported that specific transformation could
be detected in an experimental system designed to avoid this artefact.
Majumdar and Bose (1964, 1968) selected, from primary human uvular
carcinoma culture, a line of cells resistant to 6—azathymine (AzT). Wild-
type cells exposed to DNA from this resistant line and subsequently grown
in agar containing AzT produced a considerable number of colonies, which
were scored as transformants, although no attempt was made to isolate and
further characterise these clomes. Unfortuﬁately, too, the number of
colonies formed in the control cultures was not only high, but very variable.
Statistical analysis showed that DNA treatment significantly increased the

mean number of colonies, but the result was marginal. Further experiments

to find the optimum conditioms for;transformation were reported, but once

}

again the ‘only criterion of transgormation is the formation of colonies in
thé presence of AzT. The frequency of "transformants" reaches as high as
42 6f thg‘total cell population.

Fox, Fox and Ayad (1969), following up their biochemical work on DNA
uptake (Ayad and Fox, 1968, see section i.3), investigated the transformation
of P388F lymphoma cells to iododeoxyuridine-resistance. The work is similar
in gpproach to that of Majumdar and Bose, and the results are somewhat the
same, with high frequency of colony formation in the untreatéd control
cultures, To interpret the rgsults, the authors normalise the colohy-

frequency in the controls to 1.00 for each individual experiment, and find
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that treatment with DNA from resistant cells (P388/120) increased the
nuﬁber of colonies to 1.96 £ 0.34, while DNA from wild-type cells gives a
frequency of 1.10 % 0.22 (the confidence limits show the 95% points)., While
the increase is significant ag P = 0.05, the considerable variation in
colqny numbers makes thelsystem less than satisfactory. .For example, the
figure of 1.96 * 0.34 is made up of results varying from 0.16 to 4.28 and
the ﬁumber'of colonies in the controls varies from 3 to 250. No isolation
of clones for further examination was undertaken,

- A different approach was taken by Szybalski and Szybalska (1962a) who
exploited the aminopterin~sensitivity of cells which have become resistant
to purine analogues as a result of losing a purine phosphoribosyltransferase

(see sections 1.1 and 3.1). This selective system allows the investigation

of transformation from aminopterin semnsitivity to resistance, which is a

change involving the acquisition of an enzyme activity. In addition, it

is a well-defined éystem'biochemically, and has a very low frequency of
spontaneous reversion. The cells used by these investigators were the D98$S
cells of Berman and Stulberg (1956) and had been selécted for resistance to
8-azaguanine (AzG) and 8-Azahypoxanthine (AzH) respectively (Szybalski and

Smith, 1959; Szybalski et al., 1?62). These cells were highly resistant

to the analogues, showed a low reversion rate and were deficient in y

hypoxanthine-guanine phosphoribosyltransferase (HG-PRT) activity. The

cells were treated witﬁ DNA isolated from D98S cells and HGPRT® cells were
selec;ed using hypoxanthine-aminopterin-thymidine (HAT) medium. = 12-15 days
after treatment, the colonies were fixed and counted. Transformants appeared
at‘freduencieg proportional to the DNA concentration up to lOOugl/mi. in the
presence of spermine at 50ug./ml.. In the absence of spermine, there was

no .detectable transformation. The role of DNA in these.experiments was

quite specific, the ability to transform being a property of only those DNA

preparations which were derived from cells which had HGPRT activity, and
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being totally destfoyed by treatment with DNase., TFurther experiments
described-the bH—dependence of transformation and showed that transforming
activity formed a band in caesium chloride gradieﬁts coincident with the

main band of DNA. One of the resistant colonies was isolated and tested

for HGPRT activity in vitro. This assay showed a level of activity comparable
with that found in the donor cells. The maximum frequency of transformation’
was found at 1OOug.DNA/ml. and at pHv7.0~7.5, at which point the level was
0.03%Z of the total numbe% of cells exposed to DNA. The transformants could
“Be grown through many generations without loss of enzyme activity, so £hat '
the DNA seems to be effecting a permanent genetic changé. Unfortunatgly,

. \

these very clear results have not been confirmed or extended by subsequent

work.
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Section 1.3: BIOCHEMICAL STUDIES ON DNA UPTAKE

. Uptake of DNA by eukaryotic¢ cells has received a lot of attention in
recent years. It has been the subject of a number of reviews,'the most
recent of which are those by Ledoux (1965),'Glick (1969) and Bhargava and
Shanmugam (1971).

Penetration of DNA label ‘into eukaryotic cells has not been difficult
to demonstrate. DNA labelled in vivo (Kay, 1961; Rabotti, 1962; Wileczok,
1962; Yoon and Sabo, 1964; Borum, 1965; Meizel and Kay, 1965) or in vitro
(Wilczok, 1962; Mathias and Fischer, 1962; Gartler, 1959; Sung and
Quastel, 1963; Meizel and Kay, 1965) has been qsed and one group used DNA
labelled by the Wiltzbach procedure, which involves exchange of the lH in
DNA with high specific-activity gaseous 3H (Borenfreund et al., 1959; Boren-
freund and Bendich, }961). After exposure to the labelled DNA under various
conditions, the cells were usually subjected to procedures designed to remove
any DNA that is adsorbed to the surface of the cells, such as washing with
iodoacetate'(Meizel and Kay, 1965; Kay, 1966) or with a solution of unlabelled
DNA (Mathias and Fischer, 1962). The uptake and intracellular location of
the DNA label ‘is fhen determined using autoradiography (Kraus, 1961;
Borenfreund and Bendich, 1961; yilczok, 1962; Tiesler and Heicke, 1968)
or liquid ‘scintillation counting of label in whole cells (Sirotnak and
Hutchison, 1959; Gartler, 1959; Sung and Quastel, 1963; Hill and Huppert,
1970) or in isolated nuclei (Gartler, 1959; Kay, 1961; Schimizu et al.,

1962; Meizel and Kay, 1965; Kay, 1966; Robins and Taylor, 1968).

A number of other, techniques of less general interest have been used.
Bensch and his colleagues (Bensch and-King, 1961; Bensch et al,, 1964, 1966)
have prepared DNA-protein coacervates and have used DNA-specific stains and
1light microscopy to investigate their uptake. They also tagggd the

' coacervates with colloidal gold for electron microscopy, or relied on their
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relatively high electron density for identification. Cocito et al (1962),
in a series of similar experiments, used coéplexes of DNA with methylated
albumin. They found that these complexes were taken up in larger quantities
than was DNA itself, and were not catabolised by the intracellular nucleases.
The same workers show, héwever, that complexing with methylated albumin will
inactivate the infectivity of viral DNA, so it appears that the complexes
are Qery-sﬁable, and that the uptake of these complexes is more likely to
give information on protein uptake. No genetical experiments using such
cémplexes have been carried out. The process of particle uptake by cells
in culture is well known, and haé been observed for such diverse particles
as virions and chloroplasts.

Two groups have made use of acriflavine dyes to investigate DNA uptake.
~Adams et al (1965) used tﬁe dyes as microscopic stains, while Roth and his
colleagues (1968) examined the quantitative aspects of acriflavine binding.
They found that thé dyeslwere bound in quantities characteristic of each
cell 1iné, and that treatment of the cells with DNA increases the dye binding
. to a higher and stable level. In addition to this, the treated cells
exhibited an ingreased resistance to SV40 infection. The authors claim
that the increase in the amount og;dye which is bound is a result of the
luptake of exogenous DNA although they do not make any firm proposals about
the nature of the underlying mechaniém. In some experiments, the level
of acriflavine-binding 'is increased by as much as 257 after DNA treatment.

The process of DNA entry into cells is still podrly understood. The
microscopical investigations quoted above have shown that DNA (Adams et al.,
1965) énd DNA;protein complexes (Bensch and King, 1961; Bensch ét al., 1964,
1966) are visible within pinocytotic vesicles. It seems likely, in-'view
of the high level of nucleases in lysosomes, that these structures are DNA

which is about .to be catabolised, although the delayed breakdown brought
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about by complexing with protein (Cocito et al., 1962) could promote DNA
survival. The role of protein in the uptake of infectious viral DNA is

~ not understood, but it is clear that there are intermal viriom proteins,

for example in SV40 (Huebner and Lané, 1965) and Adenovirus'(Russell and
Knight, 1967), and there is the possibility that these proteins may play

a role in the initiation of infection, whether by a nonspecific protecting
effect or by specific regulatory or transcribing functioms. Obviously

only the first of these would be relevant to artificial DNA-protein complexes.
There is some disaéreement about the kinetics of entry of DNA label into
cells, Reports have appeared suggesting that it is a rapid process, complete
within a few minutes (Sirotnak and Hutchisom, 1959; Glick, 1967; Ayad and
Fox, 1968), while others (Robins and Taylor, 1968; 'Hill and Huppert, 1970)
present data which suggests that uptake of DNA label continues for at least

24 hours. The energy requirements for uptake also remain unclear. Glick
(1967) has reported a Qlo for the process of 3.2, while the Q10 determined

) by Mathias and Fischer (1962) was 1.1-1.4. There is evidence for two-stage
uptake, but the claim that the second is energy-dependent was not substantiated.
Meizel and Kay (1965) used fluoride and dinifrophenol as inhibiQQrs of ,

glycolysis and oxidative phosphorx}ation respectively, and found that the
J

P

former inhibited, while the latter stimulated, uptake of DNA. The two
together wafe inhibitory; Thé stimulation of DNA uptake by Hela celis that
was oﬁsgrvéd when ATP was added to the medium (Loni, 1966) has not been .
confirmed., The evidence presented by Loni (1966) was based on a crude
classification of grain counts in autofadiographic experiments. Tiesler
aﬁd.Heick; (1968) have reported that the uptake of 3H-_-DNA is diminished by
azide and cyanide only to 75% of the control value in a 30 minutes gptake-
period, whereas it is increased'by ATP, ainitrophenol and protamine. The
amount of DNA taken im has been estimated as amounting to 2% of the total

DNA content of the recipient cell (Glick, 1967). Denatured or partly
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degraded DNA does not penetrate into cells as freely as do the native

" molecules (Sirotnak and Hutchison, 1959; Gartler, 1959; Sung and Quastel,

1963; Kay, 1966), and this correlates with the finding of Podgajetskaya

et al (1964) that denatured DNA has no transforming activity in their system.

Biochemical approaches to the intactness of the absorbed DNA have

been difficult. That macromolecular DNA does penetrate the cells is

suggested by the lack of competition for uptake between 3H—thymidine-labelled

DNA and thymine thymidine or thymidylate (Gartler, 1959), although Hill and
Huppert (1970) found in their density-labelling experiments that bromodeoxy=-

uridine (BrdUrd) will diminish the amount of DNA label entering the cells

~if the label is carried as 3H~thymidine, which is incorporated into DNA by the

same pathway as is BrdUrd. The authors do not develop this point.
Another method which has been used in an effort to decide whether or

not the absorbed DNA remains intact has been to label the donor cells with

14

C-formate, which will be mainly incorporated into the adenine and thymine
moieties of the DNA., ,The ratio of the specific activities of these two
bases ‘has been found to vary according to whether the cells are labelled
in vivo or in vitro (Rabotti, 1962), and this ratio can conveniently be
determined by chromatography of thg hydrolysis products of the labelled

)

DNA. Rabotti (1962) used BDFlT mouse tumour cells which were labelled with

1 . . . . . .
4C:formate either in vitro or while growing as a tumour on BDF1 mice, DNA

was extracted from these. cells after labelling and was added to unlabelled

BDFlT cells growing either as tumours or in vitro, On reextraction and

analysis of the labelled DNA, Rabotti found that the specific activity ratio

stayed close to that found in the original input DNA,. For example, 140—

formate labelling in vitro gave an A/T rapio of 3.5, and, when this DNA was

.taken up by cells growing in vivo, a ratio of 5.3 was obtained, in contrast

to the ratio of 0.9 found after 14C~formate labelling of cells in vivo, A

similar situation was found to hold for the treatment of cells in vitro with
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DNA from cells labelled in vivo. .Meizel and Kay (1965) carried out similar
experiments with Ehrlich ascites cells and foﬁnd that the adenine/thymine
spécific activity ratio was maintained throughout uptake, although there
was some evidence of breakdown. The difficulty in interpreting such
experiments is that ‘there is a likelihood that DNA is partly degraded and
reutilised for recipient cellular syntheses and is partly maintained as
macromolecules. A constant specific activity ratio would be expected 1if
the DNA all remained intact, but even partial breakdown would give rise to
variations in the specific activity ratio according to the contributions
.made to the pools made by the degraded DNA, by the exogenous precursors and
by the de novo pathways within the recipient cell. Total reutilisation of
the bases released‘by‘}he degradation of absorbed DNA would maintain a constant
ratio, thus mimicking conservation of the inmput DNA. All these experiments
have involved thé uptake of isologous DNA, but uptake by cells of a widely
differing bése ratio would be more informative. Robins and Taylor (1968)
found that the relative specific activities of the four bases were maintained
during DNA uptake, while uptake of a hydrolysate.of the same DNA demonstrated
that thymidine was much more efficiently absorbed than were deoxyadenosine
or deoxyguanosine. These exper?ﬁents are all strongly suggestive of the
uptake of intact DNAImolecules, but certaln assumptions about the intra-
cellular handling of nucleotides have to be made in their interpretation,
and the mearly precise maintainance of the specific activity ratios is in
conflict with other reports which indicate that at least part of the inpué
DNA is bfoken dowﬁ (Bradley et al., 1962; Roosa, 1966; Meizel and Kay, 1965;
Hill and Hupﬁert, 1970).

Autoradiography has little information to offer on this point. The
size of the DNA molecules that are used in uptake experiments is considerably
less than that which would be required for the identification of complete

DNA molecules, in the manner of Cairms (1962), by examination of the pattern
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of silver grains in cells whi;h have absorbed 3H—DNA. What little work
has been Hone has suggested that the DNA label passes rapidly to the cell
nucleus (Tieélér and Heicke, 1968; Loni, 1966) and can be specifically
removed from the fiied cells by treatment with DNase. It is not known how
much of thi; label represents intact donor DNA and how much is the resuit
of reutilisation of the bases.

One of the potentially most useful approaches to the investigation of
DNA uptake is the'use of density labelling so that donor and recipient DNA
can be distinguished using equilibrium-density gradients, but it is an approach'
involving considerable difficulties of‘interpretation. The first use of

bromodeoxyuridine labelling in this context was by Gartler (1960), who
4

+

- N
labelled DNA simultaneously with L C thymidine and bromodeoxyuridine. This

investigator looked at the uptake of doubly-labelled DNA By L cells for )
périnds of up to 2 hours at 37%c. Unfortunately the uptake of DNA label
was nﬁt sufficient to provide satisfactory count-rates on the caesium
chloride gradients, and the published profiles show 140 (donor DNA) peaks

of only 10;12 counts/minute. The quantitative estimates of DNA uptake that
thg guthoﬁ shows must necessarily be imprecise, and there is the possigility
that some- components of the absorb?ﬁ label were not detected.

14C and BrdUrd-labelled DNA, which was

Robins and Taylor (1968) used
prepared-by labelling lymphoma cells with 14C—formate for 65 hours and with
BrdUrd for the final 24 hours. This labelling system means that the Dﬁk
preparation will consist of a major part which is labelled wifh BrdUrd in
one strand and a minor part which is labelled with BrdUrd either in bgth
strands.or in néither. ‘ The ;uthors state that as much as 7.57% of the fotal
DNA is not BrdUrd-labelled, The density~gradient profiles obtained on
‘reextracting DNA from cells which have been treated with this mixture are

. o s . . 14
necessarily difficult to interpret, especially as the maximum ~ 'C count

rate is around 100 counts/minute. The authors conclude that any integration

of donor DNA is at a level of less than 0.4% of the recipient cell DNA
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complement. What this figure in fact represents is the lower limit of
sensitivity that the authors estimate the system possesses. One thing the
radioactivity profiles do show‘is that some fully-labelled donor DNA is still
‘present as intact, dense molecules even after uptake and reextraction.

A different labelling system was used by Ayad and Fox (1968) who worked
* with murine lymphoma cells labelled in vitro with 3H"iododeoxyuridine (3H—
Idurd). The cells were exposed to labelled BH—DNA for a few hours at which
time the cells were washed and the total DNA extracted. Equilibrium-density
gradients at pH7 showed that the reextracted DNA contained heavy (donor)
DNA and light (recipient) DNA, both of which were detected by ultraviolet
absorbance. Thére wés>also a peak of radioactivity at intermediate
density, coinciding with a very small "shoulder" to the light peak on the
optical density p?ofile. This intermediate peak is not labelled with 14C
if uptake occurs in the presence of 14C-thymidine, and density gradients
of denaturéd DNA show a heavy, 3H-1abelled and a light, 140 labelled component,
with no radioé&tivity at intermediate density. The lack of 14C labelling
iﬁ the intermediate Band in gradients of native DNA suggests that, if
' integratioﬁ éf the donor into the recipient DNA is occurring, it involves
only recipient DNA which has been synthesised before uptake of the donor

¢

DNA began. There are two points o% interpretation which need to be mentioned.
Firstly, the authors point out that during the preparation of demsity-labelled
DNA, the increase in ;ell'numbers led them to expect two peaks of radioactivity
on density gradients - one of DNA labelled in both strands and one of DNA
labelled in only one. Their 3H—IdUrd—DNA preparations showed onxy one band .
as such gradients. This was not further characterised, but most probably-

represents the hybrid (half-heavy) duplex. This, of course, calls into

question the nature of the peak at intermediate demsity in the native DNA

gradients, because the authors seem to regard this as a hybrid molecule.

The second point of interpretation also deals with the native DNA gradient. |

’
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As the label is 3H-Id_Urd, the specific activity of the DNA is necessarily
proportional to the density-shift away from the unlabelled position. If
the 3H profile is corrected by this criterion to show the amount of DNA
rather than simply the count-rate, the intermediate 'peak" becomes only a
tail on the dense side of the-recipient DNA peak, Despite such uncertain-
tiés, the paper does demonstratelsurvival of donor DNA and suggests that
there is some form of interaction between donor and recipient DNA.

In two papers Ledoux and Huart (1967, 1969) report the remarkable
finding that 3H—labelled Bacillus subtilis DNA can pass through the endosperm
of germinating barley seedlings and can be detected, by use of equilibrium-
density gradients in DNA extracted from root cells. Not only was the
bacterial DNA detectable but there was also a peak at a position between
barley DNA and bacterial DNA. This intermediate material dissociated on
sonication into two peaks coinciding with the bacterial and barley DNA, while
it yielded only one peak on denaturation, 'If unlabelled bactegial DNA' is .
.supplied to a seedling, along with 3H—thymidine, the label is incorporated
into the material of intermediate density, while incorporation into barley
DNA is dep?essed. Ledoux and Huart (1969) postulate a model involving end-to-
end coyaleﬁt joining of barley an? bacterial DNA duplexes,

Hill and his coworkers (Hili and Huppert, 1970; Hill and Hillova, 1971)
have investigated the fate of absorbed DNA by incubating cells simultaneously
wifh.SHféNA and lac-BrdUrd. The period during which the cells were exposed
to DNA was longer than had been previously used, being 24 hours compared
with 30 minutes (Robins and Taylor, 1968) and 4 hours (Ayad and Fox, 1968)
used in previous publications. This was because Hill et al. found that only
a very small proportion of the donor DNA was taken up im the first few hours.
After 24'hours, 22% of the donor DNA had begﬁ absorbed and was DNase resistant,
so that it was probably intracgllular (Schimizu, Koyama and Iwafuchi, 1962).

Neutral caesium chloride gradient analysis of total recipient cell DNA after

1

uptake showed considerable quantities of 3H-1abel but no ?4C—Iabe1 in the
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light peak. This light peak represents intact donor 3H--DNA, and is slightly
denser than the unlabelled, cell DNA, although this densit&-shift did not
occur if the DNA was taken up by BrdUrd prelabelled cells in the absence
of BrdUrd. Recycling the light region of the gradient resolved two separate
bands. One corrésponded to the donor DNA in density and was only 3H~
'labelled, and the other had a density intermediate between donor and recipient
and was both~3H and 146 labelled. Reconstruction experiments did not show
this intermediate band, and Painter and Cleaver (1969) have shown that
repair synthesis was not capable of producing such a large density-shift.
" Hill and Hillova (1971)Acarried this work further, using chick embryo cells
treated with mouse DNA; They found that in the absence of DEAE-dextran
all input 3H—DNA activity was found in the more dense, recipient bands, while
DNA absorbed in the presence of DEAE-dextran was in a broad band extending
on the more dense side of unlabelled mouse DNA marker., The difference was
also. evident in sucrose sedimentation-velocity gradients, for DNA absorbed
in the presence of DEAE-dextran did not cosediment with the 50n0r DNA as it
did after absorption in the absence of DEAE-dextran. While noting this
increased persistence of donor DNA in DEAE~dextran~treated cells, the
authors concentrated on untreated cells, mainly on the grounds of a slight

;
lack of coincidence between densitf bands of 3H and 140 activity after

labelling cells with 14C--BUdR and 3H—DNA. They did not find this displacement

in cells labelled with 14C—BUdR and 3H-TdR. The difference was more marked
after sonication and in alkaline equilibrium—-density gradients, where there

was evidence of the existence in the DNA of regions which were re{gtively'

. rich in 3H label and which the authors conclude are regions where intact -~

donor 3H---DNA molecules have been integrated into the recipient cell genome.

This and other work is further discussed in section 7.
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" Section 1.4: POLYOMA PSEUDOVIRIONS: NATURE AND UPTAKE

The relatively advanced state of bacterial as compared to eukaryotic
cell genetics allowed the early demonstration of the encapsidation of host
cell DNA in phage particles by means of the detection of the genetic changes
wﬁich are produced when this host DNA is iﬁtroduced into further bacterial
cells by infection with the transducing particles (Zinder and Lederberg, 1952).
In contrast, the demonstratién of host DNA in the particles of animal viruses
has‘been possible only By biochemical means, and has proyed to be considerably
more difficult. Only in the case of polyoma are there solid grounds for |
believing'that such a process occurs, although there is élso evidence that
SV40 and shope papilloma behave similarly (Grady et al., 1970).

The early work on polyoma was the demonstration of a degree of sequence
homology between the DNA extracted from polyoma virions and the DNA of
the cell type in which the virus had been grown (Axelrod et al., 1964;
Winocour, 1965). The reason for this homology was not clear but Winocour
(1967) was able to show ﬁhat extensive purification of the virus did not
remove the éomponent homologous to cell DNA, and that sedimentation-velocity
gradients of DNA éxtracfed from polyoma virus resolved a more slowly-sediment-
ing component in which the homolgﬁy resided. Fractionation of heat-
denatured pofyoma DNA on methylated—-albumen-kieselguhr columns produced an
infectious DNA with no detectable homology to cellular material. In
pursuing this 1iné of work, Winocour (1968) showed that infection by polyoma -
virus of cells that had been prelabelled with 3H-thymidine produced radio-
active, haemagglutinating but noninfectious particles, in addition to the
infectious p;rticles.- On extraction, the DNA from these noninfectious
particles was found to have a buoyant density in caesium chloride of 1.702,
a value identical to that of mouse cell DNA. Tt also scdimentad with the
"slow" component (component IIL) of the total polyoma DNA (Dulbéocd and Vogt,

1963; Weil and Vinograd, 1963; Vinograd et al.,&1965). Michel,Hirt
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and Weill (1967) carried out similar experiments on labelling of the cell

DNA, buoyant density andlbase sequence homology and obtained similar results.
These experiments demonstrated conclusively that a proportion of the polyoma
viri;ns released after an- infectious cycle contgin a piece of cellular

DNA and probably no polyoma DNA. Michel and his colleagues (1967) called
tﬁese particles '"pseudovirions'" and this term has been generally adopted.

In any assessment of the pdtential genetic effects of the infection
of cells with these pseudovirions, it is important to know whether the
encapsidated cellular material represents a highly specific region of the
. cell genome or is drawn at random from the whole genome. Data presehted
by Winocour (1968) showed that pseudovirion DNA hybridised to cellular DNA
on filters to the éame e%tent as did whole cellular DNA. This suggests
that moét of the cell genome is represented. In thg same paper, Winocour
. estimates thaé 16-21% qf the total populatiom of "full" (i.é. DNA-containing)
polyoma viriong rgleased after an infectious cycle are pseudovirions, and
that the molecular weight of the encapsidated DNA is 3 x 106 daltons, which
is very close to that of infectiouslpolyoma DNA. Thus, each pseudovirion
carries a single piece of cellular DNA of a size sufficient to carry 6-8
"average" genes, and apparently r?ﬁresenting most parts of the host-cell
genome .

The mechanism by which polyoma pseudo&irions are produced remains obscure.
Reporté have appeared (Ben Porat et al., 1966; Ben Porat and Kaflaﬁ, 1967)
which demonstrate the degradation of cellular DNA, when it has replicated
aftef'polyoma irfection, to pieces which elute from methylated-albﬁmen-kieselguh
columns at a éoint characteristic of DNA with a molecular weight equal to .
that of viral DNA. A later paper (Cheevers et al., 1970) suggested, however,
that the abnormal cellular DNA is less homogeneous in molecular weight than
is polyoma DNA. The two groups do, however, agree that the appearance of

host cell DNA in the relatively small molecular weight range is linked with

" the onset of viral DNA replication. It is still not firmly established
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whether ‘this small molecular weight material arises by degradation of
cellular DNA or is synthesised de novo, but evidence strongly suggests
that its formation is linked with production of pseudovirions. The
appearance of 3H—bNA in pseudovirions after growth of polyoma in prelabelled
cells indicates that some at least of the pseud&virions contain DNA whigh
has been synthesised prior to infection (Winocour, 1968; Osterman et al.,
1970).

. It is probable that the genetic potential of polyoma pseudovirions
has received wider attention than the literature suggests. Certainly their
potential is widely appreciated (e.g. Winocour, 1968; Tatum, 1969). Hirt
and his colleagues have attempted to demonstrate genetic changes induced by
polyoma pseudovirions, but without success (Personal communication):

Two papers have bgen published by Aposhian and coworkers (Osterman et
al., 1970; Qésba and Aposhian, 1971) on their investigations of the
intracellular fate of radioactively labelled DNA from Ppseudovirions after
infection of cells which are permissive for the replication of polyoma virus,
The pseudovirions were isolated by making use of the slight difference in
buoyant density between them and normal ﬁﬁlyoma virions. The procedure
involved répeated equiliﬁrium.centrifugation in caesium chloride, with the
less dense portion of the virus bgnd being retained at each stage. The
final pseudovirion preparation had a particle~infectivity ratio of 106,
altboﬁgh the particles were all "full" as assessed by electron microscopy.
In the first of the papers, it was shown that, after infection, 6% of the
absorbed virions were uncoated, the criterion for uncoating being the
conversion of the DNA into a DNase-sensitive form. The second paper deals
with the infection of mouse embryo cells with pure pseudovirioné from a
polyoma stock grown in mouse embryo cells. It is shown that the label from
pseudovirion DNA becomes DNase—-sensitive and is associated with the nuclear

fraction of the cells. It is also demonstrated that the labelled material

after infection will hybridise with mouse embryo DNA. . The authors state
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that this demonstrates that the labelled material is pseudovirion DNA, but
there seems no reason to suppose that it is nét mouse embryo DNA that has
been s&nthesised using the breakdown products from degraded pseudovirion
DNA. All that is shown is that the nuclear label is not polyoma virus
DNA. Indeed, in fufther'experiments, involving the infection of human
embryo cells with polyoma‘pseudovirions, it is shown by sedimentation
velocity experiments that the labelled nuclear material is very hetero-
geneous. The authors also claim that they demonstrate the intranuclear
uncoating of pseudovirions in human cells, but they do this by means of
sucrose velocity—-gradients under conditions thét could release the DNA from
intact pseudovirions.

The situation’at present is that there is no solid evidence that the
bNA from polyoma pseudovirions can be introduced into cells in a form that
could be genetic#lly active. The demonstration of uqcoating in permissive
cells is not unexpected and to date the scanty biochemical work in
nonpermissive cells has not been either stimulated or supported by any

demonstration that the encapsidated mouse genes can in fact be functional.

e
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Section 2.1: CELL CULTURE METHODS

"All cell lines were routinely grown in monolayer culture in 20 oz.
medical flat bottles or in 80 oz. flint glass Winchester bottles on roller
culture racks. Expérimental cultures were in 4 or 6 oz. medical flats or
in 3 or 5 ¢m. Nunclonldisposable plastic petxri dishes. Suspension cultures

were grown in the type of vessel illustrated in fig. 2.1,

Glassware washing procedures

All glassware used in cell culture was immersed in 3% chloros immediately
afger usé*and left to soak overnight. They were then put in calgon-
metasilicate'salution. Winchester bottles were left in this solution over-

° night at room‘temperature before thorough rinsing in several changes of tap
water and of deionised water. Other cell culture glassware was boiled for
20 minutes before rinsing. All glassware was stefilised by autoclaving at
15 p.s.i. for 15 minutes, checking this by means of Browne's sterility
control tubes.

Coverslips for cell culture were prepared for use by boiling in 3%
chloros and thoroughly rinsing in 3 cﬁanges of distilled water. They were

then rinsed once in absolute alcohol and left to dry at room temperature.

They were placed in petri dishes and wrapped in aluminium foil before being

1

& ~.
g

‘sterilised in a hot air oven.

| éll éell cultures were grown in Eagle's medium in the Glasgow modifi-
cation, with double the original concentrations of vitamins and amino acids.
Medium'was dispensed in 160 ml. aliquots and stored at 4°C.  For BHK21/Cl3
dr'PyY céllsﬁ‘this defined medium was supplemented with 1/9 volume of calf
serum, which was prepared from calf blood obtained from the local abattoir
and sterilised by filtration through a millipore disc of 0.22u poré size,
The mutant cell lines grew rather better when foctal bovine serum was used

-

although they did not have an absolute requirement for it. Tor example,
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there was little difference in plating efficiency. Foetal bovine serum was
bought from Flow Laboratories Ltd., Irvine or from Biocult Labératories Ltd.,
Paisley.

For subculture, cells were detached from the substrate using a
trypsin—vgrsene solution made‘up by mixing 1 part of 0.25% Difco trypsin in
tris buffer with 4 part of 0.02% EDTA disodium salt (British Drug Houses Ltd.)
in phosphate-~buffered saline, pH 7.3. The solutions are made up separately, -
the trypsin being filter—sterilised and stored at —ZOOC, and the versene
being sterilised by autoclaving and stored at room temperature.

Other standard solutilons:

Tris—-saline; table 2.1l.
Phosphate-buffered saline; table 2.1.

Saline; 9 gm./l. sodium chloride,

i

Preparation of cells for storage

N
Cells for long-term storage at low temperature (-80°C in a Revco
N

‘ freezer) were suspended using trypsin~versene and thoroughly washed with

‘

Eagles—-107 calf serum (EC1O0). -

After the final wash, the cell pellet was suspended in the following medium

A

at about %.106 cells/ml. f
BEagles medium » . 75Z by volume.,
. Calf serum ‘- 207
élycerol 5%

The cell suspension was placed in screwtopped vials in 1 ml. amounts

-

and brought slpwly to -80°C at which temperature they were stored. They
were recovered by warming rapidly to 37°C and seeding the contents of g;e
vial into 9 ml. of Eagles-10% calf serum in a 2 oz. medical flat. The
' medium was removed 12 hours later, the cells were rinsed in EFCLO or ECIO,

~and incubation continued after addition of 10 ml. EClO or EFC10.

The cell lines are fully described in section 3.




Table 2.1

TRIS-SALINE, pH7.4

Sodium chloride - 8 gn/l.

Potassium chloride 0.38 gm/1.

Disodium hydrogen phosphate | 0.10 gm/1. N : ,
Dextrose 1 gm/l. ~
Tris* 3 gm/1l.

Phenol red 0.0015%; penicillen 1000 units/l,; streptomycin 0.1 gm/1.
Adjusted to pH7.4 with hydrochloric acid. ' \

1

* ='tris (hydroxymethyl) aminomethane.

PHOSPHATE~BUFFERED SALINE (PBS)

solution A;

Sédium chloride ' 10 gm/l.
Potassium chloride ' 0.25 gm/1. -
Disodium hydrogen phosphate : l.44 gm/1.
Potassium dihydrogen phosphaﬁe o 0.25 gm/1.
| pH7.2 . ;,'
solution B; calcium chlori&e 1 gm/1.
" solution C; magnesium chloride 1 gm/1.

. "Complete" PBS is A:B:C:8:1:1 by volume.




Fig, 2.1 -
Vessel used for cell
suspension culture,

Table 2.2: Reagents for Mycoplasmsa sgtain,

0+6%.(w/v) sodium citrate. .

Carnoy'¥s fixative; glacial acetic acid, 1 vol. in
;%solute ethanol, 3 vols.e.

'2% Guwr's orcein in 60% glacial acetic acid.




Culture methods

Cells were rouﬁine1§ grown in medical flats or rollér bottles which
were fitted with screw tops. These were either plastic or metal with
silicone liners so that the tops provided a gastight seal which meant that
the atmosphere inside the bottle could initially be kept at a level of
carbon dioxide sufficient to maintain the correct pH in the medium.  The
20 oz. medical flats were seeded with 2-5 x 106 cells in 50 ml. Eagles—10%
calf serum and contained 25-40 x 106 cells when confluent; the variation
being between different cell types. The PyY/TG/CAR/BUDR cells needed to
be seeded more thickly than this,. and each 20 oz. bottle received about

8 x 106 cells. The 80 oz. roller culture bottles were inoculated with
20 x 106 cells in 200 ml. of medium and yielded 2-4 x 108 cells when
confluent. ~All cell cultures were maintained at 37°C.

The transformed cell line, PyY, and its derivatives have the ability
to form colonies when suspended in soft agar containing Eagle's medium and
calf serum. The nontransformed line, BHK21/C13, does not have this ability.
Agar suspension culture is a convenient method of cloning cells, and can
also be used to isolate uninfected cell lines from mycoplasma-contaminated

cultures. The procedure is as fqilows.

Basal agar is made up. It contains:~
.la3‘x ﬁagles medium 4 volumes
calf serum 1 volume
“distilled water . 1 volume

This is held at 44°C and mixed with 1.5 volumes of 2.5% agar at 44°C.
This me&ium has a final agar concentration of 0.57. It is dispensed
into 5 cm. petri dishes at 7.5 ml. per dish and allowed to solidify. The
distilled water component can be made up to contain any antibiotics or
" selective agents to which the cells are to be exposed. The overlay medium,)

into which the cells are to be seeded, is made up in aliquots containing

N
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1)

2 ml. of 1.3 x Eagles ﬁedium and 0.5 ml. of 1.6% agar. This is maintained
at 44°C in bijou bottles, to which is addeq the appropriate number of cells
in 0.1. ml. of Eagles medium, and the contents are mixed and poured over the
basal medium. For a 5 cm. dish, 103 cells is a convenient number because
it usually gives a sufficient yield of well-dispersed colonies under.
no#éelective conditions. Of course, the actual number ;f cells used in
particular culfures varie& according to the conditions under which the
cells were to be grown.

After about a week at 37°C in an incubator with a humid, 5% carbon
dioxide atmosphere, the colonies could be picked out of the agar using a
finely-drawn glass pasteur pipette and ejécted'into petridishes containing
growth medium. This proéedure gives reliable cloning provided that the

original cell inoculum was a single cell suspension and that the colomies

are well dipersed.

Mycoplasma Contamination
. The danger of the contamination of tissue cultures by Mycoplasma
has been recognised in recent years (McPherson, 1966) and every effort was
made to ensure that the cells used in the present study were Mycoblasma—free.
~ The method, used for the detg;tion of Myéoplasma infection was the
acéto-orcein method of Fogh and Fogh (1964). In this, tﬁe cells are grown
on coverslips in pegridishes until they are nearly confluent. At this point,
- the medium is poured off and replaced with 3 ml. of 0.6% sodium citrate,
which is slowly diluted with distilled water until the .concentration is
0.457%. This slow dilution is necessa%y to avoid the bursting or detachment
of the cells. After 10 minutes if this hypotonic treatment, 4 ml. of
Cafnoy's fixative (table 2.2) is added and the mixture immediately discarded,
~ to be replaced with a.further 2 ml. of Carnoy's fixative in which the cells

are left for 10 minutes. The coverslips are then removed to dry petri-

dishes, in which they are left to dry at room temperature before staining
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for a few minutes ﬁith a drop of orcein. The stained coverslips are
washed in éthanal and thoroughly dried. They are mounted in euparal and
inspected under phase-~contrast optics at magnifications of 400x and 1000x.
Using this technique, Mycoplasma are detected as darkly=-stained
granules scattered over the surface of the cells, which are stained a
light purple.
In developing the technique, Fogﬁ'and Fogh found complete correlation

3

between it and detection of Mycoplasma by the more laborious and slower .
. b
culture methods. Over a number of years, it has been in use in this

‘institute and has been found to give reliable and rapid aetection of evéh
éery light infection.

‘-Mycoplasma are also‘evident in autoradiographs of infected cells
which had been exposed to tritiated thymidine. They give rise to
labelling in the cytoplasm and at the periphery of the cells. Thymidine-
SfBH is a highly specific DNA label so that uninfected cells disP1a§ only
nuclear labelling. Autoradiographs of cells infected with Mycoplasma 4
and exposed to other labelled nucleic acid precursors which afe incorporated
in the éellular RNA as well as into the DNA will not show the presén;e of‘
the Mycoplasma-directed incorporagﬁon because this will be masked by EE;
heavy cytoplasmic labelling. Oné interesting observation was that mutant
. cells exposed to a labelled nucleoside that they were unable to incorporate
showed no cytoplasmic or nucléar label even when they were known to be

infected with Mycoplasma. This could be because the synthesis of Mycoplasma

" components was taking place only at a level not detectable in the auto-
radiographs{ of because the enzymes of the scavenger pathways are mnot
.encoded in the Mycoplasma genome: This observation was not extended.

The steps taken when a particular cell line was found to be infected

with Mycoplasma depended on the supply of that cell line that was available.

If the line was one of which a plentiful frozen stock was in store, the

,
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infected cultures were simply discarded and replaced with a stock freshly

. recovered from the freezer. In the case of a cell line which was in )
short supply, or if the infection was very light, the agar suspension
cloning method (p. 33) was used, with the inclusion of antibiotics in

the basal agar, to allow the isolation of uninfected clones. R;utine
inclusion of antibiotics against Mycoplasma in the culture media was not
thought to be wise, and it was found that it was not sufficient éo simply
grow the infected cells in the presence of the antibiotics for two of three

passages, Such a procedure merely suppressed the infection. 1In the

agar cultures the following antibiotics were used together:-

Kanamycin ‘ 500ug/ml
Novobiocin .. 50ug/ml
Aureomycin 5ug/ml

Colonies were picked and grown'up for retesting. In all but the
"heaviest, infections, there waslittle difficulty in obtaining uninfected

cells.

T,
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Section 2.2: LIQUID SCINTILLATION COUNTING

~2.2a: Equipment

Radioactivity assays were carried out using liquid scintillation
counting techniques. Three counters were used %n the course of the
pfoject. They were:-—

1. Nucléar Chicago Mark 1.

2. ‘Intertechnique model’ SL4O.

3. Philips Liquid Scintillation Analyser, which was used in
‘all the double 1abel.experiments.l

2.2b: Scintillant systems

Two scintillation fluids were used. All the experimental work was

carried out using.a toluene~based fluid with the following compositiom:—
- PPO  (2,5-diphenyloxazole) 5 gms.

POPOP (p-bis—-2-(5-phenyloxazolyl)-banzene) 0.3 gms.

Toluene 1 litre

PPO and POPOP were obtained from Koch-Light Ltd. andAthe toluene was
Analar grade.

Toluene—based fluids have the disadvantage that they are not miscible

with aqueous samples, so that ass?ys in this fluid were carried out with

¢

the samples dried on filter paper discs. This technique is described fully
below (section 2.2e). ' N

The second séintil;ation fluid used was Bray's fluid. This was used
in some of the early experiments and for determination of DNA specific

activity throughout. Bray's fluid was made up to the following formula:=-

. PPO . 4 gm.
*  POPOP ‘ - 0.2 gnm.
Naphthalene $. 60 gm.
Methanol 100 ml.

Ethane-diol . 20 ml.
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Fig.2.,2 Quench correction curve. Water quench in Bray's scintillant,
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Dioxane 880 ml.
The dioxane was obtained from Koch-Light Ltd., and was stored at

~room temperature in dark bottles under an atmosphere of pure nitrogen.

2.2c: Quench correction and efficiencies of 3H detection

The specific activities of tritiated DNA preparations were determined
using Bray's fluid. Quench correction was carried out using a channels ratio
method with tritiated hexadecane (Radiochemical Centre, Amersham) of
accurately-known specific activity és a standard. This method is not
applicable to the system using disc~borme samples because of the hetero-
geneous nature of the disc system. This 1s disctussed more fully below.

In the channels ratio procedure, a series of vials were prepared containing
10 ﬁi. of Bray's fluid and 50ul. of 3H—hexadecane. The specific activity
of the hexadecane had been determined by the manufacturer and the activity
at the time of use was calculated from this figure plus the date at which
it had been determined and a correction factor based on the decay curve of
tritium.

The quenching material was water in volumes ranging from O to 2.0 ml.
Channels A and B of'the coﬁnter were set so that the ratio

Zgﬁzzz ;2 22:222% i th approximately 2.2 for the

unquenched sample. Channel C was set to the balance point for maximum
. tritium count-rate. The total count rate, from channel C, and the ratio
of counts, B/A, was found over a 10 minute period for each of the set of
water—quenched vials, and these values were plotted graphically to give
a curve such as that shown in fig. 2.2.
'If a sample of unknown absolute specific activity is counted using the
same channel settings, the ratio B/A obtained for it may be fitted onto
\ the curve to find the efficiency of counting, and the absolute activity in
disintegrations per minute can be calculated from this and the total count-~

rate in channel C.

.




Table 2.3 ‘Radioactive compounds.

All the radioisotope—~labelled compounds were obtained from The Radiochemical

Centre, Amersham. T

- Pyrimidines.

thymidine—methyl—BH - TRK120 17-25 Ci/mmole‘ ‘
deoxycytidine-5-3H, TRK211 13-16 Ci/mmole

' uridine-5—3H TRK178 30 Ci/mmole

. thymidine-2-%c | CFA219 59 Ci/mmole

Purines.

hypoxanthine—BH(G) ' TRA 74 0.5 Cifmmole
guanosine~"H(G) © TRA 39 0.8-1.2 Ci/mmole
adenin€;2,8~3H . TRK 23 2.0-4.3 Ci/mmole
adenosine-SH(G) ' TRK 3 8.4 Ci/mmole

T T"
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The speéific éctivities of DNA-BH preparations were determined as
follows. |

0.1 ml. of DNA-BH solution of known concentration was mixed with
0.1 ml. of concentrated formic acid and held at 100°C for 30 minutes in
a small, tightly-closed vial. The hydrolysate was diluted to 5 ml. with
distilled water, 80 that the concentration of formic acid (about 2.) is
sufficiently small to prevent it from &iminishing the counting efficiency.
To vials containing 10 ml; of Bray's fluid was added 0.5 ml. of the diluted
ﬂydrolysate. A quench curve was constructed for each fresh batch of B;ay's '

~

'fluid and carried out in paralled with the 3yg—DNA determination. Values for

the specific activity of‘3H-DNA preparations are found in section 4.1.

2.2d: Efficiency of counting in the disc sample system

Y

Once its specific activity had been determined, a stock of 3H—DNA
could be used to find the efficiency of counting of toluene-based fluid with

.

the sample dried onto a filter paper disc. This was done by applying 100ul.

of 3H—DNQ& to a disc, drying it thoroughly and counting at balance point

settings for four minutes. .

It was found that only a very small volume of scintillation fluid
was needed to give near-maximum egficiency (fig. 2.3). This is in 15;;
with the experience of Dévies (1966) and De Recondo and Fichot (1969). In
" all subsequent experiments 5 ml. of scintillant was used,

The lack of a convenient method for ﬁonitoring the counting efficiency
of individual samples is‘'a drawback of this system of radioactivity assay,
S0 aﬁ attempt was made to define the limits within which constant efficiency
can be assumed. Discs receiving 3H—DNA alone gave reproducible counting
" efficiencies varying from 22.5-24%Z between diffefent.batches of fluid. De
Recondo #nd Fichot (1969) reported that up to 500ug. of protein could be

carried on the disc without giving rise to significant self-absorption,

but in the present system discs loaded with DNA—SH and varying amounts of
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Fig 2.3 Effect of scintillant volume on count-rate of a 3H-—DNA
sample dried onto a filter paper disc. Toluene-PPO-FOPOP fluid.
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eff=24%
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S ' 200
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Tig.2.4 Effect of bovine plasma albumen on the count-rate of a
H-DNA gample dried onto the same disc. Toluene~-PPO-FOTOF,
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.

bovine plasma albumen showed that 150ug. of protein was sufficient to lower
the counting efficiency while 250ug. wés enough to decrease the efficiency
to 10% from the unquenched level of 24% (fig. 2.4). As the amount of
protein én th; discs under experimental conditions will certainly not exceed
10ug., the effects of self-absorption can be neglected. As a test ;f th%s,
3H—DNA was dried onto discs with varying numbers of intact cells, and
L

subjected to the standard Trichloracetic acid (TCA) and ether-washing

procedure. Within the limits tested, that is between O and 2 x 105 cells/

"disc, there was no detectable, self-absorption. The actual figures were:-

I

no cells. 1.88x103 cpm.*® efficiency = 22%Z.

3H—DNA, lug./disc< '

!

2x105 cells’ 1.90x103 cpm.*  efficiency

* = mean of triplicate discs.
These experiments shéw that, while absolute activities cannot be
reliably determined for disc-borne samples, no correction for counting

efficiency is necessary in comparing samples in any particular experiment.

2.2e: Sample preparation routine

Whatman -No. 1 filter papexrs of 2.4 cm. diameter were most conveniently
handled by impaling them on steel Bins set vertically one inch apart on an
aluminium plafe, each disc being iéentified by means of a number written .on
it in soft pemcil. ~ 50 or 100ul. samples were applied to each disc using
an automatic pipette, and dried under an infra-red lamp. All discs were
then Washed twice in 5% trichloroacetic acid (TCA) gt.+4oC, once in ethanol
at room temperature, and twice in diethyl ether at +4°¢, After thorough
‘drying under tﬁe.iﬂfra-red iamp,.the discs were placed in screwtop vials
and counted under 5 ml. of toluene-PPO-POPOP scintillant. .
| In some of the experiments involving sucrose gradients, the level
of radioactivity was so low that 100ul. was not a large enough aliquot to

give satisfactory count rates, but instead of loading several discs with

22%.
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»

aliquqts from the same sample and counting them simultaneously in the same
vial the fractions were adjusted to 5% TCA:and left at +4°C for several
hours.. The precipitates were collected on millipore filter discs of
0.22u or 0.45u pore size by suction filtration and dried before washing in

TCA and ether. The dried discs were assayed for radioactivity in the same

way as the filter paper discs.

2.2f: Double label counting

This was always done using the Philips Liquid Scintillation Analysef,
which has the computing facilitiés‘to enable it to calculate and print out
the 3H and 140 count rates. All the calculations were based on the
~assumption that the counting efficiency did not vary from sample to sample.
The evidence to justify this assumption has been discussed in section 2.2d.

Three channels of the Philips LSA were used. Channel 1 was the 140
detector and channel 3 the'BH detector, while channel 2 was used in the
computation of the 140 spillover into the 3H channel. The counter was
previously calibrated to give balance point counting of single isotope

sanmples under the same conditions of quenching as prevailed in the experi-

mental samples. The 140 channel discriminators were set to totally exclude
3

v

H and the proportion of 140 foundfin the 3H channel was found by repeated
counting of a disc loaded with 140 alone. The settings of the various
parameters are shown’ in table 2.4. The setting of channel 3 was such as

.té give maximum 3H efficiency, as determined by repeated counting of a 3H
sample, but with aé narrow a window as possible.

In carrying out the necessary calculation;, the counter makes use of
three computer boards, each of which carries out the same form of calculation.
This is calculation mo&e 4 (see Philips manual), aﬁd is in effect the
application of a quadratic equation which is intended to be fitted to a

quench correction. curve for the assay .of samples of varying quench, and is

of the form px2+qx+r=y. In conditions of uniform quench and when the



Table 2.4 .Philips LSA settings for

Programme board

Computer board 1

Computer board 2

Computer board 3

CHANNEL

14C/3H dual label counting on discs.

calculation mode 4.

p=0 q=0 r = +1

background = 10 cpm.

N=20 next board = 2

p=0 q=20 r = +0.612
- background = 0

N=20 next board = 3

p=0 q=20 T = +]1

background = 35 cpm.

N =0 next board = 3
ATTENUATOR DISCRIMINATORS
3.0 2.4-10.0
3.0 2.8-10.0
1.2 ‘ 0.4~ 6.0

1

"k\_‘
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calculation of disintegrations per minute is not required, these co-

efficients are set as in table 2,4. The outline of the calculation is

as follows.,

Computer board 1:

Computer board 2:

Computer board 3:

il4 .
Takes the ™ 'C count rate, corrects it for background,

and feeds it to the print out. Chanmel 1 = 140 Cpm.

Takes the 140 count rate and, using the set value
of r (table 2.3), calculates the amount of 140
which will be found in the third channel. This
value is fed to the third computer board.

Takes the 14C value from board 2 and subtracts

it from the detected 3H count rate., The result
is corrected for background and fed to the print

out.

Channel 3 = 3H Cpm.
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Section 2.3: EXTRACTION QOF DNA

The method used routinely was a modifiecation of that described by
Marmur (1961). Confluent monolayers of BHK21/Cl3 or PyY cells were grown
in 80 oz. roller culture bottles, and each such bottle contained 2-3 x 108

cells; This number of cells should yield 2.0-2.5 mg. of DNA. The reagents

are described in table 2.5. ‘ y

Extraction Procedure

1. Medium was removed from the bottles and the cell monolayeré were
Qashed in isotonic saline. To gach bottle was added 0.2 or 0.4 ml. of 20%
SDS and 10 ml. of EDTA-saline. The bottles were swirled so that the cells
were thoroughly rinsed in the SDS solution while still attached to the glass.
This procedure was adopted because of the difficulty in ensuring that all
the cells in a pellet are lysed. Thé formation of clumps of cells can
result in incomplete ' lysis and consequent reduction in the yield of DNA.
The cells in monmolayers are not protected in this way and the addition of
5DS usually produced ?apid lysis, which was visible as a considerable increase .
in the viscosity of the liquid in the bottles and the detachment of all
cellular material from the glass.g

2. The lysate was pouresdinto a conical flask and the culture botfles
rinsed once inlEDTA—saline, the rinsings being added to the same flask.
The pooled cell lysate was heated to 60°C in a water bath for 20 minutes.

3. . The‘lysate was cooled to room temperature and the SDS concentration
adjusted to 0.1-0.27% by addition of EDTA-saline. Pronase was added to a
final concentration of 50ug/ml and the mixture incubated at 37°C for 30 minutes.
This step was added to the procedure of Marmur (1961) because the heavy
protein interface material in the first chloroform extraction often appeared
to trap a considerable amount of DNA. Pronase digestion improves DNA yields

by reducing the quantity of material that is precipitable at the interface.

AN




"Table 2.5 Reagents for Marmur extractiomn,
. 8DS: 20% (w/v) Analar sodium dodecylsulphate in distilled water.
EDTA=~saline: 0.IM Analar EDTA (disodium salt)

0.15M sodium chloride pH 7.8

Ribonuclease: Sigma pancreatic ribonuclease. Stored at -20%C

. ' as solution in distilled water dt 2 mg/ml. boiled
before use.

Chloroform—-isoamyl alcohol: 24:1 (wv/v).

SSC: 0.15M sodium chloride ‘ T

0.015M sodium citrate
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4. After cooling, 1/4 volume of 5M. sodium perchlorate was added to

'bring the salt concentration to approximately molar.
) 5. The first deproteinisation step was a gentle shaking at 4°C with -
1 volume of chloroform;isoamyl alcohol for 15 minutes. The mixture Formed
two layers on standing, the lower layer being organic. After centrifugation
of the mixﬁure at 10,000 rpm in the 10 x 56 fixed~angle rotor oﬁ an MSEL8
centrifuge, the upper (aqﬁeous) layer was collected using a wide=bore, hooked
pasteur pipette, and the nucleic acid was precipitated by addition of 2
'.voiﬁmes of absoiute alcohol at -10°C. The precipitate ﬁas collected by
spooling on a glass rod; énd redissolved by gentle shaking overnight in
ssc/10 at 4°c. The sa1£ concentration was then adjusted to SSC by the
addition.of 1/9 volume of 10 x SSC.
6. Ribonuclease was added to a final concentration of 50ug/ml and
the solution was incubated at 37°C for 15 minutes.
7.  The deproteinisation step (no. 5) was repeated twice.
8. The solution in SSC was diluted and its ultraviolet absorption
' spectrum was read in a Perkin-Elmer recording spectrophotometer. The UV
spectrum was uséd as an index of:-
i. DNA concentrationg using an equivalence of 1 0.D. unit to
40%g of DNA. Th; stock solution was diluted to give an
absorption of approximately 1 unit, and the concentration
of the stock calculated from'thié and the dilution factor.

ii. DNA purity; by caldulating the ratio E 0’ which has

26028
a value of about 1.90 for pure DNA. Protein contamination
will increase the relative E280'

On the basis of this latter criterion, one more deproteinisation step

‘was usually necessary. Each bottle yielded about 2 mg. of DNA, although

bottles in which the cells were approaching senescence gave very much less

than this.
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. ~
The typical DNA preparation from this procedure had a sedimentation

coefficient in the 22-28S range (fig. 2.5a), which corresponds to a molecular-
weight of 12-l6 X 106 daltons. These values were obtained using a Spinco
model E qnalytical ultracentrifuge at 44,770 rpm, using UV optics with
automatic exposures at 4 minute intervals. The samples were 40ug/ml

DNA in ééC. Analytical caesium chloride gradients with a starting density
of 1.710 gm:cm.u3 were brought to equilibrium at 44,770 rpm for 19 hours‘and

showed a peak at p = 1.702 gm.c:m.—3 (fig. 2.5b), relative to Micrococcus

lysodeikticus DNA (p = 1.734 gm.cm.-s).

e,




UV absorbance I
260 mp ,

1702 1734

— N\

B.

C13  Mlysodeikticus

marker
Figs2.5 Analytical ultracentrifuge analysis of Marmur-extracted DNA.
A, Sedimentation-velocity; 44,770 rpm in Spinco model E, Optical
density traces of negatives from UV absorbances;exposures at 4
min. intervals.
B. Equilibrium-density; 44,770 rpm for 19%hr. in caeaium chloride of
starting density 1-710. UV absorbance profile.
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Fige 2.6; Toxicity of FdUrd for
PyY cells. 5 days growth in EC10
.Wiéh the indicated concentrations
of PdUrd. Total cell yield found
by couwnting cells suspended in a

known volume of medium,
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Section 2.4: PREPARATION OF LABELLED DNA

Trifiated DNA was prepared by labelling cells over a period of days
with thymidine-methyl—BH'(Radiochemical Centre, Amefsham; see table 2.3).
Two factors are relevant to the preparation of high specific activity DNA
by this method.

1. Exogenous 3H-thymidine is likely to be diluted with unlabelled
thymidylate produced by the following pathway:-

racMpm== e Loymidylate synthetase, ;.

CDP wmmet> d CDPZ

-The final step; carried on by thymidylate synthetase, is inhibited by
fluorodeoxyuridine (FdUrd). Such inhibition should lead to a higher degree
of dependence on the exogenous thymidine, and hence to an increase in its
inforporation into DNA.

. 2. Tritiated thymidine has itself a marked cytotoxic effect when
it is present at high specific activity (Rauth, 1968).

"FdUrd is an extremely toxic analogue, and produces inhibition of cell
growth even at very low concentrations (fig. 2.6). This toxic effect can
behreversed by the addition of thymidine, which is the substance of which
the cells are starved as a result of the inhibition of thymidylate synthetase

. £
by FdUrd. The reversal is a digect result of the alleviation of this
deficiency, and does not reflect any diminution of the enzyme inhibition.
The concentration of thymidine feduired to allow cells to grow in the presence
of toxie concentrations of FdUrd was determined by growing cells in EC10 in

the presence of 10-7

M FdUrd, and with the addition of various concentrations
of.thyﬁidiﬁev After 4 &ays, the total number of cells on each plate was
determined. The results are shown in fig. 2.7, from which it can be seen
that 5-10ug/ml (20-40uM) thymidine is required for the cells to grow at the
same rate as the controls (no FdUrd). Preliminary experiments also revealed

that the BHK2Ll and PyY cell lines were subject to considerable inhibition

of growth by the 3H—thymidine (Amersham code number, TRK120; specific




Fié 2.7; Reversal of the toxicity of FdUrd by thymidine!
in the medium. Cells were inoculated into petri dishes
at 5x104 cells per dish and gfown for five dayé in the
‘thymidine concentrations shown on the graph. The .
medium was EC10, Cell yields were found by counting

the total n?mber_of cells per‘dish, and are shown x10_6.

.. No PdUxrd A

10Ty Faurd = A

Fig, 2.8; Reversal qﬂ the cytoto?ic effect of 3H—
thymidine by thymidine in the mé&ium. Details are as
in fig. 2.7.

Control; no 3H—Td‘R O

opci/ml 2H-TAR o
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activity 17-25 Ci/mmole), the effect being antagonised by unlabelled
thymidine (fig. 2.8). This toxic effect is dependent on the specific
activity of the expgenéus nucleoside, as is shown in several experiments
on the subject.

Firstly, higher coﬂcentrations of the labelled nucleoside require
proportionately more unlabelled nucleoside in the medium to prEVent the
" toxic effect. This was shown using 3H—thymidine at coﬁcentrations bet;een
'0.5 and 5.0uCi/ml, in which range the thymidine concentration which is
neeéed to allow the cellg to grow properly is proportiomal to the concent-
ration of the label (fig. 2.9; table 2.6). 3H—deoxycytidine (Amersham‘codel
number TRK211l; specific activity 13.6 Ci/mmole) also exhibits this cytotoxic
effect, and in this case the addition of deoxycytidine to the medium will
allow céll growth (table 2.6). This antagonistic effect is quite SPecific.

Thymidine will not reversexBH-deoxycytidine toxicity, nor deoxycytidine that

of 3H—thymidine.

—
Table 2.6
3H~thxgidine TdR concn. {(uM) final
at 507 cell spec. act”.
Cells spec._acty. . concn. concn. growth Ci/mmole
Ci/mmole uCi/ml M
¢
PyY 23.7 , 0.5 O,M21 4.4 1.08
PyY 23.7 2.0 - OM84 17.8 ' 1.07
BHK21 17.4 2.0 Q14 16.9 . 0.97
3H~de0520xtidine ' CdR
" PyY 13.8 2.0 0.2-1.7

That t?e toxic effect of;tritium—labelled compounds depends on their
incorporaﬁion into the cells was shown by making use of the inébility of
the mutant cell line PyY/TG/CAR/BUDR, which have been selected for, among
other thingé, resistance to BrdUrd and have been shown to be totally lacking

in thymidine. kinase (TK) activity (Mrs. L. Edwards, personal communication).




Thymidine

pM
0.5

10
50
100

Total cell yields for PyY/TG/CAR/BUDR.in the presence of tritiated thymidine.

Fig, 2.9; Reversal of the toxicit& of 5H—thymidine by the
addition of unlabelled thymidine to the medium.
PyY or PyY/TG/CAR/BUDR cells were grown for 5 daysjin o,
the presence of the concentrations of labelled and'
- unlabelled thymidine shown in the diagram. Total cell
numbérs were determined by counting. |
| PyY/TG/CAR/BUDR yields ¢ ‘
PyY; no JH-thymidine A
PyY; 0e5 or 2+0pCi/ml A
Also shown are the conditions which allow cell. growth to

50% of the maximum yield.

. 3 ‘s
Concentration of ~H-thymidine.

OECi/ml O.SECi/ml 2.OECi/ml
6

1.48x10° 1.72x10° 1.96x10

1.49 - 1.99 1.97

2.23 _— -

1.98 2.09 1.82
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These cells are unable to incorporate thymidine into their nucleic acids
(see sectiéns 3.1, 3.2 and 3.3c). Fig. 2.9 shows a comparison of the effect
of labelled thymidine on PyY and on this TK cell iine in the presence of
various concentrations of unlabelled thymidine. It is evident from these
results that the.TK— cells are very little effected, while the PyY cells
show the typical reduction in cell growth at high specific activity. There
is also the typicai reversal of the thymidine-BH toxicity by the unlabelled
nucleoside. The mechaniém of this toxicity is not known, but it seems
ﬁfqbable that the cellular DNA is damaged more and more by progressive ‘
increases in specific activity until a stage is reached at which the DNA can
no longer be repaired. | This is a phenomenon which is not considered in
manyipublications in which thymidine-3H of high specific activity is used.
Rauth ¢1968) found that the doubling time of cells was lengthened ﬁy 3H—
thymidipe'and that'their plating efficiency was lowered. These effects
were detéctable when the specific activity was as low as 0.05 Ci/mmole, and
were very marked at 0.5 Ci/mmole. In cells lines of differing ability to
incorporate thymidine, he fqud that the_effect of the labelled compound was
proportional to the amount of radioactivity incorporated into the cells. ’
These results were not presented %n detail, but they seem to be in good”
general agreement with the work d;scribed here.

These experiments make it clear that the PyY cells require 20uM
thymidine at a specific actiﬁity of not more than 0.5 Ci/mmole if lébelling
'is to be carried out in ?he presence of FdUrd. In order to assess the
effect of FdUrd on the specific activity of the cellular DNA, PyY cells
were grown in the presence or absence of FdUrd, with the addition of labelled
~ thymidine a£ various concentrations and specific.activities; After 4-5 days
growth, the number of cells produced from a fixed inbculum under these
différent conditions was found. One such experiment gave the results sét

out in fig. 2.10. At levels of thymidine concentration at which reasonable

’
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0" q- -1 10 102pg/m!
- 4 4 40 pM

TdR conc”

‘Fig. é.10; Effect of different concentrations of unlabelled-
thymidiné on the incorporation of 3H--thymidine and on cell
growth in the presence and absence of 10™1M paved. 2pCi of .
3H—-thymidine/ml; 4 days growth.

dotted lines; no FdUrd

solid lines; 10~ Favzd

‘Radicactivity assayed on filter paper discs,
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égll growth was.found, FdUrd made no difference to the amount of thymidine-BH
that was incorporated. ‘At lower concentrations of thymidine, thefe was
slightly increased incorporation in the presence of FdUrd, but the cell

yield wés greatly reduced. It seems that, in these cells, the restrictions
imposed on DNA labelling by radiation damage are much more important than
dilution of the labelled compound by the product of de novo synthesis.

This wouid me;n that inhibition of the thymidylate-syﬁthesising pathway
would only marginally increase éhe incorporation of the exogenous label.

s

The method adopted for the routine production of 3H—thymidine-labelled
. DNA was to inoculate 80 oz. roller culture bottles with 20-25 x 106 Py;/ér
BHK21 cells in 200 ml of EC1O. To each bottle was added 100uCi of thymidine-
'methylf3H (TRK120; 17-25 Ci/mmole). The specific activity was adjusted

to about 0.8 Ci/mmole by the addition of 0.1 ml of unlabelled thymidine
solution of an appropriaté concentration. For example,; if the labelled
compoénd has a specific activity of 20 Ci/mmole andit is added at 0.5uCi/mil,
its concentration is 0.025uM, so that to reduce its specific activity by a
‘factor of 25 (i.e. to 0.8 Ci/mmole) the final conéentration of unlabelled
thymidine must be 0.6uM. This means that 0.1 ml of 1.2 mM thymidine should
be added. The cells were incubat?d at 37°C after adjusting the atmosphere
in the bottlelto 5% carbon dioxide. After 4-5 days, the cell sheets were
confluent, and the DNA—3H was extracted by the Marmur method described in
section 2.3.

| The DNA;BH preparations were stored at -20°C in SSC at concentrations

of 0.2-1.0 mg/ml. ‘The specific activities were determined as described

in section 2.2¢, and lay in the range 2.5-8.0 x 104 dpm/ug (11-36 uCi/mg).
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Density—Labelled DNA

Previous publications dealing with'the éntry of density-labelled DNA
into mémm;lian cells havé been complicated by a variety of factors (Ledoux
and Huart, 1967, 1969; Ledoux et al., 1967; Ayad and Fox, 1968; Robins
and Taylor, 1968). Preparation of density and radioisotope-labelled
DNA‘was undertaken with the following points in mind.

‘1. A density-labelled population of DNA extracted directly from
cells will consist of a mixture of molecules labelled in both strands
and those labelled in one strand or neither. The relative proportions
of these three molecular types will depend on the labelling conditions
and more particularly on the number of replicative cycles undergone
by the DNA during the labelling period.

2. Labelling with BrdUrq renders the DNA more sensitive to shearing

forces énd to light. (Aoki et al., 1966; .Boyce, 1966; Rasmussen

and Painter, 19663 Rauth, 1967; Cleaver, 1967, 1968; Hutchinson

. and Hales, 1970).

3. BrdUrd replaces thymidine in DNA and hence will compete with it

for incorporation. |

The labelling me;hod was tofin¢ubate the cells in the presence qf
BrdUrd and 3H~deoxycy£idine and Eo extract the labelled DNA with the minimum
of manipulation or exposure to light. Caesium chloride gradients were then
used to separate out the fully-labelled DNA molecules.

Dequcytidine-5-3H (Radiochemical Centre, Amersham; TRK21l) shows
a pattern‘of incorporation in autoradiographs similar to that of 3H—
thymidine. Reference to the pyrimidine utilisation pathways shown in fig.
3.2 shows that exogenous deoxycytidine is either incorporated into DNA or
converted to thymidine, in which case the 5-H atom is replaced with a methyl
group. This means that such conversion of deoxycytidine—5~3ﬂ will produce

unlabelled thymidine. In short, the label will only be incorporated into
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DNA cytosine, and there will be no competition with BrdUrd. Tritiated
deoxycytidine also shows a specific-activity-dependent toxic effect (see
table 2.6), and unlabelled deoxycytidine was always added to the medium.
The full labelling and extraction procedure is laid out below.

80 oz. roller culture bottles were inoculated with 20 x 1O6 cells in

the following medium.

Eagle's / 10% calf serum . 200 ml.
BrdUrd (see fig. 2.11) | -5 ng/ml.
deoxycytidine—5-3H (TRK211) 0.5 pCi/ml.

- deoxycytidine 2 yM approx.

The cells were incubated at 37°C for 4-5 days in‘bottles ﬁrapped in aluminium
foili Even with the exclusion of light, the cells at the end of this period
differed markedly in ﬁorphology from those grown in the absence of BrdUrd.
ThelBHK21/C13 cells ﬁad lost their parallel oriéntation and individual
cells were more spread on the glass‘than normally (see Stellwagen_and
Tomkins, 1971).
1. Cells were rinsed in EDTA-saline and lysed using 20% SDS. Tﬁe
1y§atg»was heated to 60°C for 20 minutes, and cooled.  SDS concentration

was adjusted to 0.1-0.2%Z.
:

2. . Prqnase was added to‘a final concentration of 56 ug/ml, and the
lysate incubated at 37°C for 20 minutes.

3. Sodium perchlorate was added to a final concentration of 1M, and
the solution gently shaken with 1 volume of chloroform/iscamyl alcohol
at 4°C for 15 miqutes. The mixture was spun at 10,000 rpm in the

10 x 50 fixed—angle rotor of an MSE18 centrifuge. The upper (aqueous)
layer was collected. |

4, Nugleic acids were precipitated from the aqueous 1§?er by addition
of 2 volumes of absolute ethanol at -10°C. The precipitate was .

collected by spooling on a glass rod, and redissolved in SSC/10 at 4%c.

1
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The precipitated nucleic acid differed in texture from that from
cells not labelled with BrdUrd in that it was less obviously fibrous
and showed much less adhesion, Eoth to itself and to‘glass.

5. 'The solution was adjusted to SSCxl and subjectéd to RNase
treatment at 50ug RNase/ml for 15 minutes ét 37°%¢. It was then
. dialysed against SSC for 2-3 days in darkness at 4°c.

6. Solid caesium chloride was added to give a refractive index of

1.401-1:402, and the prepération was spun in the titanium—50 rotor of

a Spinco model L preparative ultracentrifuge, at 40,000 rpm for 3 days.

Details of the densi£y~gradient technique are given in section 2.6.

Fracti&ns were collected and the radioactivity assayed by drying 10ul

aliquots of each fraction onto filter paper discs, and counting under

toluene-PPO-POPOP as described in section 2.2d. Ultraviolet absorption

was monitored either by reading the optical dgnéity of  individual

fractions\or by fractionating through a UVicord so as to obtain a

continuoué aﬁsorptioﬁ profile. The radiocactivity and UV absorption

profiles of one such gradient are shown in fig. 2.12. The peak fractions.

(shown by the arrows on the horizontal axis of fig. 2.12) were taken

and dialysed exhaustively ag%inst S8C in order to remove the caesium

h

chloride. Fig. 2.14 shows %he UV absorption spectrum of a BrdUrd-

labelled DNA preparation and displays the relative increase in E280

which is characteristic of BrdUrd-labelled molecules. Buoyant density

measurements were carried out in the analytical ultracentrifugenand by

measuring the refractive iﬁdex of fractions from preparative gradients.

The fullyflabelled,DNA had a buoyant density of 1.746 and the hybrid

material one of 1.728.

Attempts to analyse the BrdUrd-labelled molecules on alkaline caesiuﬁ
chloride gradients were unsuccessfui. In the experiment éhowﬁ in fig. 2.13,

duplicate BrdUid-labelled samples were placed in caesium chloride gradients

£




Pig, 2.11;Cyto£oxicity of bromodeoxyuridine. PyY cells
grovn in Eagle's-10% calf serum for 4 days in the presense

of, BrdUrd.

Fig, 2.12; Caesium chloride equilibrium-density gradient
§epera%ion of the three classes of molecule in a’ preparation
of DNA labelled with BrdUrd and JH-deoxycybtidine. The DNA
wa.s extrgcfed by.lysis of the cells with SDS, followed by
treatment wifh pronase, a gentle deproteinisation, and
treatment with RNase. The solution was dialysed against SSC
and adjusted tp a measured refractive index of 14402 with
s0lid caesium chloride. It was centrifuged for 3 days at
40,000rpn in a titanium-50 fixed-angle rotor. Fractions
were collected by piercing theftube.and UV absorbance waé
determined using a Perkin-Elmer spectirophotometer. |
Radioactivity was assayed by drying 50ul aliquots of

each fraction onto filter paper discs, and counting'uﬁder
toluene-PPO~POPOP after TCA~ and ether-washing.

- Peaks of'UV absorbance are shown: @

Y
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. lig, 2.13; Analytical'caesium chloride equilibrium-density
gradient analysis of 3H—CdR/BrdUrd-lgbelled DNA, Rach
sdmple was 5pg of DNA in 1ml of SS3C centrifuged for 19 hours
at 44;770rpm. Absorbance profile at 260mp is shown;

A. 2t pH 7 '

B. at pH 12

! o
[

Fig. 2.14; UV absorbance spect?hm of 3H—CdR/BrdUrd-labelled
DNA purified by marmur extraction and banding in caesium
" chloride gradients. This spectrum is that of the pooled

and dialysed heavy peaktmaterlal. E26O:E280= TeTTe -
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.~

at pH 7.0 (fig. 2.13A) and pH 12.0 (fig. 2.13B) and ceantrifuged simulténeously
in alSpinco model E. In preparative gradients, the same phenomenon was
found - the BrdUrd-labelled DNA did not form bands in alkaline caesium
chloride gradients. The most likely explanation of this observation is

that the BrdUrd-labelled molecules are extensively damageéd with single-strand
breakages, arising 'either from. damage by incorporated radioisotope, or

from the effect of light on the Photosensitised molecule, so that the
molecules in denétured preparations are to small to for discernible

bands in equilibrium density gradients. The use of such damaged DNA would
not ne a reliable means of investigating DNA uptake by cells, so the use of
density-label in the experimental work was restricted to the uptake of

3H--DNA by cells labelled with 140 thymidine and BrdUrd. That is, BrdUrd

was used to label the recipient rather than the donor molecules.

N
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Section 2.5: AUTORADIOGRAPHY

The ﬁrocedure empioyed £hroughout was a stripping film technique
using Kodék AR10. This has a grain of 0.2p and tritium g-emissions
have a mdximum ranmge of 2u in the emulsion. The factors influencing the
resoluéipn of autoradiographs are discussed in Schultze (1969) and no
defailed~trgatment will be given here, With AR10 layed over fixed cellular

material labelled with tritium, the position of a disintegration .can be fixed

within ‘1.

Procedure 1, Preliminary ‘ ) —

Cells for autoradiography were grown on coverslips which had
been washed with hot hypochlorite solution .as described in section 2.1.
Microécope slides were washed in absolute alcohol, dried, and dippea in a
solution containing 0.5%2 (w/v) gelatine and 0.05% (w/v) chrome alum. The
slides were drained and allowed to dry in air. The gelatine film helps
the adhesion of the photographic emulsion.

2. Fixing and washing

After labelling, the coverslips were either washed in the petri-
dishes or removed into racks for transfer to beakers containing the successive
I 4 :

_washes., The detailed fixing and?washing procedure was as follows.
1., Medium discardéd, and the cells rinsed briefly once in

PBS at room temperature.

2. PFixed in formal-saline for 4-6 hours at +4°C., 'Formal-

saline is:— sodium chloride 5 gm./1.
sodium sulphate 15 gm./1.
formaldehyde . 4Z

3. Transferred to 5% trichloroacetic acid (TCA) at 4°¢
and.left for 2 hours.

4, Washed in a second lot of 5% TCA at 4°C for 2 hours.
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'5. Washed in two changes of distilled water at 4°c for 30
minutes each.
6. Rinsed once in absolute ethanol thoroughly at room
temperature and left to dry in air at room temperature.

The thoroughiy dry coverslips were mounted, cells upward, an the prepared

microscope slides, using Depex mountant.

3. Application.of the emulsion
AR10 film was stripped off the glass plate in pieces of suitable

size by cutting the emulsion layer with a sharp scalpel and slowly peeling
the pieces off the glass plate to avoid generating static, which would: fog
the film. The pieces were floated, sensitive side‘downward, on dustfree
distilled water at 20°C, and left for a minute or so to spread. Unless it
is aliowed to do this, the film will not lie uniformly over the:cells
throughout the processing of the slides. The emulsion was picked up by
bringing the slide up from under the water 'so that the film draped uniformly
over the coverslips. The slides were allowed to drain and dry for at least
a few minutes before being placed in a lightproof, airtight.box containing
some dehydrated silica gel. All_handling of the emulsion was done in a
darkroom lit only by a 25W. bulb Pehind a Kodak "Wratten'" series 1 filter.

The slides were stored at 450 during the exposure period, with omne
change of silica gel after 24-36 hours. Latent—-image fading was not a
problem, so no replacement of the air in the box was necessary. Exposure
times varied from sample to éample, and were determined by trial development
of some of the slideé after about 2 weeks. The remainder were then left
for as long as seemed necessary. Actual exposure times were between 2 and
6 weeks.

.

4. Development

Before developing, the slides were léft at room temperature

overnight to allow them to warm up so that the developer was not cooled.
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Kodak'Dl9 waé used, at 20°C for 4 minutes, after which the slides were
rinsed and fixed in Amfix for 3 minutes at 20°C. After thorough rinsing,
the slides were partially dried and stained in a 1:50 dilution of Giemsa
stain (Institute of Virology standard methods book; from "?ractical
Haematology", Dacia, 1956) in phosphate-buffered distilled water. After
staining andvrinéing, the slides were'dried at rooﬁ temperature and the
excess emulsion was removed. Each coverslip was overlaid with anothef
coverslip ‘mounted in Depex.

The slides were examined at 100x and 1000x (oil immersion).
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Section 2.6: CAESIUM CHLORIDE DENSITY GRADIENTS

1

The DNA sample for buoyant—density amalysis was diluted to 4 ml,
in the appropriate buffer, and solid caesium chloride was.added and
dissolved at room temperature. The amount of caesium chloride was

calculated from the following equations (Vinograd, 1963).
‘ L

W= 137.48 - 138.11 ‘E

o = 10.8610n - 13.4974
Where W = Z caesium chloride (w/v)

p = density (gm. cm.~3)

n = refractive index.

The density ehosen‘was such that the DNA sample would be expected
to come to equilibrium close to the centre of the gradient. The precise
. weight of caesium chloride according to the first eqeation was added and
dissolved and the refractive index was checked using an Abbé refractometer.
- Any adjustments required ey the second equation were made,

The final solutions were transferred to Beckman polyallomer tubes;
and the tube filled with liquid paraffin and capped. There were some
variations in the conditions of c?ntrifugation, and these are described,
with the experiments in section Al The standard conditions were 40,000 rpm
for 3 days in a titanium—~50 fixed—angle rotor of a Spinco model L
ultracentrifuge.

Fractionation was by dripping under gravity in the early experiments.
The tube was punctured at the bottom in the MSE apparatus designed for that
purpose. Dripping was -regulated by adjusting the entry of air into the
top of the tube., Later, the apparatus in fig. 2.15 was used. Air was
pumped in at 40 ml./hr. by the LKB pump, so that the gkadient was fractionated

in about 8 minutes at a uniform rate. TFractions were collected by hand.
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Section 2.7: SUCROSE GRADIENTS

Sucrose gradients were used forlthe determination of the size of
ﬁoiecul@ with which the label derived from the input.DNA was associated
after-absorption by the cells. )
The gradients were formed using an MSE gradiemt making apparatus and

an LKB peristaltic pump fitted with an 80 ml./hr. gear. All the gradients
were made in cellulose nitrate tubes of the SW.25 or SW25.2 rotors for

Model L or L-2 ultracentrifuges. The composition of these gradients was
10-30% sucrose in 1M sodium chloride, 0.3M sodium hydroxide, and 0.01M

EDTA. Each gradient was loaded with 5-8 x 106 cells in 0.2 ml of saline,
which was introduced int; a layer of 0.4 ml of M sodium chloride, 0.3M sodium
hydrgxide and 57 (V/V) Decon, a detergent which effectively disrupts the cell
and releasés the DNA gently onto the top of the gradient. " In order to
ensure that the cells were totally and efficiently lysed it was necéssary

to introduce them into the top layer as a single-cell suspension, and the
loaded gradients were left for‘é few minutes before centrifugation was begun.
These were alkaline gradients pr 12) so that the DNA released from the
disrupted cells will be ig its single-stranded form in the course of the
- sedimentation. Centrifugation wgs carried out at 5°C for 4% hours at
22000 rpm in the swing—out heads mentioned above. The gradients were
fractionated in the apparatus shown in fig. 2.15, with the LKB pump fitted
with an‘BO ml/hr gear. Fractions were collected and adjusted to 10% TCA.
They were 1ef£ at 4°C for several hours. The precipitateshwere collected
by suction filtration through 2.4 cm. Millipore discs of pore size 0.22y,
and were washed by washing through with cold 5%.TCA. Radiocactivity was
. assayed by immersing the discs, after two ether washes and thorough drying,

in toluene=-PPO-POPOP scintillation fiuid.

.
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Section 2.8: PRODUCTION OF POLYOMA VIRUS

Polyoma virus was produced by the standard method of the Institute of

: Viroloéy. Secondary mouse embryo cells in confluent monolayers were
infected with.8 X 103 hgemagglutinating doses per 80 oz. roller culture bottle.
The virus was adsorbed for 2 hours at 3700, after which the cells were
incubated in 200 ml. of Eagles medium supplemented with 10%°tryptose phosphate
broth and 10% calf serum at 37°C for 7 days with a medium change at 2 days.
The cells were harvested by shaking the Bottles to detach the cells from

the gléss; and were 1eft.in the culture medium at 4°C for a few hours to
allow the virus in the medium to adsorb to the cells. The cell suspension
was checked for sterility by plating a sample onto blood agar and incubating
at.37°C overnight. _ After this sterility check, the cell suspension was
frozen and thawed three times, and the pellet from a centrifugation at

2000 rpm was collected. This pellgt was subjected to successive receptor
destroying enzyme (RDﬁ) and tris extractions, with the supernatants being
retained at each step and frozen at -20°C. - The supernatants were thawed

at the end of the extraction and assayed for haemagglutination using washed
guinea pig erythroaytes. Those with HA titre above 103 were pooled, and
.spun at 23,000 rpm in an SW.25 rgtor of a Spinco model L. The pellet was
dispersed in tris by stirring an& sonication., The virus was further
purified by banding in neutral caesium chloride equilibrium-density gradients
spun.at 30,000 rpm for 18 hours in an SW.39 rotor. The virus bands were
visible by virtue of their scattering of light under intense illumination.
Two bands were visible, one being the "empty' particles which are deficient
in DNA and afe less dense than the complete, infectious virus, which forms
the iower of the two.b;nds and was collected by piercing the tube, The
collected material was diluted in tris buffer and pelleted in the SW.25 head
as described above. The pellet Wa; resuspended in tris and stored in the

dark at 4°¢. Fuller details of the method are set out in the Imstitute of
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, Virology{standard methods book.

The virus suspension on which most of the experiments were carried
out was examined'b§ Dr. E. A. C. Follett under the electron microscope,
and was.found to have about 4 x 1013 particles/ml., of which 98% were

"full".

.,
i,
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Section 3: THE CELL LINES

3.1lai The genetic system

The puriﬁe and pyrimidine salvage pathways, which are concerned with
the utilisation of pfeformed nucleosides taken in by the cells (Murray,
1971; Murray et al.{ 1970), offer a versatile system for genetic studies.
The usefulness of this system stems fr&m the fact that many nucleoside
analogues will only exert a cytotoxic effect when they have been phosphorylated
by cellular.enzymes. The pathways are set out in figures 3.1 and 3.2 in
some detail, and it may be seen that the first step in the utilisation of
exogenous nucleosides for nucleic acid synthesis is phosphorylation. A
number of cell lines selected for their resistance to one or other nucleoside.
analogue have subsequently been shown to have lost the enzyme activity
necessary for this phosphorylation step (Szybalski-et al., 1962; Littlefield,
1963, 1964; Subak-Sharpe, 1965, 1969; Friedmann et al., 1969; Ayad
and Fox, 1968). Table 3.1 shows the selective agents used in this laboratory,
“and the enzyme activities which are missing from the resistant cells. In
this way, cells are selected for deficiencies in particular enzymic activities
by exposing them to analogues at toxic concentrations. The corollary of
the enzyme deficiency in resistant cell lines is that these ce{}s become

~dependent on the de novo synthetig pathways for their supply of nucleic
‘ !

'

acid precursors. This permits the design of a system in which there is
selection in favour of éhose éells which regain or retain the enzyme activity.
For éxgmple, a cell line which is deficient in hypoxanthine-guanine phosphori-
bosyl transferase (HG-PRT) activity i1s unable to use hypoxanthine in the
medium.ag a purine source. If such cells are grown in medium which contains
Hypoxantﬂine.as the sole purine and in conditiomns in‘which the de novo
synthesis of purines is inhibited, for example by the addition of aminopterin,
they will be unable to grow, as a result of the loss of both of their

sources of purines. Only those cells which have sufficient HG-PRT activity

to make use of the hypoxanthine in the medium will survive. In practice,
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Egple 3.1 Summary of the biochemical genetic markers carried by the

cell lines used in the present work.

SELECIIVE

_ AGENT*%

8~azaadenine, AA

) +
-8~azaadenosine, AAR
6~thioguanine, TG
6~thioguanosine, TGR

" cytosine arabinoside
aCyt.

bromodeoxyuridine,’
BrdUrd.

ENZYME

DEFICIENCY

APRT
permeaseb*
ERP HGréK‘T
permease?¥®

dCK

TK

* see section 3.3c.

or tubercidin.

SYMBOL

/AA
/AAR
/TG
/TGR

/CAR

/BUDR

BASES etc. NOT'

INCORPORATED

adenine

adenosine
hypoxanthine, guanine
inosine, guanosine

deoxyeytidine

thymidine

See fig. 3.3 and section 3.1b.

%% The structures of these analogues are given in fig. 3.3.
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it is also necessary to add thymidine to the medium in order to relieve the
thymidine deficiency caused by the inhibition of thymidylate synthetase

by aminopterin. The medium usually employed is that of Littlefield (1964,
1966) or a wvariation of it (Szybalski and Szybalska, 1962a). It contains
hypoxanthine, aminopterin and thymidine and is termed HAT medium. The
importance of this in the context of DNA-mediated transformation is that

it allows selection of a small number of HG—PRT+ cells out of a large
population of‘HG—PRT_. This is ﬁore fully discussed in the introduction
'(section 1.2).

Further use can be made of the inability of analogue-resistant cells
to .use exogenous nucleosides for nucleic acid synthesis. If a population
of cells is incubated in the presence of a tritiated nucleoside and the
cells ére subsequently fixed and exhagstively acid-washed, tritium label
which has been incorpdréted into the acid-insoluble cellular components
will be detectab;e by autoradiography. Individual cells which possess the
enzyme activity will be distinguished'from those which do not because only
the former will take the labelled compound into acid-insoluble (polynucleotide)
material,\SO that only they will appear labelled in the developed auto-

radiographs. This technique allows the detection of small numbers of

4
!

HG-PRT" cells in the presence of 4 large population of HG-PRT cells, It
is also applicable to the other markers described, being useful in the

detection of small numbers of APRT+, acK’ and K cells.

3.1b: Mechanism of action of the analogues

6-thioguanine: This compound (fig. 3.3) is converted to 6-thio-GMP

* by HG-PRT. 6-thio-GMP is the active metabolite and is a poor substrate

for further conversion to 6-thio-GDP. It appears to have at least three
sites of actionm. Firstly, 6-thio-GMP has béen reported to inh%?it PRPD~
amidotransferase, which is involved in the de novo synthesis of purines.

Competitive inhibition of GMP kinase has also been reported but the primary



.

mechanism is almost certainly the inhibition of IMP-dehydrogenase. This
inhibition is not reversible and the aﬁalogue seems to be covalently bound
to the enzyme, possibly by the formation of disulphide bonds. The enzymes
affected"are.indicated in fig. 3.1. 4

6-thioguanosine: The cytotoxic effect of this analogue is identical to that

-

of 6-TG because it too is converted to 6~thio—GMP, which i1s the active

L /V
metabolite.

8—azaadenine: This is phosphorylated to 8-aza—-AMP by APRT. Its mode of

" action.is not as well known as is that of the previous type of analogue,
but the primary action seems to be an inhibition of the conversion of
IMP to AMP (see fig. 3.1) by 8-aza-AMP.

8-azaadenosine is converted to the same compound, 8-aza-AMP, and its

action is Fherefore the same as that of AA,

" Tubercidin: This antibiotic is 7—deazaadenosine'(4—amino—7B—D~ribofur-
anosyl-pyrrolo-(2,3-d) pyrimidine; fig. 3.3). It is a close structural
analogue of adenosine, and has been used as an altermative to 8-AAR in

hthe selectiog of resistant celis. Its metabolism resembles that of AR, but
this does not imply that its inhibitory mechanism is identical. In fact

it is further phosphorylated to tye triphosphate and is‘incorporated into

&
¥

_ DNA aﬁd RNA; The effects are only imperfectly understood at a molecular
level, but it is clear that the analogue has an adverse effect on DNA

" replication and transcription and on protein synthesis. The evidence
relating to the various suggested mechanisms is reviewed in. Roy-Burman (1970).

Cytosine arabinoside (aCyt): This pyrimidine analogue (fig. 3.3) is

phosphorylated by deoxycyfidine kinase (fig. 3.2) to form ara-CMP which is

further converted to the higher phosphates, ara—CDP and ara-CTP. The

incorporation of ara-CIP into DNA is . very low (Chu and Fischer, 1968, 1968a;

Furth and Cohen, 1967) and the inhibition of CDP reductase, which had been

®

considered sufficient to account for the cytotoxicity (e.g. Kimball et al.,



Figs 3.3; Structural formulae of the purine
and pyrimidine analogues used in the selection
of the resistant cell lines described in
sections 3.2 and 3.3.

~ The arrows indicate the points at
which the molecules differ from the normal

metabolites.
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1966), has been shown to be of small importance (Kaplan et al., 1968).
The primary mode of action seems to be an inhibition of DNA polymerase,
competitive with dCTP (Furth and Cohen, 1967; Momparler, 1969).

S5-bromodeoxyuridine: Incorporation of this analogue into DNA has led to

its use as a density 1a5e1, and gives rise to the mutagenic and radio-
sensitising effect. It.is a close analogue of thymidine, because the Br
atom has a van der Waals radius very close to that of CH3-, and it 1is
handled by the same enzymes. It fherefbre replaces thymidine in DNA.

The lethal and mutagenic effects both arise from base mismatching, which can
occur during DNA replication or transcription, producing base changes in

the DNA or mismatching during mRNA synthesis with the consequent non-

functional protein.

~

v,
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Section 3.2: ORIGIN AND DERIVATION OF THE CELL LINES

Nomenclature

The system of naming used routinely is to append to the name of the
parental line, an abbreviation of the analogue to which the cell is resistant
(see table 3.1). Thus a line of PyY cells which have been selected for
thioguanine resistance become PyY/TG. The system is cumulative in that a
line with multiple resistance will have in its name all of the analogues used
in selection in the order in which the selective steps were carried out.

(for example, see fig. 3.4) (Subak-Sharpe, 1965). A '

Derivation

The éell lines uséd in.this current work are derived from the continuous
line of hamster cells, BHK21/Cl3, described by McPherson and Stoker (1962).
This liné of cells is not useful for the isolation of spontaneous mutants
of the.type of interest here, because it only very rarely gives rise to
Eoionigé in the presence of the selective agents. More usually, the ce}ls
survive for long periods but do not divide, so that‘clones of resistant_
cells are extremely rare and difficult to isolate. .

BHK21/Cl3 cells can be traqsformed by polyoma virus and one of these
transformed lines, designated Pyé (Stoker and McPherson, 1964) has p;;ved
useful in one production of resistant cell'lines (Subak-Sharpe, 1965). All'
the cells used in this current work were dérived from PyY by Professor
Subak-Sharpe and his coworkefs. The resistant cell lines were not in the
first instance derived from single cells. The selection method employed
was to seed-lO5 cells into Pyrex baﬁy-feeding bottles, without prior
mutagenesis. They were incubated in 10 ml. of Eagles medium supplemented
with 10% foetal calf serum and containing the éppropriate selective agent.
AVatiable numbers of colonies appeared, but usually the number did not exceed

8 clones per bottle. These were allowed to grow for 10 days, before being

.passed for .further growth and selection or frozen at--7OOC for storage.
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BHK21/C13

Polyoma~transformed and cloned.

PyY - .
8-AA resistance 6-TG resistance
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/'/
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single step. aCyt resisiance
. 144
PyY/AA/AAR multistep
i
PyY/TG/CAR
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FIGURE 3.4. The derivation of th% biochemically-marked mutant cell
lines used in the present study. This diagram is partly taken

from Subak-Sharpe (1969).
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Thus, thé original mutant populations are derived frgm several clones.
* These cells h;ve been cloned using the agar suspension—cultﬁre technique
and all the work here described was carried out on lines derived from single
mutant cells.

In some cases, resistance to an analogue was acquired in a single’
step (fig. 3.4) while in others the dévelopment of high resistance was a
process involving many’ selective stages and a gradual increase in analogue-

resistance. There is some correlation between this and the revertants

which have been found.

Morphology

The resistant cell lines differ markedly in morphology from the wild-
tyﬁe, parental iine, PyY. Detailed investigation of the changes in cell
character in the course'of selection procedure was not undertaken and no
description is offered hére, but the cells shown in fig. 3.5 are representative

of the stable morphology of some - cell types.,

i,
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Section 3.3: PROPERTIES OF THE CELLS

3.3a: Analogue Resistance

v

In the mutant cell lines, there is no sharp upper limit to the
analogue concentrations that aré tolerated, so resistance curves were
constructed by analysing cell growth in different analogue concentrations.

This was done by growing the cells from low cell numbers to a stage
where the controls, i.e. those bottles of cells which received no analogues,
were confluent. This usually took about a Qeek, using an inoculum of 10°
cells 'in "Pyrex'" baby-feeding bottles or 2.104 cells in 5 em., "Nunclon'
plastie petri-dishes. When the controls reached confluence, each culture
was brought to a single éell suspension and the total number of cells
determined. Representative curves are shown in figs. 3.6 and 3.7. These
figuges also show the analogue concentrations required to'cbmpletely inhibit
the growth of the non-resistant cell line, PyY.

| The 8-aza;denine resistance curve is of interest here, because it shows

the highest degree of resistangé found for any of the genetic markers
involving purine pathways. It was also the result of multistep selection
(fig. 3.4) and no revertants were ever found in autoradiographs of cells which.
~ had been exposed to 3H—adénine, tﬁe substance of which 8-azaadenine is an
analogue. The 8~azaadenosine resistance marker was one which proved
difficult to develép. fhe cells whose resistance curve is shown in fig. 3.6
shqwed a perceptible background of incorporation in autoradiography after
exposure to 3ﬁ—adenosine, and showed an unacceptable'frequeﬁcy of reversion
(see section 3.3e).. This marker was not used in most of the .transformation
studies, althoﬁgh cell lines resistant to 50-60 pg/ml. of 8-azaadenosine
have subsequently been developed. -

The cell lines show a full range of cross-resistance to other analogucs
(see fig. 3.8). Lines resistant to one hypoxanthine analogue were resistant

to others to which they had never been exposed. This, coupled with the en-




cell
yield

011

-O1

onalogue conc” (pg/mi)

Fig, 3.6 Analogue recistance of PyY/AA/AAR/TG/TGR.Cells
were grown in the presence of the single analogues for one
week, and cell growith determined by counting the total number

of cells in each dish. These were normaliced to control (no

analogues) = 1+00,



1+0¢ araC
<A
BrdUrd
cell:
yield
Qe
G
. .
|
R
0401 L v.A 4 ;

1 10 . 100
concentration of analogue (pg/ml)

fig, ﬁ.z. Analogue-resistance of PyY/TG/CAR/BUDR. Details are as for

figure 3.6.



4 ; 4 4

0-01 —-'V\ f—
oy 10 100

. concentration of analogue (pg/ml).
: FIG.i.B.lﬁesistanﬁe of PyY/AA/AAR/TG/TGR cells to mercaptopurine,
azaguanine and mercaptopurine riboside, analogues to
which, the cell line had never previously been exposed.

—

Details were as for fig. %.6




- H8 -~

By

zyme assays (Mrs. Llonwyn Edwards, personal communication) described in

section 3.3c. below, confirms the mechanism of resistance,

3.3b:  Autoradiography .

The incorporation of ‘radioactively-labelled bases and nucleosides into
cellular acid-insoluble material was checked using autoradiography (section
2.5). It is found in all cases that the cells are unable to incorporate

the compounds to whose analogue they had become resistant (see fig. 3.9).

3.3c: Enzyme Assays

Many of the mutant cell lines have been tested for enzyme éctivities
By use of in vitro assays. This work was all carried out by Mrs. L. Edwards
of ghis department (unpublished data). All the lines résistant to 8—azaa-
denine were totally deficient in adenylate pyrophosphosylase, and all those
resistant to 6-thioguanine in inosinate-guanylaﬁe'pyrophosphosylasef A
similar situation was found in bromodeoxyuridine— and cytosine arabinoside-)
resistant cells, which were deficient in thymidine kinase and deoxycytidine
kinase activity respectively (see figs. 3.1 and 3.2). These latter two
enzymes a¥e.un$tab1e, during extraction, and while the enzyme assays were
carried out undér the most gentl%;conditions,‘the‘enzyme assays do not

H

exclude the‘possibility that there is a low level of activity remaining.
The very higﬂ resistance of the cells to the two analogues in vivo and the
absolute lack of incorporation of thymidine or deoxycytidine in autoradiographs
are both consistent with total absence of enzyme activity. -

The situation in the purine nucleoside analogue resistance markers

is not so clear. The enzyme assays show that there are normal adencsine

kinase and guanosine kinase activities even in 8-azaadenosine and 6—

. . . . . . . 14
thioguanosine-resistant cells. Examination of the incorporation of c-

adenosine into AAR-resistant cells shows that it reaches a level of 5% of

the incorporation into PyY, and that the 140 activity is found in nucleilc



Table 3.2 Analogue resistance of PyY and the biochemically-marked

cell lines.. See figs. 3.6, 3.7, 3.8.

CELL LINE 6~TG 6-TGR 8~AA 8~AAR aCyt BrdUrd

PyY 5 T 5 2 7
. PYY/AA/AAR/TG/TGR 100 80 500 10 - -
PyY/TG/CAR/BUDR 100 - 5 - 103 103

The figures given are the concentrations in ug/ml at which the

cells are inhibited to 50%. of their growth in the control cultures.

o



a. clump of cells."b_1%jo_
'Ti t1 Ino label, Lee also
fig#3"5; in which the
cells are labelled with

r “H-adenine (upper) or
“H-thymidine (lower).

b, clump of cells,

uridine label.

Fig, 3,9: Autoradiographs of cells which had been grown
in the presence of tritiated purines, showing the low level
of incorporation into PyY/AA/AAR/TG/TGR cells.

Deatils of technique are on pages 34-36.
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dcid as well as in the intracellular nucleosides and nucleotides. The
results suggest that the resistance to AAR in these cells is.attributable -
to a deficiency in a specific permease.

These findings are summarised in table 3.1.

.3.3d: Metabolic cooperation

Thé cell lines used in this work are closely related to those in which
metabolic cooperation was first observed (Subak-Sharpe, Burk and Pitts, 1966,
1969; Subak=-Sharpe, 1969); This phenomenon was found in mixed cultures
of II}P+ and HGPRT cells which had been exposed to labelled hypoxanthine,
and examined by autoradiography. The HGPRT cells were heavily labelled,
and the HGPRT cells were not labelled at all, but there was a third class
of cells which were very lightly labelled. These were always found to be
in contact with labelled HGPRT cells. HGPRT cells close to HGPRT' but
not' linked to them by cell-to—-cell contacts showed no labelling. The
ultrastructural basis of this intercellular communication has been only
“partly investigated (Subak-Sharpe, 1969; Gilula et al., 1972), but the
gvidence is that i£ is connected with the appearance of "gap" junctions which
form the low-resistance intercellular pathways that facilitate the passage
of ions from cell to cell (Potter éé al., 1966; Furshpan and Potter, 1968;
Reese et al., 1971; Loewenstein, 1966; Sheridan,.1970).
There are several possible molecular mechanisms for metabolic cooperation
.(Subak~Sharpe, 1969; ?itts, 1971), and these are divided on the basis of
the type of molecule that is transferfed from one cell to the next.

Firstly, there could be a transfer of radiocactive nucleotide formed
by Phophorylation in the HGPRT cell, It has been found (Subak-Sharpe, 1969
and.unpublished data; Liebman and Heidelberger, 1955) that nucleotides cannot
enter these.éells without the loss of the phosphate group. This means that
nucleotide transfer would require very close cell to cell contact, possibly

with cytoplasmic .continuity.
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A second possibility is the transfer of nucleic acid. This may either.
be 1abelied nucleic acid from the HGPRT cells, or informationmal nucleic
acid which is Biologically active and hence can direct the synthesis of
HGPRT in the ﬁGPRT—.cell. In this latter case it would not matter whether
the nucleié acid was itself labelled or not.

As it has still not been demonstrated that tﬁe lack of HGPRT activity
in the mutant cells arises from a structural mutation, it is possible that
metabolic cooperation is the result of the passage of regulatory substances.

Finally, the molecule that is passed to the HGPRT cells could be a
polypeptide. That is, molecules of active HGPRT could be passed.

There is now some e&idence that it is the first of these mechanisms
éﬁat is operating in cooperating cells. That is, that there Is a traﬁsfer
"of nucleotide, which could be the immediate HGPRT product or one of the
éubstances_derived from.it (fig. 3.1). Pitts (1971) approached this questiog
by érowing HGPRT'  and HGPRT cells in a confluent mixed culture. This
was dispersed and divided into two in the ratio 99:1, and the two ﬁarts seeded
into separate culture vessels. Each-culture was exposed to 3H—hypoxanthine
'ﬁér eight hours and immediately fixed for autoradiographic examination.
GrainACOunté showed that the spa?ég culture contained two distinect cell
populations, one showing very little or no labelling and the other .showing
the gréin distribution characteriétic of HGPRT' cells. The confluent culture
formed from the 997% portion of the original unlabelled mixed culture -contained
only incorporating cells. From this, Pitts concludes that the ability to
incorporate hypoxanthine that is passed to -HGPRT cells by metabolic
coopefation is very unstablé.- Further experiments showed that the‘ability
of HGPRT cells to incorporate hypoxanthine was lost within 10 minutes of
their separation from the HGPRT population. Cox, Kraus, Balis and Dancis

(in press) report similar experiments, carried out on cooperation between

human Lesch-Nyhan cells (HGPRT*; Seegmiller, Rosenbloom and Kelley, 1967)
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and.hamster cells (BHKZl),Awhich are HGPRT+. They find results very similar
to those of Pitts (1971), and conclude that the cells are transfefring
nucleatides. This 1s also consistent with their own earlier work (Cox

et al., 1970) on cooperation between human cells in culture.

The PyY/AA/AAR/TG/TGR cells used in the present work showed metabolic
cooperation in al} four of the markers. The.AA- and TG-resistance markers
were those in which the phenomenon was first observed and the genmerality of
the process has not been confirme&. For example, Cox et al (in press)

‘find that G-6-PD deficiency is not corrected by contacé with normal cells.
The photographs in fig. 3.10, however, do show that the AAR- and TGR-

resistance markers can also display metabolic cooperation.

3.3e: . Revertants

In the course of the experiments aimed at the detection of transformants,
it became obvious that the populations of mutant cell lines contained a
small proportion of cells that could incorporate nucleic acid precursors
that the bulk of the cell population could not by virtue of the enzyme
deficiencigs imposed on them in the course of the selective procedure.
These incorporating cells were present at a frequency of about 5.10_4
in the TG marker (HGPRT—) and'aboqi 10—3 in the AAR marker (see section 3.3c).-
There were no cells which incorporated 3H—adenine, so that the corresponding
frequency for the AA (APRTh) marker was zero. The cells which displayed
these frequencies had been grown for about 200 generations without prolonged
exposure to selective conditions. The incorporating cells could have arisen
from the infection of the cells with an organism, possibly a mycoplasma,
.which had the ;apacfty to produce the missing enzyme activity, or from an
inadvertant mixing of different cell lines or they could be revertants.

The possibility of the mixing of cell éopulations can be excluded .
because of the total lack of adenine incorporating cells.. This would ~

mean that the contaminating cells would have to be PyY/AA and no such cell

line @as handled. In addition, the usual precautions were taken to
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Fig. 3.10; Metabolic cooperation in the purine metabolism markers,

Nonincorporating cells are PyY/AA/AAR/TG/TGR. Giemsa stain.

a.”H-adenosine incorporation. Note the r
relatively high background in the cell A¥*
b.~H- guanosine, incorporation.

A. nonincorporating.

B. incorporating.

C. cooperating.
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.avoid accidental contamination by media, glassware and so on. The only
other cell lines handled were PyY and BHK21/Cl3, both of which inéorporate
adenine.

inﬁection of the cells with Mycoplasma can also be ruled out because
incorporating cells were present in cultures which were Mjcoplasma—free by
the orcein staining method (section 2.1). More importantly, some cultures
which were known to be Mycoplasma contaminated were free of incorporating

3

-

cells when they were 1abeliéd with 3H—hypoxanthine. Labelling with
thymidine revealed considerable levels of cytoplasmic label in Mycoplasma-
{ -
infected cells. '

In an effort both to isolate clones that were free of any incorporating
cells and to confirm that the incorporating cells that had already been
observed were in fact revertants and not contaminants, the PyY/AA/AAR/TG/TGR
cells were cloned under stringently selective conditions using the agar
suspénsion culture technique described in section 2.1.

The population of cells that was showing incorporating cells at the
frequencies given above were suspended in agar and ppured onté 5 cm.

petri-dishes at 103 and 104 cells per dish. The basal agar had been made

up to contain the four types of_apalogue to which the cells were resistant,

rs
H

‘at the following final concent?ations after diffusion into the top agar.

.

~ 8-aza-adenine - 50 ug/ml
8—aza—-adenosine 10 ug/ml
‘6—-thioguanine | 50 ug/ml
6-thioguanosine 40 ug/ml

Antibiotics were also added to suppress mycoplasma (section 2.le).
After 10 days growth, the plates had developed many colonies. Those
which ﬁad received 104 cells contained so many colonies that it was not
possible to pick them without risk of taking cells from more than one

colony at a time, so all the colonies picked for further growth were

selected from the plates which had been seeded with 103 cells. The
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‘1arge numbers of colonies that were formed confirms that the bulk of the
inoculum was resistant to all ‘four analogues. Thirty of the 1argér and
more isolated colonies were picked and transferred to 3 cm. petri-dishes
each containing 3 ml. of freshly made Eagle's/1l0% foetal calf serum (EFCLO).
The clones were subsequently identified by numbers ranging from 1 to 30.
They were grown at 37°C in an atmosphere coptaining 5% carbon dioxide, and
were insbectod for growth daily. The media were chonged every two days,
with precautions to prevent~inadvertant mixing of the clones. Three plates

+

did not have any cells at all. Either the attempt to pick the colony
failed or the cells were not viable in those dishes. Of the remainiﬂg/
" clones, one was accidentally lost and one was discarded because of its slow
growth and abnormal morphology. The others were passed to 8 oz. modical
flats as they became confluent. The 8 oz. bottles were incubated until
the cells were near confluence (abouﬁ 4-5 x 106 cells per bottle). At
this‘point the cells were suspended in EFCLO and some were placed in 5 cm.
petri-dishes at 1-2 x 10° cells per dish., Each dish held five 13 mm.
' diameter coverslips. These cells were labelled overnight with tritiated
hypoxanthine, guanosine, adenine and adenosine in separate dishes. The
remainder of the cell suspension,gas passed into a 20 oz. bottle, in which
Athey were grown to confluence Eefore being suspended in eagle's—serum—glycerol
for freezing.and storage until they were needed. The labelled cells were
examined by autoradiography for the presence of incorporating cells. , These
cell stocks had been grown through approximately 22-23 generations from
single cells in the stock used to inoculate the agar plates.

All the cell lines incorporated 3H—uridine normally. Of the clomes
examined by inspection of individual cells under medium power magnification,
only three showed no incorporating cells in all markers. This is the

result of very exhaustive examination of about 105 cells by systematic

scanning of every cell on the coverslips. Eight clones showed the presence
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of hypoxanthine-labelled éells, and three showed guanosine incorporation.
This resuit for guanosine is probably -a minimum estimate because the stock
of labelled guanosine gave unusually light labelling in the control (PyY)
‘cells. -Tbe'reason for this was not apparent. The 8-AAR resistance marker
was teéted by looking forx 3H~adenosine ipcorporating cells, and these were

. ' C(’Joﬂe, 19)
found in 10 clones, one of which[yas almost exclusively composed of

ihcqrporating cells. Of course, this does not mean that all the cells were
genotypically able to utilise adenosine, because in all the labelled
_cultures the incorporating cells were surrounded by a group of cells
Which,Afrom their numbers and their relatively light labelling, Were.mdst
probably involved in metapolic cooperation.
- The actual numbers of incorporating cells found in individual

coverslips was usually very low, varying between one and five in most
_cases. Aléhough the cells had only been growing on the co%erslips overnight,
the groups of incorporating cells contained up to 20 éells each. Within
thesé groups, one or two cells that were more heavily labelled than the rest
were often discernible, and thisvwas interpreted as indicating active
metabolic cooperation between tﬁe revertant cells and the nonrevertants.
Such metabolié cooperation was found in the three markers which showed
reversion. .The 8-aza~adenine res%stance of the cells appeared to be
sufficiently stable to make detection of revertants impossible. No

adenine incorporating cells were found in any of the clones, and this is
consistent witb the observations made in the course of the biological
‘experiments involving DNA or polyoma virus. In none of these experiments
were any adenine—indorporating cells found. This is a multi-step mutation,
and is so stable that it may well represent a deletion of the structural
gene for APRT. )

An estimate of the reversion rates in the various mutations was
made. This is not preéise, but it is based on the total number of cells

E

examined in all clones, the number of generations that the clones had
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gone through and the total number of incorproating cells that were found.

TABLE 3.3; Number of revertant cells found in clones of PyY/AA/AAR/TG/TGR.

CLONE NO. UR Hx GR A AR
1 x 1 0 0 20
3 + 4 3 0 5
4 + 0 0] 0 4
7 + 0 0] 0 0]
3 + 0 0 0 2
9 + 4 0 0 5

10 + 0 0 0 1
13 + 0 . 0 0 0]
14 + 1 0 0 0
11 + 0 0] 0 1
16 + 6 0 0 0
17 + 4 0] 0 2
19 + 12 2 0 *
21 + 4 1 0 2
23 + 0 0 0 0
36 6 0 42%

* clone 19 contained too many incorporating cells for counting (at least 200
i per coverslip). ‘

The figures in table 3.3 are based on the systematic scanning of about 2:-(106
cells, and do not include lightly~labelled cells that seemed to be in metabelic
cooeration with each scored revertant. Calculations of the reverfion rates were

~made by the methods of Luria and Delbruck (1943) and Breeze and Subak<Sharpe (1967).

1. p= E.‘._%]P_% m = -1n(C_/C) 2.y = 2;.1112
.8

p=mutation rate per cell per division; N= average no. of cells pey clenes Cm=
number of clones with no revertants; C =total number of clonessh= ayerage number
of mutants per clone; g= number of cell generations since iselation of the single
cell.

RESISTANCE - REVERSION RATES.
MARKER METHOD 1 METHOD 2
AA nil nil £O'O%
AAR 5.19 1.42%
TG 3,97 . 1,03
TGR 1.17 0.19

*excluding clone 19,, for which there is no quantitative data.
All figures are x10 . Approx. 1.33x10° cells/clone.

REFERENCES: Breeze and Subak-Sharpe; J.gen.Virel., 1, 81 (1967)

Luria and Delbruck; Genetics, 28, 491,(1943),



Fig. 5.11: Autoradiographs of some of the purine marker revertants

in clones of PyY/AA/AAR/TG/TGR cells. See section P»71»

a, H-hypoxanthine label; b.”“H-adenosine 1label.



- FOUR -

BIOCHEMICAL INVESTIGATION

OF

DNA UPTAKE

Ly



- 76 —

Biochemical studies on the uptake of radioisotope-labelled DNA Qere
undertaken to obtain information that would be both complementary to the
genetic transformation work and helpful in designing the genetic experiments.

Thé experiments were carried out using several different cell lines,
including analsgue—resistant PyY lines and the untransformed.BHK21/013
line. The DNA used was 13be11ed with thymidine-methyl*SH (table 2.3).

‘The specific activities of DNA preparations were.determined using the
channels—ratio method (section 2.2¢) and varied between 2.5 and 8.0 x 104
dpm/ug (11-36 uCi/mg) from preparatioﬁ to preparation. An estimate of
the sensitivity of the system, assuming a DNA of specific activity of

5 x 104 dpm/ug and a tritium counting efficiency of 22% (section 2.2d)
indicates that lO_2 uug of absorbed DNA per:cell would give about 40 cpm
above B%ckground. BHK21/Cl13 cells contain about 7 x lO_6 ug of bNA‘per |
nucleug, so that the detection of DNA uptake to the extent of O.ZZ.of'the
cell DNA complement is possible.

A number of published papers have claimed that the uptake of DNA by
mammalian cells in culture is a very rapid process, beipg complete in a

‘few minutes (Glick, 1967a; Ayad and Fox, 1968). Accordingly, the early
experiments were carried out with %ime scales of up to one hour. In

these experiments, cells were grow; in monolayer culture in petri-dishes and
were exposed to solutions of labelled DNA in various buffers at 3700. The
temperature was maintained by carrying out the entire experiment in the hot
room, so that there would be none of the cooling effects caused by frequent
opening of the incubator door. The dishes were kept in a humid atmosphere
and, in the case of those cells in Eagles medium, in the presence of 57
carbon dioxide to prevent fluctuations of pH. DNA—BH concentrations of up
to 100 ug/ml were used and the medium was tris—galine, PBS (table 2;1) or

Eagles medium. At the appropriate time, the DNA43H solution was withdrawn

and the cells thoroughly washed in PBS before being incubated in saline/
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0.005M. magneéium chloride containing 50 ug/ml of DNase for 5 minutes at
37%¢. The cell sheets‘were washed three times with saline and brought to

a single-cell suspension by scraping them off the substrate and by vigorous
pipetting. The cell suspension was lysed by adjusting it to a final SDS
concentration of 0.5%, and the nucleic acids were precipitated by adding TCA
to a fihallconcentration.of 5% and storing at 4°C for several hours, in the
presence of 100 ug of unlabelled DNA. The precipitates were collected
lby'centrifugation, washed 'in cold 5% TCA, and hydrolysed in a small volume
of concentrated form%c acid at 100°C.  After dilution, an aliquot of
the'hydrolysate was added.to Bray's scintillant for assay of the radio-
activity. In the samples taken up to 1 hour after addition of 3H—DNA

to thé cells, no radioactivity could be detected. There has been a report
(Schimizu et al., 1962) that DNase can penetrate into the cytoplasm of

cells in a functional form, so further experiments were carried out in which
the incubation of the cells with DNase was omitted, and cells simply
thoroughly washed and lysed, with the DNA precipitated as described above.
Even in these conditions, there &as no detectable radiocactivity in the
"cells after one hour of incubation with 3H—DNA. To e%clude the possibility
that DNA was being lost at some sgage of the extraction procedure, a much
simpler procedure was adopted. }n this, the cell suspension was applied
directly to Whatman 2.4 cm filter paper discs and dried. The discs were
washed in two changes of 57 TCA and finally in ether, before being dried and
immefsed in toluene—PPd—POPOP fluid for radicactivity assay (section 2.2e).
In the course of‘this simplified sample preparation, the only DNA that
should be lost is that which is washéd off the surface of the cells before
they are dried onto the disc, and that which is of a sufficiently small
molecular weight to be soluble in the TCA washes. This means that only very
loosely adsoébed molecules and those which are less than about ten nucleotides

in length should be lost. Despite the use of this procedure and the extension
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of the sampling period to two hours, no radiocactivity could be detected in
the cells. The main poinf to emerge from these experiments was that
mécromolecularADNA does not appear intracellﬁlarly as rapidly im BHK21 or
PyY cells és has been reported for other cell types. This does not exclude
the possibi}ity that DNA is abgorbed and immediately degraded to small
‘oligénucleotides, but obviously DNA absorbed in such(a way can have no
genetic significance.

The'absence of early DNA uptake was also evident in experiments similar
to the above but in which DEAEndextraﬁ was present along with the 3H—DNA
during uptake. It has been reported (McCutchan and Pagano, 1968;

Warden; 1968) that DEAE~dextran will increase the infectivity of a polyoma
DNA preparation by a factor of up to 104; so that this is one obvious material
to use in attempts to detect genetical activity in mammalian DNA preparationms.
One. drawback of DEAE~dextran is that it forms insoluble complexes with DNA
so that there is a level of concentration above which it cannot be used.
With the mammalian DNA preparations used in the present work, visible .
precipitates were formed when DEAE-dextran and DNA were mixed at a final
concentration of 10 ug/mi. each. All the experiments on DNA uptake in
" the presence of DEAE~dextran, the concentrations of both were 5 pg/ml or

B d )
less. High concentrations of DNi alone also showed some cytotoxic effect,
with the cells rounding up and floating loose after 2-3 hours incubation with
the‘DNA solution. |

The consequence of these.difficulties and the need to extend the time
of uptake to’periods of many hburs was that lower concentrations of DNA—BH
were used,vaﬁd most of the subsequent experimental work was between 3 and
10 ug of DNA-3H/m1. Keeping the cells in a healthy condition over' the
longer periods of time also placed restrictions on the composition of the

incubation medium, and the first choice was obviously the growth medium,

EC10 or EFC1O, and this was checked for the presence of DNase activity, which
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would damgge the labelled DNA before it could be absorbed by the cells.
Freshly-made Eagles medium plus calf serum had very little DNase activity
(fig. 4.£), but medium in which cells had been grown for 4 days had a
considerhbie.amount. This release of DNase by the éells means that it is
inevitable that some of the‘labelled DNA will be damaged or degraded in the
medium, but the low level of DNase in fresh medium makes it as suitable, Erom
this point of view, as any of the buffers, and it is obviously better/E;r

the maintainence of the cells.

DNA uptake was investigated under a number of different conditions.
Firstly, uptake by cells in suspension culture is shown in fig. 4.2, 'This
illustrates the lack of uptake in the first two hours after addition of
DNA,.but shows a very rapid rise in bound DNA—3H from 4 hours up to 24 hours.
This ‘rapid rise and the subsequent plateau region are reproducible in this
- and other systems, and aré observed in both PyY and BHK21/013 cell ;ines.

The Plateau value of ~2.5 x 10—3 cpm per cell may be compared with the value
of 2.1 x 10—2 cpm/cell calculated from the total amount and specific activity
of the DNA“BH and the total number of cells in the culture. As the first
observed value is tenfold lower than the calculated value, it seems unlikely
that the reduction of DNA uptake %S a result of exhaustion of DNA—3H in the
‘medium. The peak value is equivglent to 0.3 pug DNA per cell, which is
about 57 of the total DNA content of the recipient cell.

A second culture method was to grow the cells in monolayers and
examine uptake by scintillation counting and autoradiography. The cells
could bé prepared for liquid scintillation counting either by one of the filter
- disc methods (sécfion 2.2d) or simply by fixing the cells, after growth on
coverslips, according to‘the procedure used for-autoradiography (sectioq 2.5).
‘This has the disadvantage that estimation of cell numbers and counting
efficiency is difficult and very unreliable, but also has the advantage that

?

the coverslips can be recovered from the scintillant .and subjected to
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FIGURE 4.1, The nuclease a.cti{rity‘; of fresh (&—~A ) and

conditioned ( A——A ) Eogle's- 5% foetal calf serum. The conditioned
medium was spun at 1,500rpm twice to'remove any contaminéting

cells. To aliquots of the media at 37°C was added DNA-BH .

at 5700. The reaction was stopped at appropriaté times by

tie addition of cold TCA 6 a final concentration of 10

The precipitates were collected.on filters, washed in cold

"% TCA and ether, and dried. Radicactivity was assayed by

using toluene-PPO-POPOP [luid.
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Fige 4.2 Uptake of DNA by cells in suspension culturve,
v/AA/AAR/ TG/ TGR/ ceils were suspended in Fagles—10%
foetal calf serum at a concentration of 2.105 qells/ml. The
guspensiom was placed in a sterile culture flask ( fig. 2.1)
the atmosphere in the flask being adgusted to 5% CO, and the
flask placed at 37°C. At zero time,é%H~DNA (sp. act. = 177 pCi/
|
mg) was added to a final concentration of 3+3 Pg/ml. At intervals
5ml samples were withdrawn, and the flask regassed. All handling
of the cells ﬁas at 37°C.vThe sample was spun down and the cells
resuspended in saline with -OO5M'Mg++ and'40Pg/ml DNase. This
was incubated at 37.0 for 15mins, The cells were washed twice in
S53C and lysed in 1% SDS. The 1ysaté was sheared mechanically and
50p1 samples were dried onto filtér discs, which were acid- and
ether~wvashed for radioaotiviﬁy assay.The cells went through 2-3

doublings during incubation,
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Fige 4.3 Uptake of J1-DrA by IHK21-C13 cells in monolayer
culture. 3cm petri dishes were seeded with 2.105 cells in Lagles-
10¢. calf serum over washed coverslips. The cells were incubated
overnight at 37°C. The cells were waghed in PBS and the medium
replaced with Eagles-10¢ calf serum containing 2pg/m1 of 3H-—DNA
(11P0i/mg). At appropriate times, the cells were washed twice in
~PBS and fixed in formal saline at 4°C. The coverslips were then
subjected to the standard autoradiographic washes (section 2.5).
Coverslips with uniform cell cover were selected for counting
under toluene-PPO-PCT0F. The cell cow'ts for cpm/cell calculations
were performed on duplicate petri dishes, and cells/coverslip

determined using the ratio of areas,
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autoradiography after washing in ethanol and drying. Fig. 4.3 shows the
results of experiments involving uptake of DNA—BH by celis in monolayers.
Once again the lag iq DNA uptake is apparent. Fig. 4.4 shows the results
of éutoradiography carried out on the same coverslips. The intergsting
feature i1s the almost total lack of cytoplasmic label, even at the earliest
times‘at which labelling of the cell; is apparent. The grain count
histograms show a wide variation in labelling from cell to cell, but do show
that the vast majority of the cells are perceptibly labelled.

As pointed out in the introduction, autoradiograpby does not provide
any information on the question of whether the DNA survives as intact molecules,
or is degraded and reutilised. &he lack of cytoplasmic label (fig. 4.5)
‘suggests either that the DNA passes rapidly into the nﬁcleus or that it is
broken down to molecules too small to be retained in situ during the acid-
washing procedure. When autoradiographs of cells exposed to DNA-BH in the
presence of DEAE-D are examined, a striking difference is evident (fig. 4.5).
The DEAE—D—treated cells display clumps of labelled material in the
cytoplasm and on the éeil periphery. Very little label makes its way into
the nucleus. This difference between DNA uptake in the presence and in the

absence of DEAE-D will be mentioned again in the section on density-
#

X
3
4

labelling experiments.
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Fi®*;. 4«4 Grain counts from autoradiographs of the coverslips
represented in fig. 4.3. F = relative frequency.

Each histogram represents grain counts over 100 cells.



A,B: plus DEAE-dextran,
Label is arrowed.

C: no DEAE-dextran

Fig. 4>3jiAutoradiographs of cells which have absorbed N''H-DNA

in the presence or absence of DEAE-dextran,
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Density-Labelling Experiments

Bromodeoxyuridine (BrdUrd) was used as a DNA density-label in experi-
ments designed to provide information on the question<of whether the absorbed
DNA entered the cells and survived as macromolecu}es.' The method involved
labelling the cells with BrdUrd and following the uptake of 3H-DNA which
. was not density*labeiled by means of caesium chloride equilibrium density
gradients. The -converse approach, the treatment of the cells with BrdUrd-
labelled DNA, was not used because of the problems described in section 2.4.
The labelling and gradient conditions. were such that three DNA peaks could
be resolved,lrepresenting the unlabelled, the fully density~labelled and the
hybrid DNA duplexes. An example of the separation that was possible is
shown in fig..4.6a; which also helps to confirm the interpretation of
these peaks. .The cells from which this DNA was extracted were grown in
the presence of BrdUrd for 2 days, during which time the DNA replicated,
giving rise to half- and fully-labelled duplexes (fig. 4.6b). On removal
of the BrdUrd, and further incubation, the fully-labelled duplexes replicated
to form half-labelled molecules, and the half-labelled, on replication, gener-—
ated half-labelled and unlabelled duplexes. This is summarised in fig. 4.6b.
"In fig. 4.6a, the ndn-BrdUrd-label%ed peak (L-L) is labelled only with the
3H supplied in the final 24 hours.A The hybrid (H-L) peak has 3H activity
in-the light chains synthesised in the final é4 hours, and 140 activity in
the BrdUrd-labelled chains that were synthesised in the first 72 houré. ~
At the bottom of the gradient can be seen a small peak of 14C activity which
represents DﬁA labelled with BgdUrd in both strands which has not replicated
in the final 24~hour period.

In tHe experiments on the uptake of DNA, the density label was used
as a meaﬁs,of distinguishing the donor‘from the recipient DNA. The buoyant
deﬁsity pF;fiLe represented in fig. 4.7 was obtained when cells were labelled

for 48 hours with 14C-‘I‘dR and BrdUrd, and then exposed to 3H—DNA for 24 hours.



Fig. 4.6

® pyv/AA/AAR/TG/TGR cells

~An 8 oz. medical flat bottle was inoculatéd wiﬁh 2,10
in 15 ml. ﬁagles—loz foetal calf serum containing 5 ug/ml BrdUrxd and

0.05 uCi/ml 14C--TdR (57 uCi/mmole). The bottle was incubated for 2 days
after which the cells were washed and incubated for 24 hours at 37°C in

15 m}. Eagles-107% foetal calf serum containing 0.3 uCi/ml 3HdeR (0.1
Ci/mmole). The cells were washed in tris-saline pH 7.4 and lysed in
tris-sgline/l% SDS/pH7.4.  The lysate was heated to 60°C for 15 mins.

and sheared mechanically, after which it was adjusted to refractive

index 1.401 with solid caesium chloride. Thé solution was spun for

3 days at 40,000 rpm and 15°C in a titanium—50 fixed-angle rotor, and

the gradient relaxed’ at 35,000 rpm for 15 hours. Fractions were collected
ffom the bottom of the tube and 50 ul aliquots dried onto filter discs
for radioactivity éssay.

| H-L indicates DNA with one strand BrdUrd-labelled.

L-L indicates DNA with both strands unlabelled.

T
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Fig. 4.6 Caesium chloride equilibrium-density grodient of HNA from
cells labelled with 14C/BUdR and then with 5H—-TdR. Details are given

opposite,

top



UNLABELLED DNA IN STARTING CELL
POPULATION.

;" ABhrs. IN THE PRESENCE OF

/\ /\ " Bravra A o-THYMIDINE.
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24hrs, IN THE PRESENGE OF

SH-PHYMIDINE.
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FIG 4.6b; Outline of the labelling of cells with BrdUrd. Conditions and ™~

timing is the same as for fig. 4.6a.

.

-3 unlabelled polynucleotide sttand.

< ; strand labelled with BrdUrd and 14O—thymidine

’ o 3 strand labelled withﬁaH-thymidine.



...82.._.

The fully-labelled and hybrid recipient molecules are evident as peaks in |
the 140 profile, while the poéition of DNA which is not density-labelled is
shéwn by the inclusion of a BHK21/C13 DNA marker. Figure 4.8 shows a
gradient in which light 3H—label].ed DNA was added after lysis of BrdUrd-
labelled cells.’ Once again, the separation of the unlabelled DNA is qﬁite
clear. What is evident from the 3H distribution in figure 4.7 is that very
little of the donor DNA label remains at the density position it would

have occupied had it been added to the cells after they had been lysed.

The result of absorption of DNA by BrdUrd-labelled cells in the presence of
free BrdUrd is thaf it becomes associated with density label during its pass-—

age to the intracellular acid-insoluble nucleic acid fraction. Parallel

autoradiographic experiments described in tﬁé previous section indicate
-that in cells at the same stage of DNA uptake as those used in fig. 4.7,
all the donor DNA label is in the nucleus.

i Uptake of DNA—BH in the presence of DEAE-dextran presents a different
picture, and two parallel‘caesium chloride gradients which illustréte this
point are'shown in figures 4.9 and 4.10. Cells were incubated in the
presence'Pf BrdUrd and 3H—DNA under c;nditions which meant that the majority
’ 0% £he recipient DNA was in the h%brid position in the gradients - that is,
having-undergope one cycie of repiication in the presence of BrdUrd, What
is striking about the 3H profile after uptake in the presence of DEAE-
dextran is that the vast majority of the domor DNA remains in the light band
(fig. 4.9). This contrasts sharply with thg situation shown in fig. 4.10,
in which only a little of the total donor label that is absorbed remains in
the light band. Another difference between figs. 4.9 and 4.10 is that the
total 3H activity which has been absorbed is very much higher in the presence
of DEAE-dextran. While the léC profiles in the two figures are closely

similar, the peak of 3H activity is around 70 cpm in fig. 4.10 and around

700 cpm in fig. 4.9. This increase in the amount of DNA absorbed in the
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Tig. 4.73 éaesium chloride equilibrium—aensity gradient profile of
DNA extracted from BHK21 cells after uptake of 3H—DNA. The cells were
grown in'5pg BrdUrd/ml and 0405 nci 14C—thymidine/ml for 48 hours, '
washed, and incubated for 24 hours in EC10 containing Spg BrdUrd/ml
and 2pg 3H—ZDNA/ml. The cells were thoroughly washed and lysed in
tris—saline/1% SDS/pH7-4. The lfsate was adjusted to refractive
index 1¢402 after addition of 260pg of unlabelled BHK21‘DNA. The
mixtura was spun at 40,000rpm and 1500 for 3 days in a titaniﬁm—50
fixed-angle rotor. Fractions were assayed for radiocactivity on

filter papexr discs. _
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Vig 4.8; Caesiwm ohloride equilibrium-density profile of DNA
extracted from cells labelled with BrdUrd (5pg/ml) and Moo
thymidine (005pCi/ml). Details as for fig. 4.7. JH-INA was
added to the cell lysate.

’m A ;140 A
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presence of DEAE~dextran has been observed in other systems (Warden, 1968).
A further point emerges from a comparison of the 3H profiles in figs.
4.7 and 4.10. Although the 3H—DNA has been absorbed under almost precisely
the same conditions in the two cases, the final density distributions differ
in a way that clearly depends on the way in which the recipient cells have
been labelled. In particular, the distribution in fig. 4.7 shows considerably
more 3H in the fully-labelled band than would be expected if the donor DNA
was all gaining density label independently of the recipient DNA, because
theVBH—labelled donor strands are not BrdUrd=-labelled and thus would never
.pass into the fully-labelled band in the course of normal replication.
What is indiéated here is that tge donor DNA is associating with.the recipient
DNA in such a way that its presence in the duplex doeé not significantly
alter the buoyant density. This could arise either by the total degradation
of the donor DNA and the reutilisatién of the nucleotides released, or by
the insertion of small pieces of donor DNA into the recipient chromosomes.
The uptake of 3H--DNA is affec;ed'by other chemical treatments in the
coufse of incubationlﬁith the cells. For exampie, the addition of 50 uM
thymidine will diminish the acquisition of donor DNA label by the recipient
cells. This concentration of t%ymidine is well below the level at which
the cellg are inhibited, but_rep;esents a 20-fold excess over the total
amount of'labglled thymidine that would be released by the total degradation
of 2 ug/ml of 3H—TdR—1abelled DNA.. This again suggests that at least a
part of the input DNA is degraded and reutilised as mononucleotides.
Cytosine arabinoside (aCyt), a potent inhibitor oﬁ DNA synthesis (see section
3.1b), will also considerably diminish the uptake of donor DNA label.
Dr. T. Friedmann (personal communication) has found that aCyt will prevent
the passage of donor DNA label into the nucleus, but has no effect on its
movement into the_cytoﬁlasm. In the BLHK2L and PyY cell system, however,

no label is detectable by autoradiography in either the nucleus or the

.cytoplasm of cells which have been simultaneously treated with aCyt and
\ .
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Fig. 4.9; Caesium chloride equilibrium~-density profile of DNA
extracted from cells labelled with BrdUrd (5}1g/n11), 14C-—
thymidine (0+05pCi/ml), JH-INA (2pg/ml) and DEA-dextran (2pg/
ml) in EFC10 for 24 hours. The cells were lysed at that time in
the mammer desoribed in fig 4.7. “H @ ;% o
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3H"'DNA .

The presence of DEAE-dextran alters the effect of aCyt on DNA uptake.
In fig. A.ll, two equilibrium-densit& gradients are represented, showing the
effect of aC&t on the incorporation of 14C—TdR into fecipient cell DNA and
its effect on DNA uptake in‘the same cells. The 140 profiles show the
incorporation of thymidine in the presence {open squares) and absence (black
squares) of 20 ug/ml of aCyt. The dramatic drop in the count rate‘i;iévident.
In contrast to this is the small effect on the uptake of 3H—DNA {black tri-
angleg) when aCyt is added to the incubation medium (open triangles).

There is a considerable reductiom in the amount of 3H‘label which shiffs to
the density-labelled bands, but the donor DNA which maintains its starting
density is, if anything, increased in quantity.

" The interpretation of these experiments is not entirely unambiguous,
* because they are consistent with a DNA synthesis;depgndént integration of
. the donor DNA as well as with the more obvious possibility of breakdown
and reutilisation.

If, after incubation of density*labelléd cells with 3H-ﬁNA and DEAE-
dextran fdr 24 hours, the cells are washed and further incubated in the
absence of DNA for 24 or 48 hoursf results such as that shown in fig..4.12
are obtained. Fig. 4.12a is therdensity distribution of the radiocactivity
after 24 hours of 3H—DNA‘uptake and it is typical in that meost of the donor
label remains in the light band. After a further 48 hours incubation,

the profile shown in fig. 4.12b was found. It shows that most of the label
in the light band has been lost and that very little of it has passed into
* the two densiﬁy-lébelled positions. The profile at 24 hours (not shown)

after removal of 3H—DNA showed a similar effect; This seems to indicate
Ithat the majority of the DNA label absorbed by cells in the presence of
DEAL-dextran 1s never used by the cells at all, but is eliminated without

?

participating in synthetic processes within the cell. It is possible that



FIG, 4.11. Caesium chloride equilibrium—density gradient
:gnalysis of the incorporation of 3H-DNA inté cells labelled
with DraUzd and '4C-TdR. Two gradients are shown.

1. Cells prelabelled with BrdUrd (Spg/ml) for

é4 hours and subsequently incubated with 2pg/ml 3H--;DNA

(14u01_/mg), 2pg/ml DEAE-dextran, O<05pCi/ml 146_1ar (57
mCi/miiole) and Spg/ml BrdUrdAfor 24 hours.

2. Labelled under the same condi?ions as in 1., but
the addition of 20pg/ml aCyt during the second 24 hour
period.

The cells were processgd as in fig. 4.6, and spun
for % days at 40,000rpm in a titapium—SO rotor,
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'FIG. 4.12.Caesium chloride equilibrium-density gradients.
Cells were ‘grown in 5pg/ml Brdurd and 6 par (0+05uCi/ml)
for 48 hours, They were then incubated for a further 24 hours in
the pfesence of 2pg/ml 3H—DNA and 2pg/ml DEAB-dextran together
with 5pg/ml BrdUrd. At this tiﬁe the cells were thoroughly washed
in tris-saline pH 7+4.
A. lysed in 4ml tris-saline pH 74 containing 1% SDS.
B. incubated for a further 48 hours in EC10 containing
Spe/ml BrdUrd before lysis.
" Gradient conditions were as for fig. 4.7;

| \
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the DNA-DEAE-dextran complexes are largely inert and are egested by the cells.
The autoradiographic evidence quoted in tﬁe previous sectlon is consistent
with this g&pe of mechaniém, for the donor label is almost éxclusively

found in clumps of material in the cytoplasm after uptake in the presence

of DEAE~dextran and the metabolic inertness of the polycation could easily
prevent the breakdown of these complexes by cellular enzymes.

It is also possible by the use of double labelling to amalyse the
uptake of DNA on sucrose gradients aqd thus to determine the size of the
molecules with which the labels are associated after uptake. The details
of the sucrose gradient technique are given im section 2.7. It involves
lysing the cells on the top of a gradient so as to avoid any shearing of
the recipient cell DNA and thus to ensure that recipient DNA is separable
ffom the donor DNA which is extensively sheared by the procedure used for
its purification.. The radioactivity profiles found when 14C--TdR labelled
'cells were lysed on top of an alkaline sucrose gradiené with the subsequent
addition of sH—DNA to the top layer before centrifugation is shown in fig.
4,13, The lﬁc—profile shows a large peak of activity at the bottom of
the gradient, while the 3H—DNA is evident as a peak of activity close to
the top. The BH activity at the Potpom of the gradients was found each
time this experiment-ﬁas performeé and probably represents aggregation of
the single-stranded DNA into clumps which sediment to the bottom of the
tube as rapidly as the almost unsheared cellular material. The C-
labelled material at the top of the gradient was also a constant feature
and-represéntg gither membrane-bound DNA from imperfectly lysed cells, or.
residual low ﬁplecular"weight material. If DNA—BH was added to cell lysate
together with DEAE-dextran, a similar profile was obtained. It would
appear that in the alkaline conditions prevailing in these gradients not
.only is the DNA itself denatured, but the DEAE-dextran—-DNA complexes are

also broken down. .



Fig, 4.13% FyY cells were gro'n for 3 diys in Iagles=109, calf
serum cogctaining O-OBPCi/ml 14(,‘--'_[‘&1{ (57mCi/mmole) . They were
brought to a single cell suspension using trypsin-versene and
washed twice in suline.About 4‘106 cells in O«¢2ml saline were
introduc~d into O+6ml of O+3N.NaOH/M.NaCl/0+01M.EDTA/5 decon
layered on top of a 10" - %0i(w/v) sucrose gradient in 03N,
NaOﬁ/M,Na01/O-O1M.EDTA. The gradient had been formed with s
total volume of 32ml‘in a cellulose nitrate tube for.an SW.25
gwing—out rotor using an MSE‘gradient-maker at a flow rate of
120-140ml/hr. Into the top loyer was added 4+5pg of JH-DNA

in 30p1. "he gradient was left in the cold room forJ1'huur
and spun at +5 C for 5% hours at 22,000rpm. 25 drop fractions

were collected by air diplacement in the apparatus shown in

fig.2.15., Bach fraction was brought to a final TCA concentration

of 5% by addition of 505 TCA, and left overnight at +4 C.

The precipitates were collected by suction filtrstion on
0s22p pore size millipore filters and washed with cold 56
TCA, before drying and washing in ether. The dried discs were
assayed for radgoactivité under toluene-PPO~-POPOF,
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‘Incorpbration of labelled thymidine follows the expected pattern in
the sucrose gradient profiles (fig. 4.14), with the later 3H-label
following the 14C~Tdk prelabel very closely. Uptake of 3H-—thymidine—
labelled DNA, however, shows a different pattern (fig. 4.15). In the ,
experiﬁent illustrated, the cells were labelled and exposed to 3H—DNA under
the same conditions as were used for ‘the equilibrium—density gradignts
which have been described, except for the omission of BrdUrd. The two
types of gradient should be directly comparable. Fig. 4.15 shows that the
3H—iabel from donor DNA is bimodally distributed, with a peak corresponding
to the size of the recipient DNA and another close to the position character-

. normally )
istic of purified domor DNA (fig. 4.13). ©No such peakL%s found in the
3H--thymidine incorporation profiles, so that it is not likely that the
second peak in fig. 4.15 represents a small molecular species involved ia
the synthesis of cellular DNA, It is difficult to estimate what proportion
of the total donor DNA label that falls under the second peak because the
recipient cell material is very heterogeneous.

Figs. 4.7 and 4.10 show buoyant-density analyses of DNA from cells
labelled under conditions comparable to thosé used to obtain the profiles
in fig. 4.15. The two types of apalysis, taken together, show that, at“a
time when the vast majority of do;or DNA has become associated with density-
labelled moiecules, there is still a significant proportion of the donor
DNA which maintéins approximately the same molecular size as it had‘before
uptake. The sucrose gradients are alkaline, so that it is single~stranded
DNA which.is being analysed.

o Alkaline'gradients were used because they would.more clearly show the
survival of donor macromolecules not covalently bound to the recipient DNA.
If neutral gradients were used, it would.not be possible to distinguish -
surviving donor DNA associated with the recipient DNA from reeipient DNA lab-

elled by reutilisation of donor material.
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ig.4d,14 Sucrose gradient analysis of the incorporation of
3H—TdR into cells prelabelled with 14C-TdR. The cells were
labelled with 5H—TdR for 24 hours. Other conditions were as

described in fig. 4.13,
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Fige 4.1%4 Sucrose gradient analysis of the uptake of 3HI--DNA by

PyY cells prelabelled with 14C—TdR. The cells were treated with

5H--DNA at a concentration of 2pg/ml in Eagles-10% calf serum [or

24 hours, Other details were as described for fig.4.13.
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Figs 4.16 Sucrose gradient anrlysis of jH-DNA uptake by

cells prelabelled with ?4C—Tdﬁ. The cells were treated with

*H-DNA for 24 hours in the presence of 2pg/ml of IHAE-dextran,

The other conditlons weire as described for fig. 4.13.
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The uptake of DNA in the presence of DEAE-dextran shows an effect

. consistent with its effect as shown by autoradiography and buoy;nt density
analysis. The DNA“3H molecules do not change in size in the cburse of
absorption (fig. 4.16; compare with fig. 4.13). The small proportion of
the donor counts which appear in the region of the recipient cell material
does not exceed in quantity that which is found in that position in

AN
. reconstruction experiments (fig. 4.13), and which is probably the result of

e

‘a small degree of aggregation in the gradiemnt.
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BIOLOGICAL ACTIVITY OF ABSORBED DNA

One of the great advantages for geﬁetic studies of the PyY-derived
mutant cell lines which are used in the present work is the ease With‘gbiqh
small numbers of wild-type cells can be identified among a population of
the mutants. This is possible because the'éenetically“marked cells
are unable to incorporate certain nucleic acid precursors, and thus appear
as unlabelled cells in'autoradiographs after they have been exposed to
. these, labelled substancesL In such gonditions, the wild—pype cells are
heavily 1abelled.' That this method is capable of detecting genetically-
altered cells is shown by its use in demomstrating that vaécinia and herpes
simplex induce certain enzyme activities, such as thymidine kinase, in
thé ¢ourse of lytic infection (Subak-Sharpe, Gentry and Jamieson, in prepar-
ation), and by the fact that it.Was the means by which metabolic cooperation
was first detected (see section 3.3d). In the genetical experiments to be
described, the cell lines carried multiple genetic markers, so that they |
were each ungble to utilise several classes of nucleic acid precursors.

The two cell types were PyY/AA/AAR/TG/TGR and PyY/TG/CAR/BUDR. The

general experimentai plan.involved treatment of these cells with DNA
éxtracted from wild-type cells, aqa subsequent incubation in media containing,
singly or in cémbinations, the various classes of labelled pfecursors that

the cells were gna?le to utilise prior to the DNA treatment. This procedure
has an advantage over experiments involving selection of genetically~—

altered cells in that it permits the detection of cells in which the -
absorbed DNA is only temporarily genetically active. The characteristics

of the experimental system are more fully discussed in section 3. ,

In order to identify with certainty any transformant cells, a
number of controls are required. Firstly,.it is necessary to know at what
frequeﬁcy incorporating cells occur in the mutant population befdre‘it is

treated with DNA. Secondly, the genetic specificity of the event must be
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established by treating the cells with isologous DNA, i.e. DNA extracted
from the mutant cell line itself, and showing that the genetic change

does not occur. The conditions and kinetics of DNA uptake must also be
tak;n into account, although it should be borne in mind that the genetic
effect of absorbed DNA is a self-amplifying phenomenon and may therefore be
. detecgable at levels of DNA uptake and survival wbich are too low to be
‘detected by techniques involving the use of radioactiﬁely—labelled

donor DNA.

One of the main problems gncountered in the use of these cells was
the presence of revertant cells (see section 3.3e) in the standard experi-
| mental line, P&Y/AA/AAR/TG/TGR. While this would not necessarily prevent
‘the detection of transformant cells, it would certainl§ make the result
less clear-cut, particularly if the revertants appeared at a frequency
that was large in relation to that of transformants. One of the genetic
markers, that of resistance to adenine analogues (AA or APRT_), showed no
' reverténts at any time throughout the work, but the others gave rise to
incorporating cells at‘éuch a rate that the genetic experiments had to be
carried out using.cells that had recently been grown in selective conditions.

The standard way of doing this was 1to inoculate a 20 oz. medical flat with

]

2-3 x 106 cells in medium containfhg the following analogues.

6—thioguanine 50 ug/ml.
6;thioguanosine 40 pg/ml.
_8~ézaadenine 50 ug/ml.
(S—aéaadenosine 8 ug/ml.)

The effect of these purine analogues on sensitive cells differs from that
of aCyt or BrdUrd in that the cells are rapidly damaged and detach from
the glass within a few hours of the addition of the amalogues. ‘When the
.pyrimidine analogues}are‘added, even sensitive cells can survive for a

matter of days, although usually with grdssly changed morphology and with

a greatly diminished growth rate. This rapid cell death caused by the
N\
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purine analogues means that any revertant cells that are present in the
inoculum of the 20 oz. bottles described above will almost certainly be
dead by the time the culture reaches confluence. Autoradiographic checks
‘of cells from the confluenf bottles confirmed that no incorporating

cells were pfesent.after the selection procedure. Table 6.2 shows the
levels of revertant cells before and after selection in one typical
instance.

The background of silver grains over individuai mutant’ cells was
a problem only with the AAR-resistance marker. In the others, the back=-
" ground grain—coﬁnt‘was efféctively zZero, So that_even partial restoration of
enzyme activity should have been detectable. In view of the high grain-
count and reversion frequency found in it, the AAR marker was not used in
many of the genetic experiments. The PyY/AA/AAR/TG/TGR cells were thus
treated as triply-marked cells. In order to more fully exploit the
potential of the genetic system, some DNA-ttreated cells were always
labelled with tritiated hypoxanthine, guanosine and adenine in the same
culture vessel. In this way, the cells could be simultaneously screened
for genetic changes in three markers — a procedure which will treble the
sensitivity, making the reasonableiassumption that the three characters
are equally likely to be transforméd.

In none of the experiments was there detected any.genetic change
which could be ascribed to the DNA ﬁith which the cells had been treated,
but the nature of the system was such that_even these negative findings
are of inte;est. In the absence of any unknown property of these cells
renderiné them unsuitable for th; detection of transformation, the system
‘is certainly sufficiently sensitive and versatile to detect any genetic
changes that might take plaée.

. The autoradiographic experiments always involved the growth of cells

on coverslips of 13 mm. diameter in 5 em, plastic petri-dishes. Each

combination of DNA treatment and subsequent labelling was used for a set of
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6 - 10 covers}ips, which were, after development of the autoradiographs,
scanned systematiﬁally at 100x magnification so that every cell could be
scored as labelled orrnot labelled. In some cases, dark—field illumination -
was used. ‘Under these conditions, silver grains appeared as bright dots

on a dark background of cells. By means of this systematic and exhaustive
examination of the labelled cells, the sensitivity of the experiments

was optimised.  In a single experiment, such as those described below, up

to 5 x 106 cells Were‘examined for incorporation of each type of precursor.

Two typical experiments will be described, and the variations to
these basic plans will be discussed.

In the first type, the cells were exposed to relatively low
concentrafioqs of DNA for long periods, The PyY/AA/AAR/TG/TGR cells were
grown for 3-4 generations under conditions which selected against revertants.
The Eell monolayers were washed thoroughly, and the cells incubated for an
hour in analogue—free medium, before being trypsinised, plated out and
incubated overnight in analogue-free medium. The marginally selective
condiﬁions and the thorough washes were designed to ensure that no analogues
were carried over into Fhe transformation procedure. The likelihood of a
low analogue concentration interfﬁrinngith the experiment is not large, but
in dealing with so elusive a phenémenon‘as transformation any reasonable
precaution is valuable. The cells were washed again, and replicate plates
treated in the following ways:-
, 1. incubated in Eagles—10% foetal calf serum.

"2, as in 1., but containing 5 ug/ml BHK21 DNA.

3. as in 1., but containing 5 ug/ml PyY/AA/AAR/TG/TGR DNA.

Five petri-dishes from each of these treatments were labelled with
tritiated uridine, hypoxanthine, guanésine, adenine and a mixture of the
last thréé, respectively. The plates were labelled from O - 24 hours aflter

the addition of DNA, after which period they were fixed and washed by the

standard autoradiographic method as described in section 2.5. Five platgs
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were siﬁilarly labelled for 24 hour periods from 24, 48, 72 and 96 hours.
DNA was presént in the incubation medium throughbut this time.

This type of experiment covers the period of maximum uptake of DNA
shown by the labelling experiments, and screens the cells for delayed
expression of the DNA for three days afterwards. One possibility that
it may not cover is a very early, transient expression, but it seems unlikely
that molecules phosphorylated as a comsequence of the addition of the DNA
would have passed out of the acid-precipitable material by 24 hﬁurs. This
was tested anyway, and no incorporation wés found even with 12 hour pulses.
The effect of variations in the incubation conditions was also Eesged. One
of the most interesting variations was the additiom of polycatioﬁs to the
incubation medium. Warden (1968) and others have found that
diethylaminoethyl-dextran (DEAE~dextran) will greatly increase the
infectivity of isolated viral DNA (Pagano, 1970), and‘this seemed to be
worth investigating in the mammalian DNA system. The problems of
precipitation of DNA with DEAE~dextran have been mentioned in the section
on uptake of labelled DNA (section 4.1), and the DEAE-dextran was usually
" added at the same concentration as the DNA, that is, about 4 ug/ml. Other
polycations used were poly-lysineﬁand poly~ornithine, neither of which have
been found to enhance infgctivityfof viral DNA. Cells were exposed to
DNA under the conditions described above, and in the presence of ome or
othér of the polycatfons. © Although the labelling periods totally covered
the period from O to 108 hours, no transformants were found in any of the
treatments, either in the presence or absence of pélycations. The total
number of cells screened in these experiments sets an upper 1imi£ of about
2 x 10_8 on the frequency of expression of exogenous DNA in the presence of
thése polycations. The genetic markers tested in this type of experiment
were AA, TG, TGR, CAR, BUDR and; less thoroughly, AAR (see table 3.1).

The second form of experiment was to expose the mutant cells to DNA
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at higher concentrations and for shorter periods. The labelled DNA
experimenté did not show any significant absorption of DNA during these
periods, but, as indicated abdve, the genetic effects could be detected
at levels of DNA uptake not easily detected by labelling of the donor DNA.
In these experiments, the cells were treated with DNA at concentrations of
up to 100 ug/ml, whether in monolayers or in suspension culture. A typical
experiment will be described.
PyY/AA/AAR/TG/TGR cells were grown for 8 days in selective conditions
‘as described above. They were then grownfovernight in Eaglea:lO% foetal
calf serum, at 37%. The medium was removed and the cells washed twicge
"in fresh @edium. To ?eplicate plates were added the following:-—
1. 0.2 ml of Eagles-57%7 foetal calf serum.
. 2; as in 1;, plus 20 ug of PyY DNA.
3., as in 1., plus 2 pg of PyY DNA.
‘ 4, as in 1l., plus 20 ug‘of PyY/AA/AAR/TG/TGR DNA.
&he plates were incubated in a humid atmosphere containing 57 CO, for 1 or

2

2 hoﬁrs, with occasional rocking, in the same way as virus is adsorbed to
cell monolayers for plaque assays. AE the end of adsorption, the DNA .
solution was sucked off and the Eells washed with fresh medium. The cells
were subsequently incubated in ﬁ;gles~1oz foetal calf serum, with individual
plates being labelled for 24 hour periods at 0, 24, 48 and 72 hours post
adsorption with tritiated uridine, hypoxanthine, guanosine, adenine or a
mixture of the latter three.

Only the PyY/AA/AAR/TG/TGR cells were extensively used in this type
of experiment, and there were some difficulties arising from the marked
cytotoxic'effect of concentrated DNA solutions? which had the effect of
.removing large numbers of cells from the coverslips so that there was an

apbreciable loss of sensitivity, particularly if those cells which were

lost were also those that had ébsorbed the most DNA.

’
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In a total of five large-scale experiments involving DNA absorption
under these conditions, 2 x 107 cells were examined, after wild-type DNA

treatment, for each marker. Sporadic incorporating cells were found in

7,

both DNA-treated and control coverslips (at a frequency of less that 10~
but tbere was no evidence at all that any specific genetic changes were
being induced by the DNA. In these, as in other experiments, the controls
included the same number of cells as did the experimental cultures, and
the two types were coded for mounting on microscope slides, the code not
being broken until the slips had been examined. These experimentg fix
éhe transformation frequency at less than 5 x 10‘8 for the AA, TG and TGR
markers and one of not more than ten times this value ﬁor CAR and BUDR.

Three factors were varied from experiment to experiment in this
system. These were the composition of the incubation medium, the presence
or absence of cationic substances and the growth habit of the cells. In
the 1a§t heading, both monolayer and suspension culture was tried.

The concentration of DNA used in these experiments was varied from
20 ug/ml to 100 ug/ml.‘ At 100 ug/ml, the cells were damaged after about
one hour qf incubation, but the effecF was not as marked at lower
concentrations of DNA. The figur?s given below are the approximate number
of cells screened after treatment'with wild~type DNA, for each marker and
under the éon@itioné indicated. In each case, an equivalent number of cells
that had not been treated with DNA of any type, plus a similar number that
had been treated,with the isologous (mutant) DNA under similar conditionms,

were included in the experiment.

Medium . Max. DNA concn. Cations. Cells screened.

EFC10 . 100 pg/mi - 106
tris—saline 100 - | 106
PBS , 100 . - 10°
PBS 100 ' spermine SOug/mi 107




.—95..

All of these experiments made use of cells that had recently been
grown in selective cpndi;ions, so that the number of incorporating cells was
low in all coverslips. Most often, there were no positive cells at all,
buﬁ in each experimént a few did appear. There was no obvious difference
between test and control coverslips and the accumulated number of positives
was too low to be used in a statistical analysis. It seemed very likely
that the positives represented the low level of reversion that occurred
~after removal of the selective medium.

| Szybalski and Szybaiska (1962a) reported that the DNA-mediated
transformation of their human fibroblast cell line occurred only when the
.DNA was absorbed in the presence of spermine, but their work has never
- been confirmed. In the above table, the PBS/spermine combination was an
effort to mimic the conditions used by Szybalski and Szybalska, the only
différence Being in the cell line and in the means used to detect trans—
formants. Szybalski and Szybalska used selection in HAT medium for this
purpose. Although the genetic marker used here was the same as in that
paper, no genetic transformation could be detected. This is in spite of
the fact that the transformation frequency reported by Szybalski and Szybalska
should have ﬁeen.easily detectable. |

To summarise the results soffar; cells were treated with DNA at
various concentrations between 2 and 100 ug/ml for periods of between 1
an& 96 hours and under different conditions of pH, ionic strength and
cationic additives - including spermine. After these treatments, the cells
were exposéd to radiocactively-labelled nucleic acid precursors and examined
by autoradiography. The labelling periods covere& the time from O to 108
hours after the start of DNA treatment. There was no difference in the
number of incorporating cells found in controls and in DNA-treated cultures.

The nature of these negative results needs clarification. In some

of the earlier experiments, there was a high frequency of incorporating

1
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cells - up to ].O_3 - which had arisen from the revertants that had accumulated
since the cells were last exposed to selective conditions. The negative
results in these experiments took the form of large numbers of labelled

cells id treated coverslips and controls, except in Ehe AA marker. No
adenine~incorporating cells.were found in any experiment either among the

-

treated or control cells. This purine marker was comsistent throughout.
In the experiments in which newly—-selected cells were used, at most oﬁ;‘
or two labelled cells were found on each coverslip, including the controls.
- Most often, no labelled cells at all could be seen. The most sign;ficant
part of these results, in view of the apparently cémplete stability of‘the
AA-resistance marker, is the total lack of adenine-incorporating cells in
all the experiments. It might have been expected that transformation would
become evident in this marker at least, as a result of the’gccumulated number
. of treated and tested cells.

One further variation was tried in éhe experiments on PyY/AA/AAR/TG/TGR.
This came from an observation of Dr. R. R. Biirk in this laboratory that
BHK21/Cl3 cells ate held in qatafter incubation for 4 days in low—serum
medium. Bﬁfﬁ found that the levels of wvarious cellular enzymes were
considerably reduced after such treatment, and it seemed worth trying to
‘reduce the level of intracellular;DNase activity by this means, despite the
fact that PyY cells are not as effectively synchronised by low-serum
treatment. The PyY/AA/AAR/TG/TGR cells were incubated for 4 days in
Eagles—}7% foetal calf serum and in the.presence of 2 'ug/ml of PyY DNA.
Labelliﬁg with the non~incorporated purines during £his period showed no
. incorporating cells. After the 4 day incubation, the medium was replaced
with EFCl0, and sample petri-dishes were labelled over 12-16 hour periods
‘from the addition of the EFCLO to 110 hours afterwards. Incorporating cells
were found in the TG and TGR tests, particularly in the later coverslips,

in which the few heavily—-labelled cells were clearly in a state of metabolic
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cooperation with their'neighbours. The number of incorporating cells was .
less than one per coverélip on average, and no difference was detectable
between test and control cells.

The experiments with the PyY/TG/CAR/BUDR cells took the same form
as those described above, but Were.not ds extensive. There was not the
same tendency to revert as was found in the PyY/AA/AAR/TG/TGR line, although
a few incorporating cells were found in the course of the experimental
work. These were always in the TG system. The CAR and BUDR markers
were stable. Calculating the total number of cells from the number of
cogerslips examined and the number of cells per coverslip (obtained from
cell inoculum per dish and the area ratio of coverslip to petri-dish) gives
the following limits of sensitivit§ for the transformation experiments
with PyY/TG/CAR/BUDR, and, as the results were ﬁegative, these figures

represent the maximum transformation rate that would be undetected.

culture conditiongﬁ time (hrs)* DNA (ug/ml) label#* sensitivity
© EFCL0 0-100 4 0-100 hrs 7 x 1077
EFC10 B 1-2 100 0-100 5 x 107/
PBS 1 50 ' 0-96 1078
PBS .+ spermine (50ug/ml) 1 ) 50 0~96 lO-6

)
/

#period of DNA treatment
*kperiod screened by labelling.

These results deal with 6 genetic markers, if-the TG resistance of
the two cell. lines ére considered aslseparate markers, although they are
deficiencies in the same enzyme. They deal with many conditions éf DNA
uptake, inciuding some which have been reported to give transformation in
other systems. The need to scan individual cells on the coverslips imposes
a timiné 1%mitation on the sensitivity of the method, but the repeatea
negative regults put an upper limit on the frequency of transformation of

-7 -8

10 - 10 ~. On the assumption that each cell absorbs, in the course of
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an experiment, 1% of one cell—-complement of DNA - and the labelling
experiment$ indicate that this is a low estimate — these transformation
expefiments would have detected expression of the absorbed genetic material

had only 10-5 of the genes under investigation been functioning.
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Section 6: THE GENETIC EFFECTS OF POLYOMA VIRUS -

In section 1.4, the evidence for the encapsidation of cellular‘DNA in
otherwise normal polyoma virus pgrticles was reviewedAand the possibility
of the expression of the genes ﬁerived from the original host cell was
raised. Wigh this in mind, a number of experiments were undertaken,
involving the infection of mutant cells with purified polyoma virus at high
‘multiplicity, and subsequent testing of the infected cells for any genetic
change in the various markers. Polyoma is a small virus with a genome
consisting of a single molecule of double~stranded DNA of molecular Weight‘
3 x 106 daltons (Crawford, 1964), and the encapsidated mouse DNA has been
shown to be of a similar size (see sectiom 1.4). fhis is sufficient to
. specify 6-8 polypeptides of average size. 0f the various enzyme activities
in which the mutant cell lines are deficient, only one is considered to be
‘possibly specified by the normal polyoma virus genome. This 1s thymidihe
kinase (TK), the kinetic properties of which have been shown to be altered
by infection with polyéma virus. On the other hand, it has been shown’that
infection of TK cells with polyoma virus does mot result in the appearance
of TK activity. The most probable explanation of these findingg is that
the virus modifies what is 1argelyfa host-specified structure.. There is
no evidence for the occurrence of such a phenomenon in the case of tﬁe other
enz&me activities missing from the mutant cells. It is.clear that the
induction of these enzymé.activities following infection of the mutant cells
with polyoma virus would.most probably arise from the functioning of the
mouse cell genetic material contained in the pseudovirion fractiom of the
polyoma population. This 1is not the only possible mechanism, for others
could be constructed on the basis of enzyme modification. The experiments
'did not ‘detect induction of enzyme induction in the cells, although one or

two observations suggest that is might be occurring at an extremely low

‘frequency.
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The plan of the experiments’was basically similar to the DNA-mediated
transformation exﬁeriments described in the previous section. In outline,
they involved the infection of the mutant cells with polyoma wvirus at very
high multiplicities, exposure of the cells to tritiated nucleosides, and
autoradiographic examination of the cells with the aim of identifying any
cells which have gained the ability to incorporate the labelled precursors
into their nucleic acids.

The virus was pﬁrified as described in section 1.8 and was examined
under the electron microscope as a negatively-stained preparation. The
preparations were composed of around 987 "full" particles, and contained
up to 101? virus particles per ml. The suspensions were stored at 4°¢c
in ‘the dafk.‘

A typical experiment will be described and then the results of it
and other experiments will be discussed.

A confluent culture of PyY/AA/AAR/TG/TGR was suspended in EFC10
and seeded into 5 cm. petri~dishes at 106 cells per dish. Each dish also
held 4 or 5 sterile coverslips of diameter 13 mm., so that each coverslip
would have held 7 x 104.cells. The cultures were incubated overnight at

37OC, and the cells were then washed once in tris—buffered saline. They

K

were infected with 0.2 ml.of a dfiution of stock virus in tris-buffered

saline during an adsorption period of 1 hour at 37°. Duplicate dishes
AN

were mock—-infected with the same volume of tris-buffered saline without
. ) . ~

the virus. - The adsorption period was omne hour at 37OC, after which time
5 mL. of EFCLO was added to each plate. Three sets of tem plates each
, were used,beach of the following compounds being added to one plate of
-each set.
. 3 .

i. H-hypoxanthine

. 3 .

1l. H-guanosine

. ' 3 at 2 uCi/ml.
iii. H-adenine
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iv. 3H~uridine
v. Mixture of i, ii and iii at 2 pCi/ml each.
0f each set of ten, five were infected and five mock-infected, with one
plate of each of these tybes receiving one or other of the above compounds.
The 1abelli;g periods were 24 hours in length, beginning at O, 24 and 48
hours after infection. ' Cells were fixed and subjected to the standard
autoradiographic process immediately after removal of the labelled
compounds. |

In this particular experiment, the multiplicity of infection was
4 x 104 particles’per celi. If 10%Z of these virions contain mouse DNA -~
and this is probably a minimum estimate - each cell will potentially be-
infected with 4 x 103 molecules of mouse DNA of molecular weight 3 x 106
daltons, which amount .to a total of about 1010 daltons per cell. This
is the equivalent of the DNA content of 3 x lO-3 cells, so that, if a total
of 106 cells are infected and examined, this experimental system provides
for the handling of a population of cells which has received a total of
3 x 103 cell complements of DNA. If this DNA is drawn at random from the

genome of the original mouse cells, about 3 x 103 copies of each of the mouse

genes should be present. in the vigus DNA. Not all of this DNA will enter

H

the cells, and not all of that which does can be expected to express genetic
activity, but this rough calculation does show that detection of transduetion
should be possible in this system‘unless the efficiency of expression
is very low indeed.

The gcanning of autoradiographs was thorough and was carried out under
100x m;gnification and bright field optics. Startiﬁg at the end of a
diameter of the coverslip, the slide was moved so as to scan from end to end
of a line perpendicuiar té the diameter. The slide was then moved by
the. width of the field of view and the adjacent part of the slip was scanned.

This was repeated until the whole of the coverslip had been covered and
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every cell on it examined. Both infected and control cells were subjected
to this same process.
In the expériment being described, five coVerslips of each type were

examined in this way, and the results are summarised in table 6.1.

Table 6.1
_LABEL . SET Py-INFECTED | CONTROL
3 .
H~hypoxanthine 1 0: 0
2 7 5
3 0: all cells (+) 6: all cells (+)
3H—guanosine 1 4 7
2 0 0
3 ? 0: all cells (+)
3H—adenine 1 2 0
2 0] 0
3, 0 0
mixture 1 6: all cells (+) all cells (+)
2 all cells (+) all cells (+)
3 all cells (+) all cells (+)
. . .

3H—uridine incorporation was not affected by polyoma infection.

? = preparation lost (bacteria)
(+) = visibly labelled, but not as heavily as the wild type PyY.
Figures indicate the jfotal number of heavily~labelled cells on
the 5 coverslips. !

(but see comments below)
set 1 = 0-24 hours; set 2 = 24-48 hours; set 3 = 48-72 hours.

S?;erql features emerge from these results and'they will be discussed
in parallel with the results of similar experiments.

Firstly, it is evident that incorﬁorating cells are found in both
infected and control cultures. This is a manifestation of the reveriéon
described in section 3.3e, and was a complicating factor in many experiments.
In one particular group of experiments carried out before the reversion
of these cells was first observed, the numbers of incorporating cells

reached as high as 50 per coverslip, which is a frequency of 10_3. This
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figure represents the frequency of heavily-labelled cells and excludes

those cells which were relatively lightly labelled and were obviously

in a.state of metabolic cooperation with heavily-labelled cells. The number
of revertants was reduced to zero by growing the cells for use in the experi-
“ment in the presence of the three amalogues, TG, TGR and AA immediately
before they were transferred to the petri-dishes for infectiom. Tﬁe
procedure adopted was to seed a 20 oz. medical flat with 2 x 106 cells

.in 50 ml. of EFCLO containing the following concentrations of the analogues.

‘

_8—-dzaadenine 50 ug/ml
6~thioguanine 50 ug/ml
6—-thioguanosine 40 ug/ml

The table of -results shown above represents the infection of cells
which had been grown in selective conditions a few generations before the
experiment. In table 6.2, two experiments are presented. In one of these,

the frequency of revertants 1s at the highest level observed.

Table 6.2
69/67 70/6
nonse‘lective selective
LABEL TIME INFECTED CONTROL INFECTED CONTROL
3H--hypoxanthine o 0-24 f 41 45 , 0 o .
24~48 ‘38 54 . o} 0
48-72 all + all + 0 "0
3H—guanosine 0-24 2 '. 11 0 1
34-adenine ' 0-24 0 0 0 "0
: 24~48 1? 0 0 0
48-72 0 0 0 ,0
mixture® ’ 0-24 33 37 .0 0
~ 24-48 35 35 0 0
48-72 all + all + 0 0

3H—1abe11ed adenine, hypoxanthine and guanosine at 1 uCi/ml each
this was heavily-labelled, and not of typical cell morphology.
It could not be certainly identified as a cell.

%

>
BN

The absence of genetic effect of polyoma infection is most clear in the

cells which had been selected prior to use, and was consistently observed
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through a series of twelve experiments involving a total of about 108 cells,
along similar lines to that described above. There is one feature of the
results which could indicate that enzyme is induced by polyoma infection at
an extremely low efficiency, but it is not consistently observed. The
adenine incorporation marﬁer was the only one which never showed revertants
iﬁ any of the preparations, whether preselected or not, but the “tables ébove

" 'show two cases in which adenine incorporation was seen in polyoma-infected

cells. It is difficult to estimate what weight should be placed on this
observation. On one hand, the only incorporating cells were in infected
cells. * On the other hand, only three incorporating cells were found

altogetheé, so that their significance is doubtful, and there is no consist-—
ency in their distribution, two being found in the 0-24 hour labelled samples
and one in a‘*24-48 hour sample. In the majority of the experiments; no
adenine~incorporating cells were found. It should also be mentioned that
the single incorporating cell in table 6.2 was not of typical morphology,’
being rounded and not even certainly identifiable as a cell. -
It has been found by previous workers that pseudovirions are slightly
_less dense on caesium chloride density gradients than are the normal
virions. This has been use& by Ofterman et al (1970) as a method of
purifying the pseudoviriops. Thé high titre polyoma suspension used in
- the present study was also centrifuged in caesium chloride gradients at a
starting density of 1.310 for 17 hours at 40,000 rpm. The virus band was
identified gy monitoring the absorbance‘at 260p and the less dense side of
.the peaks from the gradients were pooled and.dialysed1exhaustively against
tris;buffered saline. The resulting virus suspension was used to infect
PyY/AA/AAR/TG/TGR for the same t?pe of experiment as is described above,
but no genetical activity could be detected in a total of lO8 infected cells.
The apférent lack of, genetical activity of the mouse DNA found in

‘polyoma pseudovirions could be attributed to one of several reasons, which

will be discussed in section 7.
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Section 7: DISCUSSION

The ﬁptakg of DNA by mammalian cells is a topic which has given rise
to considerablg confusion in the past, partly because of the lack of
suitable experimental systems. Even the uptake of DNA macromolecules has
only recently been satisfactorily demonstrated. The most convincing proof
of this would be to show that the genetic functions encoded in the absorbed
DNA are expressed within the recipient cell. The reports that indicate that
this actually occurs are open to question for a variety of reasons, and no
. such expression was dete;table in the gell lines used in the present work.
This is more fully discussed below.

The use of radioactively-labelled DNA to demonstréte uptake of .
macromolecules presents problems in experimental design and in gkterpretﬁtion,'
#Fincipally because of the difficulty in distinguishing between label in
intact domor molecules and that which has been reutilised by the récipient
cells after breakdown of the donor DNA. This distinction has not always
been maée (Kraus, 1961). Among the means which have been used to avoid this
difficulty is the labelling of the donor DNA with 14C—f§rmate. This
precursorlis used in the de novo syntheses of DNA bases. The ratios of
the specific ;ctivities of the basés can be determineé by chromatography
after hydrolysis of the dono; DNA. If the labelling patternm of DNA
extracted from the recipient cells after they have been exposed to the
14C'-DNA closely resembles that of the untreated domor, it is taken as ;;
indication that the donor DNA has been absorbed as macromolecules. The
’published work_which has made use of this method (Kay, 1961; Rabotti, 1962;
Meizel and Kay,.1965; . Gibb and'Kay, 1968; Robins and Taylor, 1968) has
consistently shown that the ratios remain approximately constant throughout
‘-uptaké, which implies that only very little of the absorbed DNA is

degraded. .Considering the high levels of nuclease activity in the

‘cytoplasm of mammalian cells, this seems unlikelylenough, and the observation
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of the decre;se in DNA-label uptake in the presence.of thymidine or
arabinosyl cytosine makes it even more so. The evidence in favour of
at least partial breakdown of donor DNA (Ayad and Fox, 1968; Cocito et al.,
1962; Robins and Taylor, 1968) is sufficiently strong to cast doubt on the
validity of the interpretation of this type of experiment. )
Some workers have used, as recipients, cells which were deficient
in thymidine kinase (TK) activity. The rationale of this is that uptake
and &egradation of DNA labelled with 3H—thymidine will release gadioactive
molecgles which cannot be reutilised because of the deficiency in thymidine
kiﬁase. In fact, this reasoning is fallacious. If the donor'DNA is
broken down intracellularly, it will release tritiated TMP, which can be
incorporated into nucleic acid without the intervention of thymidine kinase.
Extracellular breakdown of DNA will also release TMP, but this can only
cross the plasma membrane if it loses the phosphate group, so that lack of
TK will prevent its reutilisation by the cells. Hence the use of TK cells,
while it will distinguish between uptake of macromolecules and uptake of
mononucleosides released by extracellular degradation of the donor DNA,
gives no information as to whether those molecules remain intact for any
length of time after uptake. Thg results will be the same whether the
DNA“aH reaches the ngcleus or istdegraded at the inner surface of the plasma
meﬁbrane.
The present Wo;k uses density-labelling to investigate DNA uptake.
The approach that was adopted was to label the recipient cell DNA with
BrdUrd and 14C--thymidine, and to look at the uptake of 3H—DNA, which
could thus be-distinguished from the recipiegt material on equilibrium-
density gradients. The survival of significant quantit;es of donor DNA
of unchanged density couid.only be demonstrated if absorption of the DNA

had taken place in the presence of DEAE-dextran. The analysis of DNA in

the recipient cells after uptake in these conditions showed that the vast
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majority of the absorbed donmor label banded at the position in the gradient
characteristic of the donor DNA. Only a very small proportion became
associated with density—-labelled material. Reconstruction experiments

BH-DNA added to cell lysate in the preseﬁce of DEAE-dextran

showed that
banded_at the same position‘as in its absence. Sucrose gradient analysis
of recipient DNA after uptake of donmor label showed that the donor material
sedimented at a rate very similar to that which it displayed before uptake.
The picture that emerges is one in which the donor DNA is not changed either
in sige or in density during absorption by cells in the presence of DEAE-
dextran. Unless the DEAE~dextran forces the donor DNA into some uﬁuéual
degradative pathway, the small amount of donor label in the density-labelled
bands and the high molecular weight regions of the sucrose gradients indicates
that’ very little of the donor DNA is broken down. In addition, the
experiment illustrated in‘fig. 4.11 shows that the uptake of DNA in the
presence of DEAE-dextran does not depend on the conﬁinuation of recipient
DNA synthesis, because the addition of arabinosylcytosine will abolish

" the latter while not diminishﬁng passage of donor label into acid-
precipitablé material in the "light'" band. The results of autoradiographic
expgriments are consistent with %pis picture of imertness. In cell;
exposed to 3H—DNA and DEAE-dextr;n, the absorbed radioactive label is

found only in the -cytoplasm of the recipient cells and is always seen as
clumps of silver grains, rather than as single grains dispérsed through

the cell. It was found that DNA and DEAE-dextran would form precipitates
when ﬁixed even at concentrations as low as 5 ug 6f each per millilitre,

and it is known that the two substances do form complexes with each other.
It seems likely that the observed behaviour of the DNA after uptake is

the result of the inability of the cells to break down these complexes;

particularly as there is no known intracellular enzyme which will degrade

DEAE~dextran. These findings may be correlated with those of Warden (1968),
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%ho showed that DEAE~dextran will enhance the infectivity of isolated
polyoma DNA, whilé polyaminoacids such as polyornithine, which also
increases the amount of polyoma DNA that is absorbed, have no such effect.
DEAE~dextran may in fact be acting as a physical protection against the
action of nucleases. The limited release of absorbed DNA from the
complexes is shown by the small amount of radioactive label that is found
in the recipient. bands of the gradient profiles (for example, 3H profile
no. 1 in fig. 4.11). The experiments in which the cells were incubated
for various lengths of time after replacement of the medium containing
the DNA and DEAE—dextran\showed that the label was gradually lost from
the culture, so that it never appeared in the density-labelled (recipientf
DNA band.. This indicates that the labelled nucleotides never become
available for.host syntheses. While there is a possibility that the
DEAE-dextran enférces the use of an unusual breakdown pathway so that the
products are not available for reutilisatiomn, the most likely explanatiomn
for these observations is that the majority of DNA that is held in compiexes
with DEAE~dextran is not degraded at all by the cells. The complexes are
in fact lost from the culture either by egestion from the cells.or by the
death of cells damaged by the absarbed complexes. The significance of
f :

these findings for genetic and in%ectivity studies is discussed below.

In the absence of DEAE;dextran, a different picture emerg?s.
The donor DNA is all, or almost all, found in the demsity-labelled bands
in caesium chloride gradients, although its distribution is not identical
to that of.3H label Whicﬁ has been given to the cells as thymidine—S—BH.
The éssociation of donor with density label couid come about in oneé or two
or all of'three ways. It could be the result of the reutilisation of
labellea'thymidine or the insertion of intact donor polynucleotide into

the density—labelled recipient molecules or the synthesis of new poly-

nucleotide on the donor template. If the first mechanism were solely
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responsible, it would be expected that the domor label would be distributed
.with respect to density in a manner identical to that of 3H"thymidine ‘
incorporation. The profiles in factldiffer considerably, especially in
that the 3H“DNA profilé is very heterogeneous. This heterogeneity doeé

not afise from the uncertainty inherent in.low count-rates, because it
persists even when the samples are counted'for periods sufficient to
accumulate some thousands of counts. The diminished uptake of 3H*DNA

label in the presence of thymidine or BrdUrd suggests, however, that there

is some considerable degree of breakdown and reutilisation taking place.

There is also some evidence that one or both of the other two mechanisms is
operating. Firstly, the caesium chloride profiles often show, as in fig. 4.7,
a relatively large fraction of the donor label in the hybrid peak. This

is consistent with some of the domor DNA acquiring some density label

without being broken down. In the éonditions illustrated in fig. 4.7,

‘that is, in-the continuous presence of BrdUrd, one would expect the vast
majority of the donor label if it is degraded and reutilised, to pasé
tdirectly'into the fully—labelled band. Instead, about 50Z of it appears

as a'fairly broad band around the hybrid position.  Again, in fig. 4.10,

in which the cells are not prelabe%led before the combined density-labelling
and DNA uptake step, a considerablé quantity of donor material is found
between the unlabelled peak and the h&brid (recipient) material. Total
bfeakdown would have led to its appearance in the hybrid peak omnly.
Secondly, alkaline sucrose gradient analysis of the DNA after uptake reveals
that some of the donor matefial sediments in the same position as does the
unaltered donor DNA preparation,‘while no such material is found in cells
labelled for the same period with 3H-thymidine. The recipient DNA
sediments much faster. It was not possible to compare the sedimentation

rate of the donor DNA before and after uptake with any precision, because

this would require cosedimentation of the two types of DNA in the same
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~gradient,- and the necessity to use only one DNA preparation preclu&es'the
use of double-labelling. The best that can be said is that the absorbed
DNA in the smailer‘compoﬁent seems to sediment slightly more rapidly than
the puré DNA when the two were run in similar and parallel gradients.
- Taking .into aécount the size heterogeneity in the su;rose gradients, the
proportion of the donor DNA which maintains its original sedimentation
behaviour is probably quite small. These alkaline gradients indicate that
_ this donor DNA is not covalently linked to the recipient genome, but do.not
rule out the possibility that thereis association by hydrogen-bonding.
The distinction between this sort of mechanism and that in which the
donor’ DNA is reutilised is a difficult one to make experimentally.
Simple use of neutral sucrose gradients would of course not make the
distiﬁction. The only attempts to answer this question have been made by
Hill and Hillova (1971) and by Ayad and Fox (1968). The latter group used
DNA that was labelled with 3H-IdUrd, and found that, after uptake, they
could detect a band at an intermediate density in caesium chloride gradients.
As has been pointed out -in the introduction (section 1.3) the significance
of this material is not clear in view of the lack of data about the |
labelling pattern of the originalgdonor DNA preparation. The authors appear
§
to interpret it as representing é’duplex'of which one strand is from the
donor and one from the recipient, but the fact that the cells went through
only one doubling in the DNA labelling step suggests that the 3H-IdUrd—DNA
was in fact labelled in only one strand. Their data do however suggest
that a component in fhe DﬁA after absorption is relatively rich in density-
label, which suggests that some of the recipient DNA is associated with
intact donor molecules. Alkaline gradients showed that the recipient DNA
in these associations was always that which had been synthesised before the‘

addition of donor DNA. This rules out the insertion of donor DNA single-

strands into the recipient strand which is synthesised during the uptake
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period, and suggests that the donor-recipient interaction involves only
that fecipient DNA which has not replicated during uptake. '

Ihe third group who have recently produced data from density-
labelling experiments are Hill and his colleagues (Hill and Huppért, 1970;
Hill and Hillova, 1971). They investigated the uptake of tritiated DNA
by cells that had been prelabelled with 14C-BrdUrd and their most
striking findings were that the 3H~1abelled material near the donor band
in caesium chloride gradients contained a component of density greater than
that of the donor DNA, and that the material around the recipient (BrdUrd4
labelled) position displayed a lack of coincidence between the 140 and 3H
activity peaks. This lack of coincidence was not found when the 3H activity
"was supplied as thymidine under the same conditions as were used for the
DNA uptake. It was found that there was a 3H peak which was always rather
lighter than the recipientvDNA after uptake of 3H—DNA, and that this
difference became more marked when the reextracted DNA was sonicated.

The authors (Hill and‘Hillova, 1971) interpret the data as an indication
that there are regions of the reextracted DNA which are relatively rich in
‘the donor label and which most probaﬁly arise from the insertion of domor
macromolecules of unknown size int? the recipient‘DNA. There is, however,
the possibility that the splittiné of the peak>of donor label is an artefact
arising from delayed breakdown of the donor DNA. If the 3H—thymidine is
not released immediately after ﬁptake, there will be a period during

" which the newly-synthesised recipient DNA will incoxrporate only the 14C-
BrdUrd and will thus be density-labelled to the same extent as the prelabelled
molecules. Only after the input 3H--TMP becomes available for DNA synthesis
will fhere bé competition between donor label and density label, and during
this time the newly—synthesised molecules will have a density less than

. that of the prelabelled recipient DNA. One experiment in the cells used

in the present work and involving the addition of labelled 3H-thymidine at
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different times after mock—addition of DNA to the medium indicated that
. delayed release of thymidine gives rise to considerable spreading of the
donor label profile on the lighter side of the recipient band, although
this was noﬁ resolved into two separate peaks. One finding that was reported
by Hill and Hillova was that DEAE~dextran prevented association between
donor - and recipient iabel. This is consistent with the data presented
here.

It appears that the donor DNA is at least partly broken down and
reutilised in the absence of DEAE-~dextran, but that a detectable amount
of it survives at about the same molecular weight as before uptake. Under
the same‘qondition;, all the donor DNA becomes associated with density
1a5e1 so that there must be some synthetic process connected even with those
. donor molecules which survive at roughly the same molecular weight as before
uptake. In the presence of DEAE-dextran there is mno detectable change‘
in the majority of the absorbed donor molecules. 'In the former case, it
remains to be proven whether the surviving donor molecules are or are not
assoclated with the recipient genome, but in the latter case they certainly
are not. Inhibition of recipient DNA synthesis prevents the passage of
donor label into the acid—precipiﬁable'fraction of the cells, a finding
which is perhaps unexpected in view of the survival of donor molecules.
It is probable that the input DNA is after ébsorption either associated .
.with a part of the synthetic apparatus or rapidly degraded. In such a-
tase, interference with DNA synthesis will force donor DNA molecules into
the Qegradétive pathway, and all the absorbed label will become acid“soluble.-

The numerous reporté of successful DNA-mediated transformatién which
have been'published are described in the introduction, and it is clear that
they have very little in common with.éaéh other. The experiments with
whale an@mals or with tumours suffer from the defect .that they often work

with pborly-defined genetic.markers. One of the clearest of such studies
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is that of Fox and Yoon (1966,.1968, 1970), who made use of the classical
colour and morphological characters of Drosophila. The genetics of

these traits have been well worked ou£ and in some cases tﬁe biochemical
mechanism has been elucidated. In addition to this, Fox and Yoon applied
"their donor DNA preparations to odcytes, a procedure which removes the
difficuities inherent in treating whole organisms by such means as intra-
venous injection (Podgajetskaya et al., 1964), or simple immersion of the
6rgénism in DNA solution (Led0u¥ and Huart, 1969). The results of Fox and
Yoon are not quite clear-cut in that transformation was not detectable in
all the markers that they fested, and that there were certain irregularities
in expressioﬁ in those cases where it was detectable. For example, the
transformed individials were invariably genetic mosaics, and the frequency
of transformation in single genes reached as high as 3.10—2. This latter
_finding’suggests that, unless the genes under inves;iéation fortuitously had
high frequencies, each individual must be transformed in up to several
"hundred loci. .If'this is.thé case, genetic transformation should be much
more easy to detect than it has historically proved to be. The mosaicism
Qf'the transformed flies is consistent with the idea that integration of

®

a piece of DNA need not be complet? and need mnot occur at the same
chromosomal locus as it occupied i; the donor. This integration of the donor
gene without loss or inactivation of the reéipient allele could be tested by
using known dominance relations among Drosophila genes, but the authors

give no information on this. They do however postulate a model involving

an "exosome' or a piece of donor DNA which is not integrated into the
chromosomes at'all, but replicates independently, and with a finite chance

of being lost at various stages of the life cycle. ~This accgunts for the
observed loss of donor genes, while the mosaicism is exﬁlained in terms of.

a copy~-choice mechanism within individual nuclei. The transformation

events observed were also found, by treating odcytes with DNA from flies of
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various genotypes, to be highly specific for the donor genotype. The
body of evidence set out by Fox and Yoon is impressive and further work
may wéll show that this is the first‘fully-authenticated case of DNA-
mediated genetic tramsformation in a higher Qrgaﬁism. The other reports
which have appeared have not been-developed, apparently bgcause of a

lack of reproducibility (K?aus, 1961; Szybalski and Szybalska, 1962a;

Fox, Fox and Ayad, 1969; Majuﬁdar and Bose, 1968). In addition to these,
there is a lohg list of negativehfindings in systems mainly involving the
"use of whole animals (Benoit et al., 1957a, 1957b, l957c, 1958, 1959, 1960a,
1960b; Perry and Walker, 1958; Bearn and Kirby, 1959; Svoboda and
Haskova, 1959; Chepinoga et al., 1960; Beatty and Billet, 1961;
Schoffinnen et al., 1961l; Astauroff et al., 1960; Horstadius et al., 1954;
Billeft et al., 1964; Novikov et al., 1961).

The cells ;sed iﬁ the present Qork are the best genetic system

that is currently available for the study of genetic transformation. The
defects are thoroughly defined and afe in single enzyme activities. The
reversion rates are low and in some cases are undetectable or zero, so

that anyvtransformants that arise do not have to be distinguished from a
background of revertants or of cells which for one reason or another

mimic reve;taﬁt ceils {Fox, Fox gnd Ayad, 1969). Finally, it is possible
to detect "abortive" transformation in single cells, and the change that

is sought is one towards the expression of a singlé dominant.gene (see -
section 3.1). The adv%ntages of the system are such that the lack of
transformed cells in the experiments described in sections 5 and 6 is in
itself significant.

Of course, the gengtic inactivify of DNA in these cells may have

a trivial explanation, or one specific for these particular cell lines.
There is the possibility that there is some intracellular factor or

condition which is peculiar to these cells and which precludes the

¢
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expression of exogenous DNA. To suggest a mechanism for this would be

pure speculation, but it is not hard to imagine some process similar to

the hqst—controlled restrict}on of bacteriophages. This would be a trivial
reason in the sense that it would not necessarily mean that expressiog

of absorbed DNA would not occur in other cell lines. Of course, the

' -achiévement of transformation is to Some extent a question of finding the
corréct technical trick. This was certainly the case in the early work on
the isolation of infectioﬁs viral nucleic acid, Which could only be assayed
at a usable efficiency in the presence of DEAE-dextran or if the cells

were previously exposed to hypotonic conditions (Warden, 1968; McCutchan
‘and Pagano, 1968; Pagano, 1970). It was the reported efficiency of
DEAE—dextranfin enhancing viral DNArinfectivity which prompted its use

in the present work. McCutchan and Pagano (1968) describe a number of
methods of treating the cells with DEAE-dextran, including pretreatment

with relatively high concentrations. The PyY cell lines used here,

however, would not tolerate high concentrations so that the pretreatment
method was not used at all. This should not effect the results, because
Pagano‘(l970) reports that treatment with DNA and lower concentrations of
DEAE-dextran at the same time is %qually efficacious. Spermine has been
reported as an essential factor fér the expression of absorbed DNA (Szy?alski
" and Szybalska, 1962a), and it was also tried in the experiments described

in section 5. Neither of the cationic substances that were tried was
effective in allowing the expressioﬁ of the donor DNA, but this does not
mean that no other substance would have done so. This sort of argument can
be applied to the other factors defining the cellular enviromment, .such

as pH and concentrations of particular ioms. If the detection of transform-‘
ation has so far been prevented by this sort of technicality, the pr;blem

becomes less interesting, though not less rewarding scientifically.

There are however more fundamental barriers to the expression.of

exogenous DNA in eukaryotic cells. Some of the more obvious ones are
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discﬁssed in the introduction (section 1.1), but there aré other possi-
" bilities. The regulation of gene expression inleukaryotic cells is only
véry imperfectly understood, and it is not known what regulatory sites,
if any, would need to be present on a fragment of DNA before the genetic
‘informatiqn encoded in it could be transcribed and tramslated. If, for
example, the particular gene under investigation absolutely required the
}functioning of a regulatofy gene which was, in molecular terms, distant
from it, the.probability of a single fragment of DNA carrying both the
regulator and the étructﬁral gene would be vanishingly small, so that
expression of the gene would depend on the unlikely event (see section 1.1)
_of the two essential fragments being present in poteﬁtially'active form in
the same cell. Other types of regulator function could be shared with
" the recipient éeli, and thﬁs would not prevent the translation of absorbed
genetic material.  Another possibility is that the expression of genetic
functions depends on the structure of chromatin and on the presence and
configuration of the proteins in it. This would mean that purified DNA
would -necessarily be genetically inactive. That the purification of
viral DNA does not destroy its infectivity does not invalidate this
argument, because the viral DNA igvadapted to deliver intact, genetically-
;

functional units into cells. Mammalian DNA is not so adapted. Itﬁ
role is to function within the chromatin, the Structurevqf which is
destroyed by the necessarily rigourous procedures used in DNA pqrification.
If this is indeed what 1s preventing genetic transformatidn, the worlk,
discussed below, on the uptake of chromosome fragments.would be a more
promising approach.

The size of the genome of a mammalian cell is a considerable

2

difficulty. If a DNA complement of lO1 daltons i1s sheared into pieces of

107'da1tons, each cell will give 105 pieces of DNA of which probably

only one will carry the gene which is being investigated. The probability

of any particular gene being sheared in the course of the extraction



- 117 -

. . =2
procedure is, assuming random breakage, of the order of 10 © and can be
'neglected as a source of inactivation. Thus, each DNA molecule that

"is detectable in the genetic system being used must compete with 105

othef-molecuies for uétake(and for the sites within the cell at which
transcription is possible. This factor if 105 could take the possible
frequeﬁcy of expression below the level that is at present detectable.

As an example, if each cell absorbs DNA amounting'to 5% of the to£al

cell genome, then 5% of the cells will be "infected" with any particular,
non-reiterated gene. The.efficiency of éxpression cannot at present be
even roughly estimated, but if it is only as low as 10—2, the frequency
of detectable transformation will be about 10—9, which would be extremely
‘difficult to handle experimentally. Once again, the use of isolated
chroﬁosomes could be helpful, and this is discussed below. The factors
which determine whether or not an isolated viral DNA molecule is or is
not infectious are not fully understood. Pagano (1970) points out that
viral DNA extraction loses at least 99.9% of the original infectivity even
in the best prepérationé achieved soAfar. The reasons thaf he suggests

for these losses, apart from the shortcomings of the techniques, include

the possibility that the conformation of the viral nucleic acid plays a

,.! .
vital role in determining infectivity. For example, polyoma DNA is separable

ingo threé components, of which only the supercoiled and the circular
forms are infeétious. This could indicate that only circular DNA can bé
infectious or that the opening of the circle during extractionis a
random process so that the correct initiation sites on the DNA molecule‘
are not exposed. Infectivity is of course a much‘more stringent test

of biological activity than is expression of a single gene. It is also
possible that the loss of circular conformation is associated with loss
of an internal protein which is essential if transcription is to procede.

Applying this sort of thinking to the‘uptake of cellular DNA, several points
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emerge.  Firstly, if circularity is essential, then cellular DNA is ruled
out as 'a means of tramsferring genetic information. The second point,
that conéerning initiation sites, has already been discussed, as has the
possible need for proteins associated with the DNA in its normal situation.
The calculations described_ébove and relating to the probable proportion'
of the absorbed DNA molecules which will be active in a given experimental
system must also be seen in the context of the very low recovery of -
infectivity in extractions of viral nucleic .acid. If a molecule, contained
in a simple protein protective structure and adapted to the initiation of
the transcription of exogenous genes in a eukaryotic cell, can be e%tfacted
in active form by the most gentle procedures available at a maximum
effiéiency of only 0.17, it is most likely that the extraction of a
molecule not so adapted from a situation requiring more vigourous procedures
will recover biologically;active molecules at a 'very low efficiency indeed.
Up to relatively recently, the failure of repeated attempts té
demonstrate DNA-mediated genetic transformation in mammalian cells could
"be attributed simply to the sﬁortcomings of the éxperimental systems that
were avaiiab&e. The widespread availability of well-characterised and
stable mutants makes it at least }ikely that transformation has been attempted
; .
in a large number of laboratories. The lack of recent, proven positive
findings, the doubts cast on the reproducibility of the published positive
results. and the negative results obtained using the advantageous genetic

system of the present work suggest that DNA-mediated genetic transformation

either requires highly specific conditions or that it cannot be done.
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Polyoma Pseudovirions

Infection of cells with polyoma pseudovirions {see section 1.4)
is another possible method of introducing genetic information into cell,
and it has received some attention, although not all the work has been

published in full. The' advantages offered by this system are the known

~ability of polyoma virions to reach the cell nucleus in a foqurecognisable .

by electron microscopy, and to release the viral DNA in a form capable
of initiating an infectious cycle. There exisﬁs, therefore, the possi~-
bility that the pseudo%irions, which are composed of normal virion
proée%n, may introduce the mouse DNA that they contain into the nucleus

and may release it at the sites that are suitable for transcription.

It is not a completely sure method, because the encapsidated mouse DNA may

lack nucleotide sequences or bound proteins which are essential for the .

initiation or continuation of gemetic activity.

What little work has been done has dealt mainly with the nat;re of
pseudovirions and of the DNA that they contain. No reports of geneEic
activity have appeared, and there have been some negative findings (Hirt,
pérsonal communication, 1971).

- Transfer of genes by such a mechanism is analogous to generalised
\
transduction in the phage—bactergum system, and it is interesting to note
that a report has appeaﬁed in which it is claimed that a bacterial genetic
function into cultured mammalian ceils by means of a transducing phage
(Mefril et al., 1971). This report awaits confirmation but, whether

or not this is forthcoming, it is certain that a good deal of work . will

be stimulated, If the bacterial DNA can be transcribed in this way

. after being introduced into a mammalian cell, there seems to be little

reason why mammalian DNA should not function under similar conditioms,
especially if it can be delivered to the nucleus by a virus particle.
The paper by Merrill and his colleagues does no more than demonstrate

.

the acquisition of an enzyme function. It appears that the controls
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necessary to exclude the possibility of spurious results arising from
mutation or from infection.by bacteria’or mycoplasma have. been included
in the experiments,.although no attempt was made to characterise the
énzyme as bacterial or otherwise. The unexpectedness of these results
makes it impefati#e that they be confirmed.

The work described in section 6 is obviously a preliminary study
of the interaction of polyoma pseudovirions with the lines of PyY cells.
The primary aim was to find if there was any genetic interaction and the
experiments were designed with that in mind. The lack of detectable
genetic change ig the pseudovirion-infected cells could be due to a
numbér of reasons. Fifstly, the proportion of pseudovirions in this
particular line of polyoma virus is not established. If it happens
that this is a line producing few ps;udovirions, the lack of genmetic
activity needs no other explanation. In fact, some attempts to produce
radioacti?ely—lgbelled pseudovirions by infecting mouse cells that had
been prelabelled with 3H—thymidine, vielded only very little labelling
in the band on the less dense side of the main virus band in caesium
chloride gradients. Previous reports have shown that cellular DNA which

had been synthesised before infection is included in pseudovirioms. The

8
}

only studies on the intracellular’ fate of the pseudovirions are those by
Osterman et al., (1970) and Qasba and Aposhian (1971). The former workers
. showed that 67 of the DNA absorbed by cells during infection with purified
pseudovirions becomes DNase-sensitive, which they interpret as indicating
release from the virus particles by uncoating. Qasba and Aposhian (1971)
labelled mouse embryo cells with 3H—thymidine and then infected\them with
éblyoma virus.‘ 3H41abelled pseudovirions were purified from the progeny
virus by means of repeated equilibrium-density gradients. The pufified,
labelled pseudovirions were used to infect further mouse embryo cells, from

\

which DNA, was subsequently extracted for hybridisation studies. Their



- 121 -

finding“that‘labelied DNA extracted from these cells 'would hybridise with .
mouse embryo cell DNA was interpreted as indicating the survival of
pseudovirion DNA, although the same result might be expected if the DNA~3H
had been totally degraded and reutilised. The reasons for infecting mouse
embryo cells with pseudovirions derived from mouse embryo cells are not
clear.

vThis work was all carried out in permissive cells, and its reieVence
" to the nonpgrmissive PyY cells used in the present work is questionable.
The mechanism by which virus replication is prevented in these cells is
not known, and there is the possibility that it is of a nature which
totally precludes the expression of any DNA contained in pélyoma capsids.
It is not even certain that the virus even enters tﬁe cells with reésonable
efficiency. What is clear from the results reported is that there is,
- for whatever reason, no genetic expression of pseudovirion DNA in the
mutant PyY_qélls. The possibility of expression in other cells is, of

course, not excluded.
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Uptake of Isolated Metaphase Chromosomes

| Many different methods have been employed for the isolation of
metaphase chromosomes, and there is considerable variation in the
conditions used, particularly with respect to the pH and fonic concentration
(Chorazy et al., 1963a and b; Cantor and Hearst, 1966; Huberman and
Attardi, 1966; Schneider and Salzman, 1967; Maio and Schildkraut, 1967;
Chorazy, 1970, personal communication). The advantages offered by the
use of isolated chromosomes in attempting to introduce exogenous genetic
information into a cell are twofold. Firstly, the DNA is supplied to
the recipient cell in a séate more nearly resembling its original condition
than does isolated DNA. It is still in association with many of the
components on chromatin, and thus has a better chance of arriving in the
recipient cell as a functional genetic unit. The extent to which chromosome
structure is destroyed by the isolation procedures is not known. In
most cases, the criterion of intactness of the chromosomes is simple staining
and microscopic examination. It has been shown, however, that isolated
¢hromosomes can be treated with pronase or DNase under conditions in which
d ' large proportion of the chromosomal proteins or DNA are ﬁemonstrably removed,
without desttroying their charactegistic morphology (see Hearst and Botchan, 1970
This means that the purified chro;osome preparations may well have lost more
of their o?iginal components than is realised. Of course, the available
chemical analyses have been carried out on purified material, and dffer
no guidgnée on this point.

The second advantage of the use)of isolated chromosomes in genetic
sﬁuAies §tems~from the fact that it is possible to fractionate chromosomes
into size classes (e.g. Mendelsohn and Satzman, 1968) - a procedure which
implies the enrichment of different part; within the DNA of the variéus .
chromosome fractions. As is pointed out in the introduction (section-1.1),

the complexity of the eukaryotic genome greatly reduces the chance of
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deteéting genetic transfo;mation in a particular cellular character. As

each gene 1is carried on a particular chromosome,.size fractionation amounts

to a concentration of each genetic marker into a smaller population of

DNA molecules. The only other method at the present available for such

‘fractionatiog of DNA is differéntial renaturation, which is less specific.

Ideally, each chromosome type should be separated from all the others,

4 f;r this would open the pbssibility of ascribing each gene to a particular

chromosome éimply by looking for genetic transformation mediated by different

chromosome fractions. In actual fact, there is a considerable degree

of overlapping in the sizes of metaphase chromosomes so that the best that

can reasonably be expected is a separation into fiyé or six classes.

This in itself will allow an independent check of chromosomal locations

deduced from célllhybridiéation experiments, and will decrease by a factor

of about five the amount of DNA competing for eﬁtry and transcription with

that whose genetic activity is being sought in a transformation experiment.
The reactivation of heterochromatic nuclei of chick red blood cells

after fusion with other cells suggests that there is at least the

possibility that exogenous chromosomes or . fragments of chromoson. - become

active after they enter the recip}ent cell. If the losses of material

e

suffered by the chromosomes in the course of extraction are not too severe,
then it might be expected that they will carry with them either the

enzymes required for the initiation of tramscription or the mechanisms
necessary for the production of those enzymes, because the chromosomes
must be, in their normal state, capable of decondensation at the end of
mitosis. The control of chromoséme function is not fully understood, and
it is possible that some factors necessary for reactiva;ion are supplied
by the nuqleoplasm. This would nmot prevent genetic functioning of the

~absorbed chromosomes if they reached the nucleus of the recipient cell.

It has already been demonstrated that chromosome fragments can enter
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cells in culture, and that they will penetrate into the nucleus while

still in a form identifiable by staining or Ey autoradiography (Chorazy

et al., 1963b; Bootsma, personal communicaﬁion). Chorazy and his.colleaguee
(1963a and b) isolated chromosémes at pH5.6, by hypotonic lysis of the

cell§ and differential centrifugation. Fragments taken up by cells were
detected by autoradiography, and weré found in the cytoplésm 6 hours after
they'were ddded to the medium. After 16 hours, they were visible in the
nucleus. The pH at which the isolation was performed was lmportant

in the maintainence of the shape of the chromosomes, and subsequent work

by Chorazy épersonal communication) showed that those isolated at pH5.6,

-as used in the work quoted above, were extremely fragile. In fact, there
was difficulty in repeating the extraction, and a new method was adopted
involving extraction at pH 4.6. No uptake studies have been carried out

on these chfomosomes. The question of how closely the extracted chromosomes
resemble their original state is unsettled, but the use in the extraction
process of conditions so different from the intracellular environment must

- markedly feduce the chance of obtaining complete genetic units.

o,



- EIGHT -

CONCLUSION

"'r-.,‘



- 125 -

Section 8: CONCLUSION

Only in the past few years has it been possible to make a beginning
on the genetic analysis of cultures eukaryotic cells, The advances
have involved little that is new in conception, but péve followed hard on
Ithe heelé of improvements in technique. For example, the relative scarcity
of suitable genetic markers has been circumvented by the introduction
of analytical methods which are capable of makiné very subtle distinctions
‘ between different proteins. Cook (1970) exploited such a technique
in order to show that the HGPRT activity which appeared in HGPRT cells '
after fusion with chick erythrocytes was due to the appearance of an
enzyme which had an electrophoretic mobility identical to that of the
© enzyme found in normal chick cells, and which was therefore specified
by the reactivated chick nucleus. A similar method of distinguishing
variants of HGPRT‘is described by Der Kaloustian et al (1959). This
combination of electrophoresis with localised assay of enzyme activity
is potentially véry powerful because it permits the detection of an
"alien" enzyme even in the presence of endogenous enzyme activity, and
hence removes the necessity of selécfing mutant cell lines for genetic
analysis (see Miggiano et al., 1969§._

In the determination of the chromosomél locations of particular
.genetic mérkérs, two stageg may be distinguished. The first has no
parallel in bacterial genetics because it involves the assignation of
éhe various genes to linkage groups and to the associated chromosome type.
The second stage is the determination of the relative positions of the
genes on their respective chromosomes, and it is this which may be compared
to genetic mapping of bacteria because it involves the construction of a

linear genetic map. It differs in that the eukaryotic cell has a physically

fragmented genome. With the exception of the few linkage maps which have
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been constructed on the basis of breeding experiments for organisms such
as Drosophila, the genetics of eukaxyotic cells has not passed beyond
the first of these E;;Ee stages. Certainly the, genetics of cultured
cells 1s at a very early stage indeed.
The construction of linkage groups in cultured mammalian cells

has been made possible by the development of cell fusion techniques and
in particular‘by the fact that some combinations of cells will give rise
to a hybrid from thch one set of chromosomes is gradually eliminated.
Incubation of these hybrids in selective conditions allows the isolation
of clones in which one region of the karyotype that is usually eliminated
has been retained. L Subsequent examination of these clones will reveal
Which(of the unselected markers are retained with high frequency and are
therefore closely linked to the selected gene. This type of work has attracted
a considerable amount of interest, and linkage information is accumulating, |
particularly with respecﬁ to human cells, the chromosomes of which are lost
after fusion with Chinese hamster (Kao and Puck, 1970) or with mouse
(Ruddle et al., 1971) cells. - The identification of the chromosome types
with whicﬁ the 1inkage groups are associated has been more difficult
because only recently have method§ of unambiguously identifying chromosome
types been developed. Thus, Kaogand Puck (1970) were unable to
" identify the chromosomes associated with their linked genetic markers, and
Ruddle et al (1971) were only able to assign to their chromosome those |
markers which were linked to HGPRT, which is known by other means to be
X-linked (see Fujimoto et al., 1971). The most promising current methods
* for identification of chromosomes or of fragments which have been involved
in rearrangements involve :the use of staining procedures which reveal
patterns of transverse bands. Firstly, there is the range.of %uinacrine

dyes (Caspersson et al., 1970a, 1970b) which produce flugrescent bands .

in patterns which are reproducible and unique to each chromosome type.
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The second type of staining is the use of modifications of giemsa, which
also give patterns of transverse bands (George, 1970; Summer et al., 1971).
A start has been made on the exploitation of these techniques for the
identification of chromosomes (for example, Rowley and Bodmer, 1971).
A direct demonstration of the genetic composition of each class of
chromosome, the introduction into cells of genetic changes by absorbed
chromosomes, is not at the moment possible. The necessary degree of
purificétion is well beyond the reach of current chromosome fractionation
techﬁiqﬁes; and, wﬁile uptake of isolated chromosomes has been demonstrated,
there is no indication that they can display genetic activity (Chorazy et al.,
1963b; Bootsma, persoﬁal communication).

The advance of eukaryotic cell genetics into the second stage -
that of the determination of the linear sequence of genes - will almost
certainly depend on the development of techniques simildr to those used
for the same purpose in bacterial genetics. It does not seem that the
" uncontrolled processes of hybrid karyotype reduction will ever provide
data of 'sufficient precision to lend any degree of certainty to the
mapping of closely-linked markers. It is difficult to assess EPe chances

of such methods as transformation and transduction becoming available for

2
¢

use in eukaryotic cells. Despité repeated attempts in many laboratories
and over maﬁy years, thefe are no confirmed cases of the genetic of
exogeﬁous DNA. The alternative possibilities - that such expression
either 1s wery rare or requires.very special conditions or cannot occur -~
will prdbgbly only be finally distinguished by a better understanding of
thé’proceéses of DNA transcription and replication in‘eukaryotic cells,

but there remains the chance‘that there is on some lab shelf a substance

.

which will have as powerful an effect as DEAE-dextran has on the infectivity
of viral DNA. Genetic activity expressed by the host—cell DNA in

-

pseudovirions has also proved elusive, but this could well be a reflection

of the lack of a really systematic investigation. It is becoming clear that
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viruses other than polyoma produge pseudovirions (see section 1.ana Lavi
and Winocour, 1972), and any one of these may prove capable of transducing
cellular genes.‘

Considerable resources of conceptual and experimental tools are
being built up, but the difficulty remains that there is no method for
the controlled transfer of genetic information from one eukaryotic cell
to another. Once this blockage is overcome, the way will be open for

developments as exciting as and more fruitful than the revolution in

" bacterial genetics in the nineteen-fifties and sixties.



SUMMARY,

The published evidence relating to the uptake and genetic effects
of purifiédzDNA is reviewed, and the nature of polyoma pseudovirions is
discussed. Thé characteristics of the biochemically-marked cell lines
used in this wérk aré described, and conditioms for the labelling of
DNA with bromodeoxyuridine and tritium are investigated.

ExperimentsAon the uptaké of isolated DNA indicate that up to
5% of the DNA complement of the recipient cell is absorbed from the medium.
There is a lag of 2-3 hours after addition of DNA to the medium before
.uptake becomes detectable, after which time uptake is much more rapid.
Even at the earliest time at which donof‘DNA is detectable in recipient
cells by autoradiogrgphy, all of it is found in the nuclei, unless DEAE-
déﬁtran is present in the medium, in which case the donor label\hppears
in clumps in the cytoplasm. Density-labelling experimenﬁs are consiste;f
with this, for in the presence .of DEAE~dextran the donor DNA does not
becomé associated with the demsity band characteristic of the recipient
material. DEAE~dextran also prevents the association of domor DNA with
high molecular-weight DNA in sucrose gradients, and renders the majority
of DNA upﬁake insensitive to arabinosylcytosine. In addition to this,
DNA absorbed in the presence of DE§E-dextrén is lost from the Lell over
a period of about 48 hours after its removal from the medium. There is
evidence-that, even in the absence of DEAE-dextran, there is a fraction
of the donor DNA which survives intact, although they are associated
with the recipient density band.

Experiments are described which did not detect genetic changes

in cells treated with polyoma pseudovirions or with pure DNA under a

variety of conditions. ‘
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