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LEST OF ABBHRVIATIQNS.

Abbreviations used without definition awve those regommended
by the Tditorial Board of the Biochemical Journal (Biochem,
Jey202,1 (1967)

DNA
ﬂﬁNa
Riia

polymerage -

8o e

ge o

RA-32P-aitR, etcom

XY
PaR
PrO

g €hice - - -

, FUAR, BUAR -

POROP -
SE-EGOH -
TCA -
POA -
515 | -
BHK 21 ecells -

HEp~2 cells -

RX

gells -

MOT= x pfu/ecell =

DA nucleotidyltvansferase (HeCo 2eTeTeT )
deoxyribonucleaget -
ribonueleaset

deoxyribontcleogide 5'=briphosphates of o
thymine, elc., proximally labelled with3ep,
dinucleotide of the (deoxy)ribonuclepsides
X and Yy in 3'+»5'«phogphodiester llnkage.
deoxyribonucleosides of thymine, 5'=fluoro=
and 5%-bromouracil. '

2y 5-diphenyloxazole

L, 4wbig={2=(5=phenyloxazolyl)=benzene) .
2emercaptoethanol

trichloroscetic acld

perchloric acid

sodium dodecyl sulphate

a gtrain of cultured cells derived from

“baby hemster kidney (MacPherson and Stokew,

1962) .
human epitheliold carcinoma, No., 2.

rabbhit kidney cells.

multiplicity of infection = x plague
forming vnits per cell.

4+ D.0. veference numbeyrs not used, ag they do noy adequately
describe the diversity of these enmymen (gee Chaplerl,

Section 2«»303@)
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CHADPTIR T = THNTRCMICTION

1e - VIRUSES

Tt TEE ol K3 :_
ol Histori Back .
1.1 Bistorical Backghound

In the {irst twemhy ears of the 20th gcntury, &gent,‘
- were discovered which infected plants, anlmala or hactcrlaﬁ.,i
which were smaller than bacteria &nﬂ requlred a host cell
within~which_to multlply. Thege agents became known as’
viruses. A commonly observed feature of virus infection .
was the destruction ox alteration of ﬁnnewvﬂnee of the 0011%
of Lne host and this, of course, ig the cause of the o
pathog Lnlcltv of many of the uman viral, dlseaaes, the
“severity ond frequency of oceurrence of these have alvays
been strong incentives for investigaﬁion of the nature of
viruses and their growth. | | ’
The flrs%_magex breakthrough in determining the 0hcm1ca1
-nature of vifﬁses came- in 1935, when Stanley crys%allised
tobaceco mosaic vivus and shawed ﬁhaﬁniﬁ canﬁainéd cnly
Iprutein“aﬁé a ﬁmallxamounﬁ éf N4 (Stanley, 1@35), On %hé*
other hand, examination of baeterL L V1ru&as (bacteriophag es)
had raVQQ1ed that they, alt h@ugh alsa nug?copzotemna
(Sohlesing er‘ 1936), eontalﬂed DEA and algq|po§§eﬁseduaiﬁ0réfj
complex morphology. — Analysis of animal viruses revealed .
that both DNA- and Hﬁﬁmeontéining ﬁypéa existed, and 1i%¥

- gradually emerged thalt virages differed from other organisms



i}

in possessing only one type of nuctele acid,

Within the last two decades, app&iaatién of bio-
chemigal techniques to the siudy of %iruséinfeeﬁed cells
haes led to tremendous advances in the knowledge and
understanding ofktha processeg of viral multiplication,
and these in turn have contributed subsﬁamtially to an
understanding of the molecular mechanisms opersiting in
living cells. Cohen (1963) sums up the situation when
he declaves that, "Virology has emerged....., as a major
approach to the study of the physiology and genetics of
the synthesls of specific proteins and nucleic acids.®

1.2 Chaoracteristics of Virusese.

When viruses are considered as orgenisms, the
fundamental oguestion of whether they are "living" or
"non-living" has often been raised in view of the seeming
inertness of the virus particle, This knotty vproblem has
been gradually reduced to one of semantics as knowledge of
the fundamenital processes involved in virus growth has
inereased, end ag it has been realised that viruses are
extremely efficient parasites which use the mebtabolic
capability of the invaded cell in order H0o synthesise the
componentﬂ of the progeny virus. The so-called “inertness"
of viruses is brue only of the mature virus state which is
analogous, in certain respects, Lo the spore state in othew

mlero~organismns . The almost frantic rate at which



blochemical processes take place during the vegetatlve
state of many viruses, esvpecinlly bscteriophages, could
scaroely be eailed inert!
In ovder to distinguish viruses from nonsviruses,
Twoff (19%3) proposed the Following discriminaztory
characteristics i
(i) Viruses possess only one type of nucleic acid, either
RNA or DNAs obther infeetious agenits possess both types.
(ii) ¥iruses are repréduced solely .from their nucleic acids
othex gg@nts are reproduced {rom the inﬁégrated gsum 0f their
congtituents, \
(1ii) Viruses are unable to grow (aé distinet from multiply)
and to undergo binary flssion.
hatbter, he added another btvo criterlia (Twoff, 1957) 1=
(iv) Viruses do not possess the genetic information for
the synthesis of an energy-producing systems
(v) Viruses make use of the ribosome s of theilr host cells,
Viral mueclele mcids are either single~ or double-
stranded, all Tour vosgible types having been described
(Table T.1). An inecreasing number have been isolated as
single molecules, and it seems likely that this is a
universal feature of viral, if notg all; chromosomes (Josse
and Blgner, 19663 Thomas and MacHattie, 1967).
The viral nucleic acid is surrounded by one or two coats.
The first and invariable coat is called the capsid and

gomprises protein subunits or capsomeres surrounding the




Table Tl.l,

Types_of Mucleic Acld Tound in Animal Viruses.

Type of Number Clasg of |
nucleic of Virus Example
acld sbrands
nNA one Ploornavirug Poliovirus
RNA one Arbovirug Somlikl forest
QWA one Myxovirus influenzea
RMA two Reovirus reovirust
DNA one not named il ham
rat virug
DHA ‘ two Papovavirus polyoma3
DVA ~ two Adenovirus many 4
' {numerical )
=
L » .}
DNA two Herpesvirug herpeslaimplex
. ) ‘ . .. 6
DNA Two Poxvirus voacelnia

Relerencesg -

1)

2)
3)
4)

6)

Gomatog, Ps.d. and Tamm, L., Proc.Nat.pcad.fcl.,
49,707(1963)

JeMiller Whalley, versonal communicabtlon.

Crawford, I¥.;Virclocsy, 19,279(1963)

Green, M. and Pina,M., Virolog£§209199(1963)

Russell, ¥.C. and Crawford, T.V., Virology,2l,353(1963).

Joklik WX g Je1M0LaBlole "é, 265 (1962) .
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yviral mucleic acide. The number of oapsomeres is constan%
for a given virus and The symmetry of ﬁhé capald mey be
helical ox cubics Mie viral nﬁeleio zeid plus capsid

is termed the nucleocapsid and this may exigt in naked

or enveloped Torm.  The second coa%~or eﬁvelope is termed
the ?ER&SE and may be composed of virel and/or host cell
material .

Various schemes of classification of viruses have heen
proposed (Lwolff, 1966). Hor example, the system devised
by Twoff, Hoprne and Tournier (1962) uses the Tollowing
ﬁesﬁential Integrants' g

(1) Type of genetic material: BRMNA or DNA

(ii) Symmetry of wvirion: helical, cubic or binal.

(iii)¥ucleocapsid: naked or enveloped,

(iv) cvantitetive datas
. helical = diameter of nucleoéépéid
cubic -~ number of capsomnered.
AT the present state of knowledge, however, such attempts
at classification are necessgarily preliminary.

1e3s Multiplication of Viruvses.

The time cbursa.of vival infection mey bve divided into
three stages:-
(i) adsorption and penetration of the virus particle
into the hogst cells
(ii) a latent or eclipse pnhase during which no infective

virus can be detecteds



(iii) release of mature virus particle$vfrom-the cell.

The charagterisﬁicﬂ of ﬁhe-firﬁt and third Sfages
uvary considerably from virus o virus and host to host,
while the second, although "in eclipse" as judged by the
1eve1 of infective virus, i, in fact, a turmoil of
blogynthetic écﬁivity in which consgiderable generality can
be disocerned lrregvedtive of thé particular characteristics
of host or virug.

Dur ing %hé eclipse phase, the Tollowing events must

take place:-—

(1) the virusg loses its protein coat (uncoating):
(i) the virel DNA is transcribed and, the resultant

messenger RNA (or viral RNA) translated into virus-
specified "eafly" proteing necessary for -

(1id) the replication of viral nucleic acidj

(iv) a further phase of transcripiion from progeny and/ ox
parental nucleic acid takes place, leading to -

(v) the synthesis of Ylate" virusg-specilied proleins
which include protein(s) of thé viral coat;

(vl) -assembly of the virsl ﬁmrticle (maturation).

)The'eolipse phase is the veriod mogl imteméively

studied Lrom a bilochemleal viewpoint, and Turther desg-

cfiption Qf‘SNA virus multiplication will he found in

Seotion 3 of this Chapter. The informabion on RIA viruses

is voluminous and will not be dealdt with here.
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1.4, DNA Viruses.

ladelese Pacterial DNA viruses.

Many diverse DNA-containing viruses have heen
described which infect animal or bacterial cells, although
none has so far been discovered which infects plants.

The DNA virusehogt cell intersction which was first

examiﬂe@ and which has continued to be the mogt Tavoured

experdgental system 1ls Escherichia eoll infected with
baeterioéhages off the T=series. seven of these have been
described (M1-77): the clogely-related 72 and T4 are un~
doubtedly the DUA viruses which are begt understood in
molecular terms.

Virulent bacteriophages are those which have only one
mode of intermetion with the hogt cell, namely, one which
leads to the multiplication of the virus and the eventual
lysis of the host cell, with concomitant relemse of mature
progeny virus parbicles, Two clasaes have been described
(vhitfield, 1962), the aubonomous virulent (e.g. the T-even
and 15 bacteriophagces) which bring about the wapid des-
truction of the bacterial genome, and the dependent virulent
phages (e.ge. TL, T3 and T7) which allow bacterial metabolisn
to continue for a time and indeed may require the inbtegrity
of the bacterisl genome.

Another virug which hag been the subject of intense

experimentation is the temperste bacteriophage A~ of Eseh.col]
~
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Inh contrast to the virulent bacteriophages, which can only
interact with & cell s0 as 10 cause its lysis atbt the time
of relemse of progeny virus particles, the temperate
bacteriophages have the elternatives of initisting a lybic
infectious cyele or of lysogenising the bacterial host,.

In the lysogenic state, the bacterium carries the genome
of the-virus in a latent condition (prophage) which is
located at a gpecific silte on, and multivlies along with

the bacterial genome untll some stimalus induces the

vegebative astate. The bazeberiophage genome then expresses

itself avtonomously by initlating virus production and
eventually causing lysig of the host cell. .

One other class of NMA bacterlophages worthy of note
are the small virnses containing single-stranded DNA
(molecoular weight of “NA, L.6x100 daltons), the first
observed and most exbtengively studied of which is /% 174,

infecting Tsche.coli. The discovery of this virug was the

Tirgt observation of naturally-occurring, single-stranded
DA

Lede2e Animal DNA Viruses.

DA viruses infecting animel cells display a diversity
comparable with that of the WWA bacteriophages. Thelr sige
range is larges; they multiply in the mucleus (herpes, adeno

d papovaviruses) or the cyvovlasm (poxviruses) of the host
cells the najority contain doudle-stranded DMNA, but, in a

few onses (e.gs Kilham Pat virus and the minute virus of mice)



the DNA is probably in the ginds~stranded configurakiana

In addition to these varied characteristlics, animal viruses
geem to Dbe divisible into two caltegories, in many ways
aﬁalogous ﬁo‘ﬁhoaé of the virulent and btemperate bacterio-
Phages.

Many animal DHA viruses are invariably vivulent, €e.g.
the herpes and poxvirus groups and manj members of the
adenovirus group, but, in no case has marked ﬁegtraction
of the host genome been demonstrated. At the same tine,
no definite dependence on the inbtegrity of the host cell
(genome has been shown and, indeed, *he capacity of cells
to gupport the growth of herpes and pseudo--rableg viruses
A8 highly resistant to radiation (Powell, 1959; Kaplan, 1962),
suggesting that these at least are auntononous,

Thé Othex;class af animal DA viruses is somewhat
analogous to the btemperate bacteriophages in that the
inte?aotidn of virus and cell can lead Lo a state other than
cytocidal multiplication of virus. Viruses of this type,
termed moderate by Dulbecco (1965), include the papovaviruses
and certain members of the human adenovirug ST0ND « hen
ﬁhese virﬁaes infecet a cell, they can elther muliiply anﬁ’
cauge cell lysis or else enbter a latent state in which
infective virus disappears and the viral genome may become
agsociated with the host cell, while the cell becomes transs
formed or cancerous and virus-—specifle anbtigens appesars

Unlike lysogenle bacteria, tronsformed animal cells only
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ravely produce virus if ol all_(ﬁ&rb@r; 1966).  These
ortcogenic viruses are mopstly of small size, the papova
viruges have DNA molecular weilghts Iin the range 3-5x100
&ai%é&a, the onoogeﬁic adenoviruses about 20x10° daltons.,

Thus, by virtue of their smaller content of senetie materialy

these viruses are inevitably more ﬁépendeL%,during multiplicat
ion,on the metabolic procesames of the host cell than ave the

larger, virulent viruses.

2.  DRONYRIBONUGLEIC ACID.

2elo Primary Struchture of DNA.

Pelele The chemical nature off NN¥A.

DEA is a linear heteropolymer whose monomers are
purine and ypyrimidine deoxyribonucleotides.,  The backbone
“of the chein comprises alternating R-D-deoxyribogse and
phosphate*reéidues, joined Dy 3',5t'-phosphodiester linxages:,_
(Migure T.2.)s The absence of a 2'-hydroxyl group vprevents
the formation of 2',3'-cyclic monophoéphates, és, for example,
nappens when RNA is expogsed to alkaline conditions, Stability
of the primdry structure of BNA to alkeli is a Teaturc which
heg long been used to distinguimh tﬁe two types of nucleic
acld, Iﬁviﬁ the~ba$is of meﬁhgﬂ% guch as that of Hchmidt
and @hannhauser'(l945) by means of which %isaues may be
analysed for their DNA and ENAvconten*é?

The nitrogenous bases, whigh are normally adenine and
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Figure L.2,

Strucbure of DNA.
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guanine (purines) and cybtogine and thymine (pyrimidines)

are bound to carbon-l of deoxyribose through thelr nlitrogen~9
and nltrogen~l atoms resvectively. Various other bases have
been detected in DA These include:s—

o ' . . _
(1) S-methyl cytosine, which occurs to the extent of a

few peyr cent in animal, bacterial and vlant DilAs;

LI ' ' £ » ' * *
(1i)  G-methyl amincpurine (g-methyl adenine), which

cccurs in small amounts in bagterial and bacteriophage MHis

(1i1) B'-hydrvoxymethyleylosine, which completely replaces

¢ytosine in the DRA of the T-even bacteriophages (Vyatt and
Cohen, 1953).

(iv)  5'~hydroxymethyluracil, whiceh completely replaces

thymine in the DNA of the bacteriophage S8 of Baeillus

ARSI SR R L S S A

subtilis (Kallen et al., 1962).

(v) Uracil, which completely replaces thymine in the

DHA of the bacteriophage TPBS8 of By subiilis (Tekahashi and
Warmur, 1963).

The bacteriophage DMiAs containing these unusual bases
(iii-v) also contain glucose, bubt only in the case of the
T-even bacterlophages ls it directly sttached to the unusual
hage.

Chemlical o1 enzymic hydrolysis of DHA, followed by
chromatographic analysig, gives 1its base comvosition,

Certain cuantitative relationshivs exist among the four basesi-

(a) the molar ratios of adenine to thymine and of guanine
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to cytosine are unity, (l.e., A = T3 ¢ = C);

(b) the sum of the purine bases oguals the sum of the
nyﬁlﬂL;1ﬁ9 buses, (l.e. A+rmﬂ+T)§l

(c): The number of Ge-aminoe groups equals the number of
G-keto groups, (L.e. A+CsGeT), (Chargaff, 195%), |
Loumhzgﬁ (a) is Lﬂo fundamental one, (b) and (¢) follow Trom
i%; &eeogniﬁlcn of these equalities contributed towzrds the
development of the double~helical shructure of WA (Wabson
and Crick, 1953). In addition, the description of INA
preparations in terms of thelr percentage convent of G40 has
been very useful, {(e.g. herpes virus DL, §+0 = 68, AsPel6 3

G=Cw=l4y’s Twssell and Crawford, (1964)).

dele2e fnalysis of the primary structure of DNA.

The primary structure of a macromolecule ig the lineay
gsequence of the monomeric units. In proteln chemigtey,
techniques have been developned which permit the determination

of the amino acld sequence of volypeptide chains of moderate

.‘5

slze. Here, the problem is one of an alphabet of twenty and
words of a few hundred letterss with the nueleie acids, the
alphabet has shrunk to four and the length of wordg incressed

to meny thousands of letters! Although +the nucleotide

145

sequences of some transfer-iNis (e.g. Holley eb_al., 1965) and
and of 58 BNA (ﬁ ownlee Th al., 1@67) have been determined, it
would scem thalb current technigques are neayr thelr linlt and
sequence deiermlnatﬁon of largexr pplynuclaotides is mome way

off, (Review by Duriton, 1965).



The picture is not one of uvnmitigated gloom, however,
ag several methods exist which give some information on the
prinary gtructure of DNA. Thege fall into two categorics i~

(i) vethods involving enwymic or chemlcal degradation
of L)]{!A @ 7 7

e SV

If DA can be degraded in some specific way, then the
oligonucleotides produced can be analysed and the frequency
of occurrence of particular nucleotide sequences can be
meagured, Engymic hydrolysis has not been widely used
because highly bond-specific Di¥ases have not yet been
discovered (Laskowski, 1967), but acidic hydrolysis, which
produces pyrimidine clusters, hydrazinolysig, which produces
purine olugters, and degradation with 0804 have yielded
useful information (Durton, 19653 Burton et al., 1963;
Rudner et al., 1966) ‘

(i1) Hethods involving enzymic synthesis on a DNA template.

The DNA polymerase of Lsch.coll catalyses the synthesis

of DNA from the four deoxyribonucleoside H'-triphosphates
dAath, 40Ty, AGTr and dPT? when supplied with a DWA "vrimer"
(Fornberg, 1961), (see Section 2e3e2) s The base composition
of the gsynthesised material reflects that‘of the added primer
because the latter acts as template for the production of a
new DFA strond by complementary base-pairing (see Section
2.2¢1:)0 Thug, analysis of the enzymic product sheds lisght

on the primary structure of the template MA. Josse, Faiser



and ornberg (L961) used this rationale in developing the

technique of nearest neighbour frequency analysis of DNA

(?if}‘ﬂl"@ L 3q) .
Basically, this method involves use of the DNA to be
analysed in a DNA polymerase reacltion in which only one of

the Towr triphosphates 1s labelled with 3z

T in theo{ —phogphate
position, (c.g. AATP), Subsequent hydrolysis of the product
to 3'-monophosphates ¢l fects the transfer of the 3P phosphate
Trom the deoxyadenosine residue to its nearest nelghbour
nucleoside on the 5'esides Isolation of the four 3'-
monophosphates and assay of each for radiocactivity gives the
proportion of each nuecleoside neighbouring deoxyadenosine,
whicgh 1s rcelated to the frequency of the dinucleotides Apd,
Cphy, Gpd and Tple Repetition with the other three Tyie
phosphates labelled in turn gives the complete analysis
(see Chapter IIT. Section 2.).

Another method of this type, which has not been widely

exploited so far depends on the ability of Esch.coli DITA

polymarase to incorporste ribonucleotides into a DNA strand
in the presence of ﬁn2+ (Berg el al., 1063), This
introduces alkali~-labile bonds into the polynucleotide
product. If, for example, DNA is incubated with DNA
polymerage in the presence of dATR, dGTP, 4dTTP anQQKMBEPwUTPT
and the produet hydrolysed with allkeli, oligonucleotides of
composition (AXp)yYnOp will be produced, with the phosphate
on the St-side of the ¢ residue labelled and that on the 3=

gide labelled only if it neighbour was ancother ¢ residue.
3



Figure I.5.

scheme of Nearest Neighbour Freguency Analyais.
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Measurement of the ratio ol vphosphatase—~gensitive to total
radioactivity for a series of isolated oligbnucleo%ides

giveé information on the frequency of occurrence of certain
sequences (Goge YpCpC in the above case). Thisg methed has
been used for the analysis of the DWA component of cytochrome
oo (Jaékson gﬁwgg,, 1965) and ig clearly capable of cone

siderable developmente.

Ze2e The Secoundary Structure of DNA

2.2, s The Watson-Crick model,

Once the main Teatures of the primary structure of DNA
had been elueidated, the way’lay_apen to use the powerful
technique of x-ray Ailfraction to obiain information on
precise stereochemlcal arvvangemenbs of the constituent
~atoms. The deta arising from these studies allowed Watson
and Crick (19%3) to propose a double~helical structure for
DNA e

Their model gocommodates both the xmﬁaj diffraction
&éﬁa and'the'ohserveﬁ quantitative relationships between
the bases, and has the following basie features (Pigure L.4.):.
(1) two right-handed, helical wolynucleotide chains,
coiled on the same akis;

(i1)  the dismeter of the helices is 20% ond the piteh
344 (equivalent o about 10 nucleotide vairs vper burn):
(ii1) ‘the polynucléo%iﬁe chains are antiparallels

(iv) the hases lie normal to the long axis and are
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_arranged specilfically, so that A in one strand pairs by
hydrogen bonding only with T in the other stand, and 1like-
wise G witﬁ C, (Pigure T.5.).

(v) the diameter of the double helix is constant, because
all pairs are purine-pyrimidines

(vi) the deoxyribose~phosphate chaing Llie on the outside
of the chains with alternate wide and narrow grooves hetween

the helices (Pigure Tede)s

P
e

The Vatson~Crick model for the séoondary structure of
DEA has gaianed virtually universal acceptance andihas proved
an extremely Truitful one Tor modern blologists, implying as
it does a mechanlsm for DNA replication, and, following the
discovery of an RNA species complemenbary to DHA (Volkin |
and Astrachan, 19%6), & mechanism for gene exXpression.
Although the model has remainéd basically unchanged, some
important relinements have been made. The Z-ray studies

of Wilkins and his colleagues revealed that three configurae~
tlions of the DNA Libre are possible, with different pitches
and different numbers of nucleotides per turn. In addition,
recent work (DeVoe and Tinoco, 1965) has shown that although
hydrogen bonding beltween base pairs gives the specificity

of chain interaction, it is probably the stacking of the
bases which is chiefly resPOﬁsible for maintaining the

double helilxe



Filgure L.5e

"Hydrogen-bonded Base Pairing in DNA.
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2+s2¢2, Molecular weight of DNA and aspects of
S DNA gtructure 11 VivO0. '

Both the solution properties and the ulirascentrifugal
propertie s of DNA have been used to delermine its molecular
welght,but these methods,; while useful fdr comparative
purposes, do not yield abgolute values. Use of an
avtoradiographic fechnique which gives a direct messure of
the nunber of phosphorus atoms in a DNA without making any

assumptions about 1ts structure gave a moleculax weight

]

for T2 bacteriophage MHA of 130110310‘ daltons. This
provided a standard against which other methods could be
calibrated (see Josse and Bigner, 1966).

Aatoradiography and electron microscopy have bobh been
used to determine the length of A molecules, and from this
neasurenendt, the molecular weight can be obtained, since the
mass per unit length of the NWe salt of DA from X-—-vay
diffracetion studies is 200 daltons pew 7. Tlectron
mleroscopy, in narticular, hag proved a useful technique
which gives both the molecular weight and the degree of
neterogenelty of a given DNA preparation.

Yhen the auvtoradiographic technigque mentlioned above
was applied to whole '"'2 virus particles, the gsame result
was obtained ag with ilsolated DNA, indicating that the DWA
of the virug ig a single molecule, The same conclusion
hag been reached with several obther DNA viruses, both bhacterisl
and animal, and it scems likely that this is a zeneral {eature

of viral nucleic acids. Other speceific features of cerbain
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baecterliophage DNAS are :

(i) !tﬁe'ocourrence o single-strand breaks in genetically
fixed polnts on 7% WHA (Thomas, 1966)3

(i1) the existence of the DWA of T2 and T4 as collections
of circularly permuted molecules with terminal redundancy
(Thomas, 19663 Thomag and ¥FacHattie, 1967).

SJeveral viral DNAs have bheen isolated in circular
Forms. These include the gingle-—stiranded DHA of bocterio-
phage L1174 (Mlers and Sinsheimer, 1962) and the double~
strended DUA of the papovaviruses (Crawford, 19643 1965),
The DHAs of the latter group exist in a supercoiled fomm
which is converted to & ming form by a single-strend break,
and 0 & linear form by a double-strand break. Baeterio~
phage A.ﬂﬁﬂ can occur in a “peeudo-eircular' Lorm because
of the complementary, single-stranded regions which exieat
at either end of the moleocule (Hershey et al., 1963). in
engyme has been detected in (Gellert, 1967) and purified from

extracts of Lsch. coli (Gelfter et ale, 1967) which will

convert these "pseuwdo=circleg" into covalent civcular DNA,
Much less dg knovm about the sitate of the DA of the

chromosomes of animal cells and of the signilicance of the

interactlions befween DA and the histones and other vroteins

of’ the cell nucleus.



2,3, Netabolism of DNA.

2+301s gynbthesis of nucleotide precursors.

The reactions involved in macleotide synthesis can

be divided into several groups (Pigure L.6.):-

(i) Purine and pyrimidine bilosyntle ses take place by way -

of the well-established pathways from S-phosphoribosyl-

pyrophosphate (PRTP) to INP, and from agpartate to UVP
‘respectively.

(ii) Ribonucleotide conversions give rise to AMP and

GUP from INMP, snd to CTP from UTP.

(111) Phosphorylation of nucleoside monophosphates to the

di~-arid triphosphates ig catalysed by vafious‘kinasea.
Other kinases &xisﬁ which phosphorylate nucleosides to
nnclee%ideﬁ. One of the most imporﬁam%‘of these is TaAR
kinaﬁé, an enzyme whieh increases mavkedly followi ng
infectlon of animal eells_wi%h many DNA vir_seé. Many
phosphétases of varying degrees of ggeeifiaity exist which

earry out the reverse of the se phogphorylations.

(iv) Ribonuecleotide reduction occurs alt the diphosphate

o

level in mammalisn cells and Escha.coll, but at the tri-

phcsphate level in Lactobaclillus léiehmanﬁi. It wag

believed that uridine nucleotides were not reduced and
“that dUMP was produced from dACMP by ACHF deaminase, (iva)
but it is now known that both pathways occur (Moore and

Hurlbert; 1966) . Incorporation of QUT? into DEA, in
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Figure I.6.

Synthesis of Deoxyribonucleotide Precursors,

PRPP aspartate
i l
(1) 1 (1) !
3 ¥
uqu (1 .2%@
ii
,H S ,_\ . (i1 .mmu (iv)
AMP GMP CTP4————— UTP AaUDP T3R
AHHHV«_ (1i1) ‘_\ Ww ,._x (iii)
m.duw I3 ATP UM[IMW.WIVIV GTP Cl %ﬂ%lw aTMP
Au..qw._w._‘m (iv) (iv) ,«w ?..,qmu% WW (iii)
d 4aGDP ACDP=s—> 4CMP aT
(111) | (111) | (111) oG
DPH @ﬂw 4cip dTTP
. | DNA polymerase |

|

|

I
Y

D NA



30D

Hgchscoll at least, is prevented by the existence of a

potent dUTPase (Greenberg et al.,1962).

(v) amp synthesis is catalysed by the ensyme thymidylate
J.

synthetase which methylates dUNP, in a reaction involving
N5,N10,mmeﬁhyleﬂe tetrahydrofolate.

Mterations in nucleotlide metaboligm occur in viruse
infected cells (Section 3¢).

Many of +the enzymic reactiong of nucleotide synthesis
are under the fine control of a negotive feedback mechanism
in which an end product inhibits an enzyme on its own
synthetic pathway, c.ge. AP and GMP inhibit the first step
of purine synthesis, and ATTP inhibits TdR kinase, ACMP

deanminase and ribonucleotide reductase.

243+20 Synthesis of polydeoxyribonucleotides.

ALl polydeoxyribonucleotide-gsynthesizing enzymes
utilise deoxyribonucleonside S'-—~triphosphates ag monomeric
units and the reaction catalysed iavolves nucleophilic
attack of a 3t<hydroxyl on the d-phosphate of a triphosphate
residue to give formation of al',5'=phoaphodicster bond
with the release of pyrophOSphate'(Kornbergg 1.961). This
reaction forms the basig of the sssay method, which measures
radioactivity rendered acid-insoluble when the enzyme is
incubsted with DNA, m§2+ and the four deoxyribonucleoside
 o'~triphosphates, one of which is radioactively labelled.
Ynzymes of this type, called DUA poiyngrages (DNA

nucleotidylirangferase, T.C.2:7.7+7.), have been detected
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in many sy&tem§ ~ bacterial, animal, plant and DNA viruge
infected cells, ana also in MWA=containing sub-cellulaw
components, e.ge. mitochondria. The DNA polymergse agl-
ivities from these sources have several feabtures in common
(Keir, 1965; Xornberg, L1967):-
(i) a dependence oﬁ added DA primexrs
(i1) a requirement for the four 5'-triphosphates,

| (AT, dOTP, _d{}fi‘ti? and A1TP) for maximal activitys
 (iii the base composition of the synthesiaad naterial

is complementary to that of the primer DA
A dlstinction has been drawn (Krekow et al., 1962)

between the above type of polymerase activity, termed
"replicative', and a hOmOpolymerwSynthesising agtivity
called the "terminal addition" reaction which requires
only onetriphosphate. Thejrole of the preformed DA
in these two reactions is worthy of comment. | In the
second case, the bNA acts simply_as a “"primer" or
initiator for the polymeriﬁaﬁiém reactiont in the case
of replieative'bNA pclymérase, the DNA must not only
S act as a “"priser?, but also asg a template on which the
new' strand is synth@sised,bj eompleméntary bhagse @airimg.
Non~primed synthesis of poly dAT and poly dGdC from the
appropriate triphosphates oecuré after & lag period with

Eschl.coll DNA vpolynerasca

The best characterised NNA volymerases are those of

Eschecoll (Richardson_et al., 1964a) and calf thymus
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(Dollum, lééO; Yoneda and Bollum, 1965)s in these, and

other systems, the DNA polymerase reaction and its products

have been studied in some detaid. Use of the Esch;colih
DA polymafasa for the nearest ﬁeighbour frequency analysia
of DNA has already been mentioned (ﬁection 2,1.25). The
results obtained with thls technlque afe congistent with

a hydrogenwbbﬂded gelection of inoomiﬁg triphosphates with
Thelr complementary nucleotides on the %émplate sﬁran&, and
algo with an anti-parallel aligament of the polynmucleotide
chains of DNA (Josse, Kaiser snd ¥ornberg, 1961). in
examination of the replacement of the normal four deoxy=-
ribonucleoside §'mtriphosphahes with vnusual. analogues
which can form hydrogen bondé gimilar to the normal base .
which they resemble can be ingawporatea (Kornbéwg, 1961 ).
A diseﬁssiom of %he‘role offl TWA polymerﬁé@s in ﬂwﬁ'repm
lication in vivo will be foundin Sectlon 2.4.2.

TR AR B i RO

2¢3s3., Negradation of NNA

The nucleic aclds are susceptible to attack by a
class of phosphodiesterases commonly termed nuclenses.
These enzymes are o widespread.ocourreﬁce and show
considerable diversity in their pfﬂpértﬂ?ﬁ, The main
features of the action of nucleases will be describved as
a hasié for clasgiflcationz-

(i) Specificity towards substrate.

L. non-specilic = i.c. hydrolysing both DNA and RI¥4.



2. gpecific = l.e.hydrolysing either DHA or REA.

o ST MALTE

(11) lode of attaock on substrate

Polymeric subatrates can bhe attacked by enzymes in
two ways, by endolytic attae&; lege at points within the
polymer chain, ox by exolytic attack, i.e. stepwise Lron
onebend of the chalne Thusg, two types of nuclesse exiglh -

1. endonucleases - whieh produce oligonucleotides,

and raplid changes in physical properties (e.g. viscosity)

of the nucleic acid.

2. exonucleases - which produce mononucleotides and
change the physical properties more slowly.

I% should be noted that certain enzymes - micrococeal
nuelease (de Veuron-Landolt and Privat de Garilhe, 1964).
and booteriophage T5-induced Miase (Pauvl and iehman, 1066) -
seem bo carry out both endo- and exonucleolylic attack.

(1ii) HMode of vphosphodiester bond cleavagc.

Unlike other polymeric substrates such as proteins and
carbohydrates, whose subunibs can only bhe cleaved in one way,
“the pentose-phosphate backbone of the nueleic acids can be

C@plit din two ways, to form products bearing -

1. 5'-phogphoryl groups, by hydrolysis of the bond
between the 3'~hydroxzyl and the phosphate, or

2+ 3'~phosphoryl groups, by hydrolysis of the bond

between the S'~hydroxyl and the phosphate group.

(iv) gpecificity towards secondary structure of substrate.

Several nucleases have been described which show absolute

spegifiéity-towafds (1.) single~ or (2.) double-stranded
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nucleic acids. Gthers show a strong preference for one
configuration (1L or 2) while others (3.) atiack bobh with
gsimilaor feecillty.

These Tour criteria form the basig of a claggification
of nucleases, so that pancreatie DNase, for example, would
be described as 2 (D).1l,Ll.3.y 1.0. & DNA-specilic endo-
nuelease, forming B'Mphdsphoryi groups and showlng no
strong specificlty towards secondary struciturc. Pancreatlc
Riage would be 2(R).1.2.1. and snake venom phosphodiesterase
Le2¢1la3e

Qther fealures of the action of nucleases include
(1) existence of a Limit o digestion; (ii) with
exonucleases, the end of the polynucleotide chain at which
atbtack is commnencedy (iidi) with endpnicleases, preferential
bond hydrolysig, €.g. of Gpil—0p by RNase P13 (iv) scission
of double~gtrand DHNA by single~hit (e.g. spleen Diaose) or
multiple-hit (esgepancreatic DNase) kinelbics.

| Although nucleases can be detected ln practically every
biologleal sgystem thelr physiological wroles are virvitually
UnKnow e Breakage of phogphodiester bonds pfobably ocours
in processes such as redombinaﬁion and replication of super—
coiled, civcular DNA but the engymes involved have nolt yet
been defined.,

2e3sde Alteration of DNA.

<t
1

jeveral mechanlsms exist which can modify the structure



of whole DNA mﬂieeules. some of these are chemleal

(e.ga the actionlof mubagens such as nitrous acid), some
are physical (esg. the formation of intra-chain thymine
dimers by wltraviolet light) but only the enzymemoaﬁalysed

types will be dealt'ﬁith here,

(i)  Methylation

Non-thymine methyl groups in DNA are added after
Formation of the DNA chain. The enzymes responsible (DA
mebhylases) are found in animal, bacterial and bacteriophage-
infeoted systems and cause The methylation of cytosine
(animal) or cytosine and adenine (bacterial) by the methyl
donor, S-~adenosylmethlionine. The degree of methylation of
a given TNA seems o be determined by the specificity of
1ts homologous methylase, as the charvacteristic degree of
methylation of a DNA can be increased by use of a
heterologous enzyme, (see Dorek and Srinivasan, 1966).

(ii) Glucosylation.

A proportion of the hydroxymethylceytosine residues
by virus~induced eunzymes which transfer glucose residues
from Uﬁ?glﬁoose to form A~ and @w-glucoayl and di-glucosyl
hydroxymethyloytosine. Again the nature and degree of the
glucogylation depends on the glucosyltransferases induced
(Kornberg, Zimmerman and Kornherg, 1961).

(1ii) Terminal phosphate mebaboliam.
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Fnzymes have recently been deﬁecfed which batalyae
the addition and removael of bterminal phosphate residues
of nucleic acids. Nighardson (1.96%) has described a
bacteriophage T4;in&uced polynueleotiée kinase which
piosphorylates 5'shydroxyl termini of nmucleic meids,
and more recently (Velss & Hiehardégﬁ, 1967) a complement-
ary enzyue ﬁhieh repairs siﬁglemstrand breaks by Jeining
Itwhydroxy and B'Qphcsphéryl tgrmini in a DHA duplex
with singlemstrand breaks. Qther enéymes have bheen
found which specifically remove Yerminal phosphoryl
residve s from DNA (Becker and Hurwitz, 1967).

2.4 TNeplication of TNA,

2.441. In vivo studies of TUNA replication,

The double~helical TNA stfucture and mechanism of rep-
lication proposed by Watson and Crick (1.953) proﬁided an
excellent bagls forx éxyerimenﬁaﬁion on’ thig probleme.
Convineing proof of the semi-conservetive mol e of DNA
repldention predibted by Watson and Cﬁiak<qgme'from the
clasgle experiment of Meselson-ﬁfﬂﬁahl (1958), in which

DEA Trom Esch.coli grown in'a "heavy" (W15) mediuvm and

subsaguently transferved to a "Light" (Nl4) medlium wag
found to pass through & hybrid (W2/wl4) state. This
would not be nredicted by a model which conserved ﬁhe
parental DA molecule. The idea that the double~helix,
rathey than the single chain, ls the ﬂemimccnaer?ed wnid

(Cavalierl and Rosenberg, 1962) now has little suppori
o



(Kornberg, 1967).

| 'Tha experiments of Teselson and Weiglei(1961) aghowed
that the DNA of bmeberiophage - replicates sémi;oonserva»
tively as & whole unit end also that genetic reccmbihaﬁioﬁ.;'
ocours by breskege and reunion of DNA duplexes.
'QDemOnstraﬁiQm of semi-conservative replication with T4
 baeﬁeri0phage (Kominski, 1961) was cbmyliqat@a,by the Tact
- that the semi-conserved Di4 ohaing are much intermixed by_
the high frequency of recombination, and hybrid molecules
can oniy ba detected alter fr&gmént&ﬁien of the progeny |
DNA. .

| Aneﬁh@rlexperimen% of greéﬁ ﬁignifieance'iﬁ that of

CGairns (1963) who exemined the replication of the Esch.coli

chromosome by auntoradiography. He showed +that the Esch.coll

chfbmasom@ ig eirveular and is replicated at a growing pcint
1%@i@hwmaveé roundsthe circle prnduéiﬁﬁrﬁwggdaughter cireular
double helices. This wdrk‘ghowad the necessity for a 1
gwivel in =2 eircuiar replicétimg chromogome and gtrikimgly
confirmed the undirectional synthesis of DNA and the Y-shaped
ﬁoael of the replicating yointa

2,4,2, The role of DNA polymerase in DNA replication,

$g#era1 problems arvise in reeonciling ﬁhg obgserved
- properties of DA polymerase-and the Ymown f@étures of

ﬁﬁﬂ_repliaaﬁions

(1) The éelymeyasea found in animal cells and those

~dnduced by bacteriophages ubilise native DNA templates oo




Bigure I.7.

Possible Mechanisms for the Synthesls
of the Antiparallel DNa Strand.




at a much glower rate than denatured DNA, and the
reaction atdps at or before one replication. On the
other hand, bacterial polymerases utilise both native
and denatured DNA as btemplate, and do not stop after

one replication but perform up to twenty-fold synthesis
0f added DNA. These two types have been termed
initiation- and termination-delective respectively
(Bollum, 1966),

(ii) Unidirectional replication of the antiparallel

DA chains also poses a problem. The observed enzgymic
reaction_ﬁynﬁhesises the chain growing from a 3'-=hydroxyl
end, but what of the other; St-hydroxyl chain? Two
schemes hdve been proposed (Pigure T.A) involving either
(a) attack of the B‘Mhydroxyl of the incoming trdi-
phoaphate on a hyvothetical 5St'-triphosvhate on the
growing chain or (b) aftack of a 5'«hydroxyl of a
growing chain on a 3'-triphosphate. Mo evidence for
these feactions has y@ﬁ been obtained with isolated
enzymes (Yornberg, 1967), in fact, recent work on the

distribution of P3gwphosphate in Eschecoll DWA sugpests

that only H'ephogphdtes are used as DNA precursors
(Price eb als, 1967). Difficulties such as these have
led some to suggest that these isolated enpymes catalyse
"repairt of DWA (Richardson et sl., 1964b), while the
real, DNA-syntheslsing enzyme is as yel undetected.

Perhaps a more realistic viewpoint is that these



igolated activities have been damaged in the process
Of‘exﬁractiom from the @ﬁ&msynﬁheﬁising complex . (see,
for:examylég the mpde; pf Hiai and Sibatani {iﬁﬁ@) Ye
Tvidence supporting the latter viewpoint has come
from a study of aan&itianal lethal matants of T4 and TH
bacteriophage (de Wasrd et al,, 196%) which showed tha¥
Qertéinlmut&n%a'defeetive iﬂ A syathesis failed to
induee nofmal DRA polymerases, Thiaﬂgugggats that the
lgolated enzyme is essential for the synthegls of viral
DA, - Related work on bacteriophage mutents (Speyer,
1965) hasg sﬁewn~ﬁhat fidelity of replication is decreased
in bacteriophages with altered DN A poiymerasea. This
implies thet DNA polymerase cen have a nmubagenic action
and thus that it ploys a vart in selection of the correct
incoming ﬁriphoaphaﬁe (PMreese and Freesey»196T). The
correlation bhetween the mutagenic ééﬁion of Mn®" and ‘the
defective actlon of DNA polymerase in its presence (Berg,

Fancher & Chamberlin, 1963) supports this view.

3. REPLICATION OF DNA VIRUSES

3s1. DA Bacteriophages.

Studies on DNA bacteriophages, in particular the

Teeven ‘backeriophages of Tech.coli, have been pursued with

increasing intensity over the last two decades and knowledge

has sceumulated to sugh an extent that these are now the
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Qfgénisms most precilsely umdersﬁooa in molecular fterms.
‘The'un&erstanding gained from the examination of the
biochemical and genetic processes of virus-infected
bacteria hag contributed significantly towards undei~
'éﬁanding‘theﬁe processes in more complex systems and,
more especially9 hag provided an extremely usciul model
for the TNA viruses of animal cells, the study of which

is complicated by factors bobh techniocal and biological.

~Phe events occurring following infection of Each.coli
by one of the T-even bacteriophages can be split into
geveral stages which will facilitate a comparison between
~the situation ia DHA bacterdophage and animél DHA virug--
infected cells, |

(1) Attachment ond penebtration

As the bacterial host is surrounded by a tough, complex
call wall, the bacterial viruses possess an elaborate
mechanisn fox overcoming this barrier. work on this tople
gtems from the experiments of Hershey and Chase (19%2), who
shovied that when bacleria were infected with virus ddublym
labelled: in its probtein and nucleie acid, the bulk of the
DHA enbered the cells, while almost all the protein rem-
ained at %he cell surface, This segregation ol viral
components is thought to occur as Tollows:-

Virus particles attach'fo gpecific sites on the

‘hacterial cell wall by fibres at the end of the viral
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"tail", whereupon virval lysozyme may weaken the cell

wall allowing the vival DA to be injected lengthwise Trom
the virus head, via the hollow tail, into the hoste.
iﬁjeeﬁion lg achieved by conbraction of thg tailg the
energy for which is supplied by nucleoside twiphosphates
in the virus particle.

(11) Interaction with host cell metabolism.

T o

One of the first events observed following infection
with an auwbonomous viruvlent baclteriophage (see Section
ledelo) 1s 2 cessation of host DUA, RNA and protein
gynthesls and the destruction of the hogt DA The first
process ig independent of the second, but the precise
mechanism is not yet wnlerstood (Nomura et al., 1962).

It is not known whether host or virug-induced enzymes degrade
the host DNA, but certain amber mutants of bacterliophage

T4 fail to do so (Wiberg, 1966) in the non-permissive host,
suggesting the latter.

.
K *

(iii) Synthesis of early, virus-specified proteing.

In order to express itsell and divert the resources of
the hogt to its own ends the virael genome is transcrlbed,
probably by host RNA polymerase, to produce virus-—specified
mesgenger RNA (Volkin, 1963) which assoclates with pre-
Tormed host ribosomes (Bremner et al., 1961) and is

translated into the early virus-induced proteins, which

include meny ensymes of DNA synthesis (see Section 3.34).
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There is a sharp cult-off of early vrotein synthesis
during DNA synthesis (Flaks et al., 1959)

(iwv) Synthesis of viral DNA

The virus-induced engzymes ensure the provision of

the correct DNA precursors both Lrom hnogt DUA breakdown
and Qé@&ggg synthesis (e.g. by synthesising dHMCTR and
degrading dCTP), replicate the parental DNA amd glucosylate
the hydroxymethylcytosine regsidues of the progeny INA
molecules, I% has recently been shown (Frankel, 1966)
that the replicated Torm of T4 DNA differs from the mature
DA, and Kore (L967) hae found tha® matwration of viral
DNA is sensitive to chloramphenicol and alow level of
actinomyéin D.  Recombination of progeny DNA molecules

by breasking and joining occurs during WA synthesis
Yozineki, 1961), is probably also catalysed by virus-

induced enzymes, since bacteriophageluni ergoes genetic

recombination norrally in mutants of Iseh. coll delective

in recombination {(van der Putte snd Torsch, 1967).

(v) Synthesis of late virus-specified proteing.

About the time of cut-off of synthesis of early
proteins, a sccond round of virus-induced protein synthesis
oceurg, 1eadiﬁg to the production of virus atrucbural
proteins and enzynes, such as lysozyme and the DNA-
maturation factor. The failure of these prodeins to

appear when bacteria are infected with UV-lrradiated virus



G2
w

(Seliguchd and Gohen; 1964) whose DNA can be transcribed
for fhe gyanthe sis of early enzyme Tunctions (Dirksen

et al., 1960) but which cannot be replicated, suggesty
that transcription of the RNA for late proteins may well
be from progeny DNﬁk» Indeed, from actinomycin inhibition

studies (Protass and Korn, 1966) it has been shown that 74

- lysoagyme mRMA 1s gynthesised late in the infectlous cycle.

.}

The mechaniem of this differential transcyiption of eaxrly

and late funcetionsg. is not knowhe

(vi) Waturatlion and release of progeﬁy“yirus.

Yhile DWA syﬁth@sms continue s, the molecules of the
pool of progeny viral WA are drawn at random and condensed
into pclyhaﬁraitbodies vi&ible in the electron microscope.
The phage internal protein, one of the early virug-—induced
proteins, may play-a part iﬁ this condensation, Subes
“gequently, the protein components of the virus head and
tall are added_in-a stepwise manner to form the mature
virug narticless |

flelease o mature virus from the infected cell oceurd
at the time of cell lysis and an important factor in
promoting this ls the virusminduéed lysozyme which ig a
general feature of bacteriophage infection. Virug mubten'ts
wnich do not induce lygozyme are wable (o lyse cells.

It should be pointed out that the brief outiine vre-

sented above can only he applied in detail to the T-even
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hacteriophages. The couvrse of infections by othewr
bacterial viruses which have been gtudied follow the same
basic pattern, bult can differ markedly in many features
éueh asvfailmré to degrade the host-genomeg induection of
fewer enzymes, absence of ox presence of other unusugl
ﬁa&es in the viral TNA, absence of glucosylation, etce

Many points of difference will doubtless be found as othew
viruses are ﬁtudied in greater detail, but the fact remalins

that the Tw-even bacteriophage - Egth.cold system has been

a moat Pruitful one and will continue to stimulate other

related ficlds.

3e2a DNA-~conliainine animal viruses.

The replicaﬁicn of animal DHA vifuses will be described
ﬁithin the framework of the proeceding section. Emphasis |
"will be placed on studies on the larger viruses with special
.feferenoe to difference from the bacteriophage model and

areas of ignorance.

(i)  Attachment and penetration.

The dnitial phase of animal DA virus infecﬁion differs
markedly from the boeteriophage model in that specifiec virus
atbachment sites probably do not exist and that the enersy
négessary for penetration of the‘oell membrane comes, notd
from the virus particle, but from the pinoecytotic meéhanisms
of the infected cell (Holmes and Yatson, 1963).  Another
major point of difference is that the virus is released from

the pinocytotic vesicle into the cytoplasm of the cell
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more or less intacts; thus the protein coat has Lo be
removed before the viral genome can express litself fully.
The uncoating process hag been studied intensively only
iﬁ the case of vaceinis virus (Joklik, 1964).

(i1) Intermction with host cell metabolism.

Following infection of animal cells with viruses of
the herpesg and pox groups, there ig an inhibition of
aynthesis of host DA, The mechanism Tor this inhibition
ig not cleary; in the case of pseudorabies and herpes,
protein synthesis is reoquived (Ben~Porat and Faplan, 1965
Sauer et al., 1964), while with vaccinla this does not seem
to he so (Joklik and Becker, 1964). Wewbon (1967) has
recently presented evidence that a non-DNA component of
herpes virus is respongible for the inhibition of host cell
DNA synthesals. Hogt RNA and protein synthesis are also |
inkibited by these virvuses (Hay et al., 19663 Nolwman

R P N KT

et ale., 1965; Hamada and Kaplem, 19653 Salzman et ale., 1964).
Marked degradation of the host DNA in virug-infected animal
cells has not been shown; ‘the report that equine ahortion
virug infection csused degradation of host DNA (Randall
and Walker, 1964) has since been shown to he due to the
presence of mycoplasma (Rendall et al., 1965)

It is posgible, however, that, at leest in the case of
the DNA viruses multiplying in the nucleus, & more subile

destruction may occur, aa suggested by the chromatin margine
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ation caused by infection with herpes virus. The
inhibition of host DNA synthesis may also be related to
effecta such as inhibition of mitosis (Stoker and Newhon,
1959) and aberrations of chromosomes caused by herpes
($tieh et ale, 1064), Joklik and Tecker (1964) suggest
That the agent of inhlibitlon in the case of vaccinia may
-be a viral struectural protein.

Cytocidal infection of cells by papovaviruses on thev
other hand, appears to gtimulate host DNA synthesils (Vngt‘

el al., L9663 Hatanaka and Dulbecco, 1966) possibly Dbecause

Eégée small viruses are largely dependenﬁﬂbn the host'g DNA
synthetic capability for their own replication. Sheinin
(1966) and others, however, have obhserved a &epression of
nost DMA synthesis following infection with polyoms and
Ren-Porat, Coto and ¥aplan (LO66) have shown that the DNA
nade after polyoma infection is not normal cellular DNA
hut -lg labile and isg degraded Ho material corresponding to
viral DA In sizes

(11i) Synthesis of early, virus-=speciTied probteins.

Raplidly-Llabelled RNA has been detected following
infection with vaccinia (Pecker and Joklik, 10643 Salzman
et al., 1964) herpes (Hay et al., 1966) and adenoviruses
(Thomas end Green, 1966) and hybridisation studics have
shown that it is virus-specilic. In view of the firmly-

bound chromosgomal location of REA volvmerase, the mechanisn
DOLY 3 :
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of transeription of the viral MIA is not clear and it

is possible that the virus may carry an HNA polymerase

w3

hkmﬁleculeg ‘"he observation (Kaées énd.ﬁgﬁuslan, 1867a),
thoet transcriptlon starﬁa'before unéoaﬁing is complete
ig congistent with this possibility, andifhe same auwthors
have recently shown that DNA-prined ﬂﬁA polymerase can
be detected in ﬁcores" of vaccinia virus (Fates and
WeAuslan, 1967h). On the other hand, the demonstration
that animal cells have a heat-labile functlon necegsary
Lor the proliferation of cells and DNA viruges, dbut not
ANA viruses (Gharpure, 196%), suggests that the host cell
RNA polymerase is used for some, atl 1éaﬂ%9 of the viral
trangserintion. Yhatever the source of enzyme, hovever,
Munyon and ¥it (1966) have shown that protein synthesis
ig not necessary for vaccinia~induced RNA syntle sis.
The translation of virup-gpecific mésseﬁger BNA. Iin
the case of viruses multiplying in ﬁhe nueleus raises
=~the question of the location of protein gynthesis. £g
b predominantly cytoplasmic, as in non-infected cells?
Recent experiments with adenovirus 2 (Thomas and Creen,

1966), herpes (Sydiskis and Roizman, 1966) and pseudo-

.....

rebies (Fujiwars and Koplan,l867) sugeest that it is, ond
that, in the Llatter cease, alb least, tronsfer of protein
from cytoplasm to nucleus occurs.

(iv) Synthesis of virval "HNA.

~
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then the early enzymes have been made and tﬁe DHA
Precursors synthe gsised, replication of wviral DEA proceeds
gsemi-conservatively (Taplan anﬁ‘Beanoratﬁ 1964). TNo
replicative forms of viral DA have yet been detected
and recombination, if it ocours, is probably much lesgs
frequent thon in the T~even baeteriophage& (Faplan and
Ben-Porat, 1964); Since inhibitors of DNA Precursory
synthesis such as FUAR (Wewbon -end Tamm, 1959) and
cytosine arabinoside (Levitt and Becker, 1967) complebely
inhibit animal viral DWA synthesig, virtuélly all the viral
DRA precursors pust come from de novo synthesis.
(v) =

As in the bacteriophage model, it is postulated

ta

ynthesis of late viral proleing.

that some of these functions are transcribed from progeny,
rather than parental DA Evidence supporting this comes
mainly from studies on the effects of IUAR and BUAR.

PUAR, whioh preventbs viral DUA synthesig, prevenlted the
formation of adenoviius sntipgens (Ejellen; 1962) and the
;mod%moff of wvaceinia enzmyme induc%i0n~(mgﬁuélﬁn and ¥Kates,
1966) . Eﬁd&;~whioh is incorporated into progeny DNA,
rendering it defective, blocks enzyme cut~off (McAuslan

and Kates, 1966) and slso loss of protein From pseudorabies-
'infected cells (Wamiya et al., 1965) although it did not

e

prevent bthe production of herpes antigen (Siminoff, 1964).

r
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(vi) Waturation and release of progeny virus.

ourye
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The assembly of mature animal virus seems to o0
*in a stepwise monner, but wherecas with bdcteriophage, 907
of progeny LNA enters mature particles (Hershey, 1853),
only a small proportion (207 or less) of nrogeny DNA is
incorporated into animal viruses (Green, 196235 Ben-torat
and Kaplan, 19633 Russell et al., 1964). Viral protein
is algo made in éxeesa;‘ thia overproduction of viral
componenls may be a general Ffeature of animal DA viirus
infection.

¥ature virus ls released at the time of cell lysis

(e.ge. vaceinia), but sometimes before. In the case of

o

herpes, electron microscoplie studies have shown passage

of the virus through nuclear and cell membranes without
obstruction of the latter (Morgan ¢t al., 19%9) and also
transfer by cell-to-cell connections (Hoggan eh al., 1961).
The leakage of protein from psecudorabies-infected cells
mentioned above, may be a symptom of avirug-induced elfect
on the cell membrane connected with virus release.

Jedeo Inzyme induction by DHA viruses.

303s1s TBacteriophoges,

Cohen (1948) found that net protein synthesis is
unchanged following T2 infection ond Hershey and colleagues
(1954) showed that while 60-T70¢ . of the prolein made laﬁe'
in the infectious nrocess wag incorporated intormature

virue, only a small. proportion of the early protein
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entered the »rogenye | The function of this early viruge
induced protein remaing d obgcure until T™aks and Cohen
(1959) and Kornberg, %immerman, Kornberg and Josse (1959)
shaved that bacteriophage infeection cauvsged a Yvirug-
induced acquisition of metabolic funcltiong!, Since then,
more than a sgore of ensymes have been shown to be induced

in Esch. coll by inTection with the T—even bacteriophages

while other bactberiophoges algo induce a number of enzymnes.
These enzymes have been described by Stent (1963) and
reviewed by Cohen (1963).

Tor the present, FTurther mention will be made only
of the M4 polymerases induced by bacteriophages T2
(Aposhien and Kormberg, 1962) T4 (Tucas, 1965) and-TB
(Owy et al., 1966), and of the studies on the structural
genaes of the T4- and TS5-induced polymerases. (de Waard
et al., 1965). The viruses inducing DNases include X
(Radding, 19665 Little, 1967), 72 (Oleson and Foerner,
196435 Short aﬂd'Koerner, 19655 TBose and Wogsal, 1964),
74 (Weissbach and Korn, 1964), T (?aul and Lehman, 1966),
T6 (Stone and Purton 1962) and bacteriophage 8?3 of

Basubtilig (Trilling and Aposhian, 1965). The obhserved

Mases are not necdessarily resvonsible for the degradation
of host DNA (Stone and Purton, 1962). IMutants in genes
46 and 47 of T4 have been shown 1o be defective in this-
funetion (Wiberg, 1966) although they cause dissolution

of the bacterisl nucleug.
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3:2,2, Animal viruses.

Increases 1ln several enzyme activities have been

obgserved Ffollowing infection of animal cells with DNA

TiTUSses.
(1) Tdi kinase dncreases after infection with herpes,

18060) . Several of the induced increments have
properties which differ from those of the non-infected

cell and those of heropes and pseudorabies have been shown

to differ immunologically (Flemperer et al., 196735 Iamada

et al., 1966) from the enzymes in non-infected cells.
it and Dubbg (1965) have developed a strain of M cells
which has a very low level of TdR kinase. In these cells
herpes and vaccinlo viruses induce TAR kinases which differ
from one another and fyom the host cell onzyme, utants
of herpes and vaccinlia which have lost the ability to
‘induee TAR kinase (Xit and Dubba, léédjygﬁow novmally,
sugeesting that the enzynme ig not essential for virus
multiplication.

(11) D¥A polymerase increases alter infection with

herpes, pseudorables, vaccinia and polyoma viruses and
5740 (Reir, 1968). The enzymes induced by herpes
(Keir et @l., 1966a) and vaccinia viruses (Jungwinrth
and Joklik, 19685) have propertics differenﬁ from and
are immunologiceally unrelated bo those of non-infected

cells (Kelr et al., 1966b; IHagee and 1iller, 1967).
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The pseudorablieg~induced DNA polymerase appears to be
related to that found in non-infected rabbit kidney cells
(Hemada et al., 1966)
(114) Qﬁﬁﬁg increases after infection with hevpes (Keir
and Gold, 1963), pgeudorabiles (Morrison and Keir, un-
published results), cowpox and vaccinia viruses (Vehuslen,
1965  Jungwirth end Joklik, 1965). The Mage induced
by herpes is enzymically and immunologlceally different
and separable from the NNege of non-infected cells
(1iorrigom and Eeir, 19663 1967), while cowpox virus is
claimed to induce three DV¥ases different from those of the
host cell (Tron and Mesuslan, 1966). The report that
equine abortion virus infection causes a 9-Lold rise in
Mlage activity (Randall and Walker, 1964) remasins to be
confirmed becavse of the presence of mycoplasma in the
cells used, (Randall et al., 1965).

AP kinase is increased alter infection with pseudorabies

(Kohara and Faplen, 1963) and herpes viruses (Newton, 1964).

4ot deaminage inereases Tolloving infection with polyoma
(Hartwell et al., 1965) and herpe s viruses (NcCGeoch and Feiw,
unpublished results).

Aspartate transcabamylase {(ATCase) iz increased 2-3-fold

in cells infected with adenovirug 5 (Conglgll and Ginsberg
) 9

1964): this was shown to be due to a virus-induced

sctivation of the host enzyme. The adenoviruses seem To



differ from the other animel INA viruses in that they
do not appear to induce enzyme inereases (Green et al.,
1964), although Ledinko, (1966) revorts increases in
Tdﬁ kinage and ACHMP deaminase aé well as ATCase.

| The induction of enzymes by animal DVA viruses

and its significance has been reviewed by Green (1966)

and Yeir (1968) and will be Further discussed in Chapter IV.

4a INFORMATTON ARANGTER TW NTOLOCTOAY - SYSTRIED .

The work of blochemlsts of the pre-l900 era established
proteins as the muleouleé of pre-emlnent biélogioal RR{IE
portance, hoth in structural and catalytic functions. Thg
theoretical and practical basim for the study of enwymes

Had been laid and the composition and protelnaceous nature

of many of these biological catalysts had been established. -

It vas also appreciated that protein molecules compriged
linear arrays of omino acids and that the spe cific

catalytic functiong of enzymes probably depended on the

lcorrecﬁ arrangement of amino aclids on the polypeptide
chain. Methods of gequence determination were approaching
the point when Sanger would determine the senquence of =
smell protein and Perutz was probing the 3«dimensional
gtructw e of crystalline haenmoglobin by means of Kmray

diffractione

@
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Thus, a stﬁdenﬁ of proteins might have felt sure
that he was investiga%ing the key to the secwelts of the
celio There was, however, one cloud on the horiwon.

How were,thssé-specific proﬁein structur es synbhesised
in thé cell and how were they propagated from gencration
to generation? Genetic studies had shown that the
hereditary material of cells resided in the chromosomes,
and comprised & linear srvay of FONES, Although the
concept that each gené carricd the information for the
synthesis of one enszyme was evolving, the definition of
the nature of the genetic material in molecular terns
st111 lay in the Tuture.

The ovdering of a sequence of amino scids by enzymes
vwas c¢lesrly impracticable, as many engzymes would be nceded
for the syathesis of each protein and more for their own
synthesis ete. Thug, the concent developed of o template
on which & protein could be made using a small number of
enzymes which would serve for the synthegls of other
proteins on other bLemplates. & series of btemplate
subunits on the gone, therefore; would serve both for the
expression and the duplication of the genc. |

| Yhat was the chealcal nature of the template and its
subunita? Protein chemists put Lforward their Sandidate
Tor the role, and with‘oonsiﬂer&ble justification, since
at the time no other seemed plausible,  The nuclelc

acidyg had been analysed and their components identified,



but, in ridding the purified nucleic acidsg of protein
the anelysts had destroyed the highly-polymerised nature
of the Tormer, and it was believed for wmany years that
they were tebranucleotides, patently gquite unsuiltable

as the genebic material,

Use of less harsh methods in the isolation of DNA
revealed ditsg high molecular welght and the demonstratlon
(fvery et al,,1944) that such DNA could carry permenent

Eggﬁeﬁio charagters from one haeteri&iuéeif to another
(transformation) began to change this viewpoint, althouch
aceceptance did not come overnichte The bacteriophage
experiments of Herahéy and Chase (1.9%3), the double~helical
gtructure for DVA of Watson and Crick (1953), with its
implications fof'replicationg and the demonstration of the
infectivity of several viral DNAs have brought about
virtually universal s=cceptance of TMIA as the genetlile
material .

mee this had been accented, it remained tobe shown
how a sequence of nucleotides could deline a sequence of
amino acids in & protein molecule. The solution of this
problem has been perhaps the outstanding amchievement in
the field of blology over the last fifteen years. Stent
(1963) traces the development of the conceplt of the genetic
code and the elucidatlion of the triplet natuw e of the

"codon" from studies on the fine genetic mapping of

81



hacteriophage mutants. le also degcribes the discovery
of "measecnger" TNA, its role as intermedlary between DVA
from which it ig transcribed, the ribosomal sites of
protein synthesis and the role of transfer NNA ag an
Tadapbor" between 2 particular amino acld and its
corresponding "anticodon" on the messenger RNA. lore
recent deveIOQﬁents in the field can be found in the
Cold gSpring Harbor Symposium on Cuanititative Biology,
~Voluie 31, "The Genetic Code" (1966).

4ele Information Traunsfer in Virug-infected cells.

The relevance of the foregoing sectbion to the present
woxrle may be seen when one considers the TMA conbtent of
viruses and the potential biological information contained

thereine

P

A virus such as herpe s ﬁith a2 DNA content of 68x106
daltons (Russell and Crawford, 1964) containg apoproximately
4X104 duplex nucleotide tlrioplets, or enough information
Tor the synthesls of zaround 200 polypeptide chaing of
molecular weight ‘2:»’;104 daltons, One approach to
investigating this information content wmore closely is by
‘stuaying virug-induced proteins or nmore specilically
eNBYINeEsS o The small nunber that hove been detected so

Tar, along with the virus structural proteins and other
pogsible virus-induced functions (FPigure T.8.) do noth

seem Likely to approach thig figure.



Meaure 1.8,

Observed and Potential FTunctlons Induced
: Dy Herpes Viruses

a) Barly functions

+ 1. TPactor(s) causing inhibition of host cell
macromolecular synthesigs :

+ 24 Tactor(s) which have effects on host cell
chromosome (if different from 1.)j

3. herpes~induced TdR kinases
4o ‘herpes~induced DNA polymerases

5« herpes—induced DNase;

+ b, other herpeg-—induced eNZYIes ;
dCWP deaminase, dTMP kinasce, etcss

b) Tate Ffunchtions

+ To Tactor involved in induced enzyme "out—oLfM;

8. shructural components of virions

+ 9. Tactor(s) involved in maturation of DNA or
virugs

+ 10. Tactor{s) involved in virus release.

+  gignilies a function whose agent has not yetd
been positively identified in herpeg-infected

cells,

o

G2



Agsuning then, that all the viral DHA is expressed
during infection, whalt other functionsg might be
transcribed from the viral genome? One possibility
ig that herpe s may induce one ox more new t-NTA molecules
more gsuited te the translation of viral genes,. The
gynthesiag of t-RNA after infecbion has been demonstrated
(Nay et 8l., 1966), hybridisation studies suggest that
at least a vart of +his is virus-gsvecific (Subak-Sharve
and May, 1965} and evidence for the occurrence of a new
arginyl-t-NNA alter infection has been obiamined
(Subak~Sharpe el _ale, 1966D).

In order to invesligate whether there might be a

requirement Tor new t-RWAs in herpe s-infected cells,

z-the nearest neighbbour frequency amalysis (Josse el al.,

1961) of a number of animal DNA viruses was underbaken,
(Subak-Sharpe et _al., 1966as Morrison et @l., 1967).
This is one of the few ways of oblaining information on
the sequence of bases in DNA and the occeuvrrence of major
Ag

diff'erences in patbtern hetween viral and host cell DHAg

5 4

and the significance of the differences will he described

“and disgcussed in Chaplers 1TT and IV.e ...



CHAPTER TT




CHAPTER TL - WATERTALS AND METHODL

Lo TATURTALS o

Lele Chenicals.

A1L chemicals were,.where possible, "ANALARY grade
or equivalenﬁa Non—radiocactive deoxyribonucleoslde
5t-triphosnhates were‘purchaﬁed from Calbiochem,

Lios Angeles, Calif. and P-] Blochemicals, Wilwaukee,
Wige These were purified, where necessary, by paper
chromatorsraphy with dsobutyric acid/NH3/H20 asg solvent.
ruromyein hydrochloride was purchased from Sigma
Chemical Co., 9¢.houls, %o, and actinomycin M was the
generous gift of Mewrclk, Sharp and Dohme, Tahway, N.J.

CsCl (optical grade) was purchrsed from Harshaw Chemical

Cosy Cleveland, COhio.

1.2 TRadioactive Compounds.,

32p-labelled AT, inorganic phosphate and 31~ and
ldg-Llabelled 14N were obtained from the Radiochemical
Centre, Amersham, Tucks.

&mggﬁ ~labelled d@oxyribonuclédﬂide Bttriphogphates
of adenine, cytosine and guanine were purchased from
International Chemical and Nuclear Oofpcg Jity of Industry,
Calif. Thelr purity was checked and they were purified,
where necessary, by paper ohromatography'wiﬁh Lsobutyric

acid/NH3/H90 as solvent.
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Le3s Medie for chromatography and electrophoresis.

whatman filter paver Nos. L, 3 qnd DE 81 (DEAE-paper)
were purehased'frgm He Teeve Angel & Co. Ltﬂ;,'ndiﬂon*; ag
were the iom-exchange celluloses DE 11 and DE 52, ‘

Gel filtration media Sephadex G-100 and =200 and
Tlue Dextran 2000 were obtained from Pharmacia Pine

- Chemicals, Uppsala.

B i

leds Inmymes.
Enzymes were purchased from the faliowing guppliers -
Hiqrococcal*ﬁuelemﬁeﬁ,@amcreaﬁiclwﬂaseg snake vV enoin
‘phosphodieaterase? spleen phosvhodie sterase and pancreatic
TWage from Worthington Biochemical Corporation, @réeholdyﬁgﬁg;‘
spleen phosphodie sterase and snake venon 53mnucleotiﬁa$e‘i
from Sipgms Ghamic&i COoey BT. Lovig, MNoO.j

Tesche coll alkaline phosphatase from Nutritional

Biochemicals Corps., Cleveland, Ohiog
Pronase from Calbiochem, Los Angeles, Calif.

Lschs.coli DA polymerase was prepaved (see Section 2.3.) .

from a hatch Esch.coli strain B which was the generous gift

of Dre R. Elsworth and colleagues, Microbiologicael Research

Dotablishment, Porton, Wilts.i Dr. B.d. Gomatos kiandly
supplied an indtial sample of this enzyme.

—

L5, TIilscellaneous

Ferritin wae the kind gift of Dr. J. ﬂfysﬂaﬂ@;«’

haemoglobin and c¢ytochrome were purchased Trowm Sigma
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Chemical Coey, Ste Louls, Mo.

2 METTHODS 5

TG PR YR AT

2.1es (eneral.

A T R R

2.Lele Analytical methods,

B i gty e VTR S

Protein was measured by the method of Lowry et al.,
(1951) s oprecipibetion with %7 TCA was perfowméd whe T'¢
necessary, ¢.8. when high levels of ECL or SH-BEGHOI were
presente

DA was debermined by the method of Turton (1LOBG6).

Inorganic orthophosphate was measured by the method

of Allen (1940).

2:1.2s Chromatosraphy.

(a) isobutyric acid/Nily (0.8856)/1,0: (66/1/33) was

used fox the separ&ﬁion of the 5temono-, di— and tri-
phogphates of the deoxyribonucleosides and for the
separation of the deozyribonucleoside 2'-monophosvhates
regulting from the ensymic digestion of DVA in the

nearest neicghbhour freauency analysis, The Tp values

in this solvent were :~ diWP: 0.7 ; ACEP: 0.6 , ALMP: 0.5

AGTP: Oub-y . 0.3 (descending run on Whatman Wo. 1,

T
(D) Q75 HH,HCO,, pif 8,6 was uged for the separaiion

of the products o enzymic hydrolysis of DNA on DEAE=paper

(nE 81), A dhr. ascending run at EOo'gave the following

Re values $ s ™ 3 0158 9 dCL’I*"g (‘1'}.‘1‘“7?3 s O 0.? 3 dﬁr\"}‘)ﬁ (RG"TI"? 0 o 5 9




(W
85)

oligonueleotides: 0~0¢2.

2e1a3s Preparation of btulfers,

Butfers ﬁere prepared by welighing the reoulred
aniovnt of golid, dissolving it in less Ghan the required
volume of H?O; titratiﬁg the solution to the desired pH
with the sppropriate acid or buse (200) and adjusting to
the final volume. Tuffer stocks were normally wmade up
at 1 ox 0,5 and the pH checked, and altered if necessary,
after dilution. It was found that tris-Hil buffers,
prepared at 1¥ and 20" ¢ gave the same pll when diluted
50 0.05M at 379,

2elode Measurement of xadiO&ctiviﬁv;

32.

P Haterial containing thig isobtope was preparved

(a)

for counting by (i) precipitation on to discs of filter
: &g vy I I

| et

Pd@@i with 5% TCaA and probtein ccwp?eaxpluenﬂg followed
by washing and drying or {&i) dryan ﬁirééﬁly on %o
stainless steel planchettes, alter neutralisation with
KoH, if necessary. Radloactivity wos then measured in

| a Nuclear~Chicago gas—f1low ccunﬁef(?SﬂVV helium + Le39
butane) at an elfficiency of nearly éOﬁ and with a
baokgrPgnd of 1518 counts/min.

:?;containimg gpots of 3It-monophesphates which had
been separated by electrophoresis or chromatography were
thoroughly dried, cut out, immersed in a toluéne-based
1iquia scintillator (0% ¥1R0O + 0,037 PON0T),; and counted

in a \uolA wr--Chicago 1iou¢u cxnh11lhhloﬁ awuctrmmctor
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(b) 3H and — C. DNA contalining these igotopes was

.

gr@oiﬁgheu with 57 TCA and denatur ed DNA co=-precipitant

and urampea on a "WiTllnore" membrane which was thon
washed, dried, ilmmersged in toluene~based sciniillator

and counted in e Packard Lliquid scintillation Qpecurometér.
Tetimation of 3y and l4g in doubly-labelled somples was
verformed by reference o stendard curves of counting
efficiences.

2e2a ?eohniques_ﬁssociated with the Lnuy of Tnzymes
an Virus-—inteated Cellas

2¢2ele  Growth of ce11$ and infectlion with virus.

BHK 21 cells (CL3; MacPherson and Stoker, 1962) and'
HEp=2 cells were‘normally gTOWn in monolayexr cultwre in
rotating Vinchester bottle (ﬁouse and Wildy, 1965) in a
modified Taglets medium (Vani is end Wildy, 1962) containing
107 tryptose phosphate broth and 107 call serum. Tnfection
with herve s vifus straind HPLY (iolweﬁ and a;ﬁong 1963)
on Ps eudar bleS‘VWI&S was performed at an inpu%_multiplioity

off 10«15 and an abs OTDLlOﬂ period of 30 mine

2:2.2¢. Harvesting of cells and oreparation of cell
EXTIRCTD o :

T LA AT PR T ik

Gells were removed Trom the glass by scraping or treaﬁé
ment with EBDTA, washed Lwice in cold, nhosnnate«bnffefed
igotonie saline and the paoked cell wvolume (i*CV) measured.

Vaxlous modiflcaﬁiOﬁs of the prepa"aﬁmoh of cell

extraots were employed at different times, but these can
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a'h

be broadly divided into two methods (all overntions

being conducted at 0°) 1.

(i) the extroction procedure described by Feir et al.,
(1866a) which was used in the earlier stages of the work,
cagpecially for studies on the herpes-induced DNA
polymerascs

(ii) a concentrated suspension of eells (in 2x DCV) was
made to O.L¥ trig-NCL pid, 2w BDTA and 1.0m GH- BEOIT(TE)
vy the addition of 1/5vol. 10x concentrated buffer,
whereupon 4xPCV of TEM bulfer wags added znd the cells were
disruvted by vltrasonic vibwration (4xl%sec. with HSE
Ultragonic Power Unlt, small probe). The sugpension was
then centrifuged for 30min. at 30,000g, the supernatant
fluld retained and stared at 0° in a sealed conbainer.

The precipitate contained negligible amounts of DHase,

2e203. Subcellular fractionation.

Hueclei were prepared from Bﬁﬁﬁl\oells by homogenisation
in 0;25% SUCTos €y 3el Gﬂ0129 20my tris-ol phld, Dml SI=-DH01
(3em) alter gcraping the cells from the glass in the same
mediume The nucled were sedimented (1Omin. at 800g).

resuspended in SO hy‘homOQQnisaﬁiQn and centriivged againe.

\_)

[S PR A

The two supernatant {ractions were vpooled, dislysed againsﬁ
0.15M ¥CGL, 20w tris-HCL pHI, 1wl BOPA, 5mii SH-RGOW (XTEM)
and centrifuged for 3I0min. at 30,000 to give tle

cy toplaosmic Tfroction. The washed nuclel were resuspended

in FTEM, disrupted by wltrasonic vibiration, diqu ed agalinst

TR, centrifuged Tor 30min. at 30,000 z2ad the resultant



supernate herméd the nuclear Traction.

oMo The nuvelel were slightly contaminated by cytoplasmic
material as revealed by staining with aceto~orcein/Tast
ereeny this was not removed even when the non-ionile
detergent Triton KmlDO‘(lﬁv/v) (Polm and lleas, supplied

by British Drug Houses, Lid.) was ugsed. Triton ¥-100

did not inhibit or inactivate DNase,

S 2e2+4. Preperation of antisera.

gulitures of rabbit kidney cells were infeclted with
herpes vivus and harvested with EDDA Ghr. post infection.
Ixtracts were prepared in the cold by disrupting the cells
by ultrasonic vibration in KTEﬁAbuffer (see Sccetion 2.2.3.)
and centrifuging lor 1lhr. at 100,000g. The supernate
wag mixed with Preund's Adjuvent and injected intra-
mascularly or subeutaneously into rabbits. HBecond and
third doges were administered at intervals of several
months. The rabbits were Dled (20ml.) afﬁer the third
dose; the Dlood was allowed to clol, the resultent serum
wag freed of blood.oells by centrifugation and stored at

w209

2e20Bs  Preparvation of substrates.

. 5 n N L |
(1) ck@3 DAY was prepered according to the method of

' ¥ . . - .
Gray et al., (1960) starting with 3“?deﬁ? purchased from

the Tadiochemical Centre, Amersham, Bucks.
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(11). DA,

DA from calf thymus and from Landschulz ascitege
tumour 00113 wag prepared es ssentially aceording to the
nethod ol Kayhet al,, (1952

3uan“i was prenared from Usche.coli prown in the

[

Lo .. ’ 2 T .
presence of P (Thehman, 1960). The DNA was extracted

mnd~purified by the methods of Lehman (1960) omitting the

charcoal step or of “thomas el 2 Ley (JJ66), Ratios of
Bago/ Eos go of the final product were in the range Lo 75
L85 and R4 eontamim&%ion9 as Jjudged by the amount of

radioactivity rendered acld-goluble by pancreatic Nase,
was less than 57 Coe problem was that the seid-soluble
backeround of the DHA was of the Grﬁef’of 23l this éould
not he reduced even after extensive dislysis in tubing made
more poyous Qy treatment with- 64< quMP (vassie snd Zimm,

1365) and had th unfortunate effect of reducing the

4

senasltivity of the Diase assay when the DHA wag used as
substrate,

In caleulating the concentration of TFA solutions
From.¢¢60 mGHFkanents, an B(P) of 63103 was used (l.c.
S0ng. DA /ml. gives a solution whose EQCO is unitﬁw

2:2.6, “Assay of enzynes.

(1) DNA polymerase: the assay measures the incorporation

. ¢ .
of 32p.. AT tes !dL”S fﬁTml.ﬂwﬁa?mﬁTT? into denatured DNA
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the pregsence of AgTy, dGTP and dATY as described
by Keir (L962), The standard assay (0.25 or 0.,125ml.)
conbained the following :- denatured DUA - 40ng/mlg

25
N SE N L 2
AATR, ACTP, dOTY and A= P=dTTP - 0,2m} (each); g -

Snily  briselICL, DUTWS = 25mis  WOL -~ 60mi;  SHeBGOH -
Dy TOTA -~ Qadmiie -

Tor specific assay of the herpes-induced MDA
pclyméraaeg the EGL concentration wag 0.2 SﬂmﬁtiﬂﬁSg
eep, For pH optimum debermination, WGl was omitted ond the
tris concentration was HOmil.

L ounit of DNA polymerase ig that amount of enzyme
which will incozporate 1@mmole a™? into acid-insoluble
material per hr at 370@

(i1) DHase: the assay method was measurement of the

ArrE g AR 24T

release of acild-soluble naterial from DA, as -

"

(a) UV-sbsorbing material: Calf thymus or aseltes-

tunmounr cell DHA was incubated wlth the DNase, the vreaction
stopped by cooling on ice, protein sdded as co-precivitant
and the solution made 0.%5M with resgpect vo TCAy after 1Omin.

0 .
at 07, the resultant orecipitate was removed by centrifugas

tion (LOmin, at 900g) and +the EO,O of the sunernatant
A
measured, - In caleulating the amount of ascid-goluble

[}

meleotide releaged, the molar extinetion coeificicent of a
solution of mixed nucleotldes was taken ag 10,000, lee.

a golution of ﬁQ(O:l containg 1/10,000 mole of nucleotide
a0 :



per Litre or 100@pmoles/mln (equivaleant to Bng,/mlanNﬁ
nucleotide).,

The stendard UV Diese assay (0.2ml.) containedsm'
DHA (native ox denatured) - 30ngo/mle; g 24 . Omis
tris~H0l, pH € « 50mMj; SH-ETOH - ?Pno some of the earlier
assays were performed at pil § ard 60mil ¥CL in an assay
volume of 1 ml.

o
(b) radioactivitys 3“?mDN& Trom Teschscoll replaced the

unlabelled DUA of the UV agsay and a porbtion of the aclid-
soluble material was counted ag described in Seclion 2.1.

The stendard radioactive Mase assay (0.2ml.)
contained 3= 32“ A = B50nge /e Lg?z - 2mils trigelcly
pH 9 = 50mity SI=EEOIH - 1LOmi.

A unit of DHase is that amount of enzyme which will

~endew f acid soluble

kydrotyse 10 mumoles of DNALper 30min. at 37°

Aceld DRase was measured at pH 4.5 in 0.1V Ha-acetate
bulfer. The radioaclive NW¥ase assay was superior to the
UV assay in being more specific, more sensitive, neocding
fewer controls and allowing more critical studies of the
mode of action to be made,
(iii) DRNase: the UV assay method (see above) was used
with ascites cell RWA (prepared by phenol treatment qna

LHOH precipitation) as substrate. The standard Rlase

T

—}

. N . D,
assay (0.2ml.) contained BW4 30ng¢/m1,g Mgt 2wy

Lrig-CL pH 8 = 50mi; SH-BG0H - 2mi,

"))

I
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(iv) Phosphomonoesberase : the method of assay was

. “uﬁeaauremén% ofﬁiele&se of:p%nitrOphenol from
‘,pwnitrapheﬁylpﬁbsphate* The standard assay (0.2mLl.) -
-eonﬁaineﬂ§%>p«nitrmpheﬂylphasphaﬁe ~ Bmify mg2+ wr zmm;’
~%riS“ﬁCl ﬁﬁxé - 50mi; = SH-EHOH - Emﬁg' After O0min. at
37°, 0.2nl. Of 0.1N.NaOH and O.2ml. of H,0 were. ndded

and %m;:ﬁ4lo:meaéureﬁ. The molar extinctlon coefficlent
' of penitrophencl is 12,000 at pHL2, N

A unld of phosphomonesterase ia tha% amount of

enzyme which will 1ibera§e 10mpmol.es oflpwniﬁropheﬂel
‘per hr. ab 3?O=

(v) Iﬂbyganicrpgraphasphaﬁage; the method of assay

was‘méasuﬁemenﬁ of the velease of Py Trom PPy The
gtanderd assay (0.3ml,) contaiﬁeﬁ:m Na4P207» LaTmitg
&g2+ = LoTul3 tris-HOL pH 745 ~ 50mi.  After 1Omine
at 370, 2ml.cold 107 04 and 1,7ml.cold Hy0 were added
and after 10 min., at 00, any protein vprecipitate which
lad formed was removed hy éenhriﬁugaﬁion hefore Pi was
determined by the method of Allen (1940),

A unit of inorgsnic pyrovhosphatase is that amound
of enzﬁme which will hydrolyse %mmcle of PPy ver 1S5min.

at 37%

24247« Enzyme Tractionabion.

(1)  (MHA) 2804 precipitation: This was carried out at

pH Sgan& 0%, ."Enzym@ grade“ (WH4)2804 was added slowly,

either as g finely-~ground powder or as & saturated



solution containing 20my tris~HCL ol 8, 1mi DTA amd
Sl SH-TL0H;  in the Tormer case, extra EDTA and HH-EHOH
were added to the solubvion. The pH of the solution was

maintained at pH 8 by the addition of 2N ﬁ§¢Oﬁ during

the addition of (0 ) 50 . Core wag taken to minimise
42"
Ffrothing of the protein. solution, After mLaadlng for

15-30mine., the sugpension wes centrifuged Lfor LOmin. ab
30,0008 The precipitate was redissolved in & small
volumg of a sultable huilfer o else resuspended and

stored in 0.8 saturoted (ﬁﬂﬁ)?304 solubion.

(i) NEAf-cellulose chromatography: The mlcvorV3nular

type N0 52 was prepared according o suppliers instruction

The stondard bulfer used wag 0,094 tris-Hol, il 8, Ly
BIRA and 5rll SH-I40Ms  elution was achieved by means of
oL uoﬁutlox Ain standard buffer. Gfadient glution

was performed in a 1wﬁcome column by applvlnw the enzyme
golution (dizlysed agailst sﬁanﬂard buffer) to the teuﬁn9
gaghing with buffer, spplyilag allineér gradient of ¥CL
(1L0OmL, of buffer in the mixing beaker and 100mLl. of
buffer containing 0,351 wel in the VL“GTVOI” beaker)

end collecting Sul.fractions. whepwise elution was
performed by washing ﬁhe-aolumn with :uffcr conboining
0.1 and 0.9 KCl. Mo DNase was eluted in the 01K

Tractione

(iii) Gel Ffilteation: Sephadex ¢-100 and (-200 were

prepared and packed into 1xL0O0cm. columns according to
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the supplier'g instructions, The void volume was
measured using Blue Dextran oy Tevritin and the
regolution of the columng tested by their ability to
aeparnte mixtures of ferritin, haemoglobin and gy tochrome
Co Tlution was carried oubt in ¥TET or TEN (see Section
2:2.3s) at 2w40g Tlow rate wasg 3-6ml./hr. al a pressure
head of 20 cm. of buffer, and 2 ox 3ml. fractions were
‘collected,

2.2:8, Density eradient centrifucstion.

This technigue was performed in a Spinco Nos 40

- single~head rotor (¥lawm et al., 1966) by centrifuging
GaCl solutions (4.%ml., under paralfin, initial density =
LeT2g./mle) Tor 48 hr. at 33,000 rev./nin. at 20%, After

unbraked deceleration, the #ubes were removed and two-

drop Tractions collected by vpunchturing the bhottom of bhe
tubes The Tractions were diluted with 0.5ml. of Hp0 and

T
the Y260 and rsdiocactivity messured (see Segction 2.Lede)o

203 Nearvest Meighbour Frequency Analysis.

Thigs techninue was verformed essentinlly as described
by Josse ﬁﬁwggiﬁ(lgél) but with the modifications
describhed below =
(1) “The primer-Diiis were "activated” as, descerihed by
Apoghian and Formberg (1962) in order to achieve sulbably
high levels of incorporation of radiocactiviiy. Comparison
of the nearest neighbour Irequencies of "activalbed" and

"none-activated" DA from herpes virus demonstrated that



this treatment did not introduce any differences in the
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(iv) ‘Radioadtivity in the separated 3'-nucleotidoes

was determined by cutting out the spots, immérsing each’

gpot in 8 ml of a toluene~based scintillation fluid, énd‘

countiling fou 32? in a Mucleaw ﬁhicﬁgo LLquld n01n5111 tion

apeclrometer. |
Tﬁe DitAs aof polyoma, human papilloma, Shope p£911Loma

and SVA0 viruses were prenared by nceuav Ojvvfordpa

Herpes, psewndorabies, equine rhinopn@umonisis (@quiné

abortion), vaccinia and adeno 2 viruses were'ywown by

Dr. Hesubak-Sharpe and the DNAs purificd by Mr. Je Hay.

ALY DUAs were shown Lo be homogencous by equilibriun

density gradient centrifugation in the Spinco Fodel B

ultracentrifuge thelr GC conteants were measured by
o 2 '
“L l) ) [

comparison with CON [-DNA from I Bgchecoll (1.748g0/mle)
The methods used are described by Subak-Sharpe el al.,
o ,
(1966) .
A

™A polymerase of Dache. coli Wns nrenared by the

method of }ic ardson et al., (L 94)9 xaemﬁ thint stens

vV and ?I were omitted. The xlnal ﬂTCOWI‘LLOn nad ¢
gpecific activity of 330 units/mg proteln, saowed a linegar
rate of incorporation un tolhr. and showeﬁ'mbégluﬁe
dependence on added @rimer DN A In all analyaes, the
percentage hydrolysis to mononucleotides was checked to

he greater than 957y in additibn9 the areas on the

electrovhoretograns (or chromatograms) lying between



s
the mononucleotides and at the origin were counted
and found to contain negligible radioactivity (less

than 19 of total). The area where inorganic phosphate

would be expeclted was also counted and this was normally
less than 27° of the %otal counts, showing that the
recovery of mononucleocildes alter electrophoresis or

chromatogrsphy was. greater than 977,
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CHAPTER TIT = RUSULTS

1. STITDITS ON WNZYVEE TNDUCTTON BY TERTES VIRUG .

lodls DJnzyme levels in Cells Infected with
ﬁerﬁ“w VTG e '

I

hen cultures of mammalian cells are infeceted with

-

herpes virus, the levels of at least fouwr enzymes rise
during the ecliose phases These are TAR kinnse (Wit
and Dubbs, 1963), 4N kinase (Wewbon, 1964), Dva
polymerase and D¥age (¥Yeilr and Gold, 1963; Tussell

gl olo, 1964), Th g work has been concerned with

JUE T

]

furthe r sbtudies on the last two eazymes with the aim of
establishing whether the increments are virus-—specified,
and, il so, what wole they vlay in virus multiplication.

Lalole Alkaline D¥ase.

Migure IT1T.1e shows the effect of infection ol a
growing monolayer culture of THK 21 cells with herpes
virus on the sebtivilty of alkaline DWase, with native
DEA as substrate. DHase activity vrises 6-fold T-12hr.
NOH t infection while inflective virwug first apnears
“Dbetween § and 12 hr. Diase with denaturved N4 as
ubstrate also increases, but the rise g lesg marke d,
as the activity of "Nese towards this substrate dig
higher in uninfected cells, than towards native ™A,

lale2e DA polymerase,

The levels of DA polymerase following infection



Figure I1Tl.le.

INDUCTION of DNase ACTIVITY FOLLOWING INFECTION
of BHK-21 CELLS WITH HERPES VIRUS
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of growing BHF 21 cells with herpes virus arve shown
in Figure TIT.2,. Ta the same experiment as that

depicted in Tigure ITTL.l., DNA polymerase, assayed under

=gtandard conditions, increases T-fold Swllbr. post
infection, When assayed in the presence of O.Qm.ﬁcl,”
however, the increase is more dramatic, as undexr these
conditlons, the host cell enzyme 1s Virtually'undetecﬁable,
whille the.herpeéminduoed activity is gtimulated Jwd-Told
(see Sgetion 1.4.2.). It should be noted that the time~ .
courge of engyme induction degscribed here is somewhat -
later than that found by Russell et al., (1964). This
ig probavly due to differences in growth of cells and in
the method of infection uged, |

It 1 important to note that essentially the same
results are obtained with both enzymes when nNon-growing
cultures of BHK 2L cells (Burk, 1966) or growing cultures
of Uip~2 cells are infeoted with herpes vixﬁs. Other
workers héve subgsequently noted increases in alkaline
DNage in herpes-—infected monkey kidney (Meiuslan el alsy
1965) and L cells (Sauer el al., 1966).

lale3s Obher enzymes.

Table III.3. shows that levels of acid DNase,
alkaling Rﬂaéeg inorganic pyrophesphafaae and alkaline
phogphatase do not risgse after infection with‘herpes ViTUS .
The absence of increase in.aoid Dlase agrees with the

results of MoAuslan el al., (1965)and Flanagen (1L966)



DNA Polyrnerase activity (um‘is/mg, protein )

INDUCTION of DNA POLYMERASE ACTIVITY FOLLOWING

Figure III.Z.

INFECTION of BHK-21 CELLS with HERPES VIRUS
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“but not those of Newbon (1964). CGrowth of cells

in guspension in the last-mentioned case may have
altered lysosomal stabllitys; it le noteworthy Tthat
infection of Hela cells with poxviruses causes an
increase in acid DNase (Mcauslan et al., 1965). The
failure 0 observe an increaée in inorganic pyrophose
phatase feollowing herpes infection suggesths that the
level of this enzyme in the host.cgll ig suﬁfioieﬁh
to meet the synthetic requirements of the infected
cell (see Kornberg, 1962).

l.2, FTffect om Inhibitors of Protein and RNA
vynthesls o bazyme (nduction. )

LeZals Puromycine

Meures TTT.1 and 2. show that puromycin (Sng./mlﬁ)
added at the time of infection, completely inhibits the
induvetion by herpes virus of DMase and DNA polymerasée.

Le2.2. Sctinomycin D.

When actinomyecin D (Oggug./ml.) ig added at 2hre.
&

post infection or earlier, ensyme induction is completely

inhibited; the degree of inhibition diminishes

progressively when the actinomycin is added at later times

after infection (Pigure TIT.4.)s"

1.3, Intracellulaw 1ocaﬁioh of Induced Tnzymes.

Wuclear and cytoplasmic fractions were prepared {rom
control and herpes-~infected (6hry. post infection) BHK 21

cells and agsayed for proteln, DVase and BNA polymerase.

P
N
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Figure IIT,4,
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The nueclei retalned a small amount of cytoplasmic
material, as judged by ao@toécrceinﬁfast green staining.
The distribution of DNage and DVA polymerase is shown
in Tables IIT.5. and TIT.6. fea?ecﬁivelyg It cen be
:géen that, while the bulk of the induced DNA volymerase
regides in the nuclear Lfraction, the induced Dase is
Tound predominantly in the ecytonlasmic fraction alt this
time alfter infection. An. examination of the heat
lability of the enzmymes of the subecellular fractibng
conlirms the digtribubtion of induced enzymes expected
from total activities (PMigures ITT.7. and I1T.8., sce
also Section lodo)e

Muclear ' cytoplasnic Tractionation was also performed
on herpeg-infected, non-growing B 21 cells harvested at
2 hourly intervals after Infection. An luerease in NRase
and ONA polymerase 4-L0hr. vost infection was observed:
the intracellular disﬁribﬁﬁiom was sinllar to that deg-
cribed above, but indicated o greater proporition of
induced DV¥ase in the nuclear Traction st later times alter
infectione.

Ledo GComparison of the Properties of the Induced
sneymes With those ol tite Host Cells

Lodslo Herpes-—induced DNase,
The two featureg which immediately distinguish the
TMase of herpes-infected cells Trom that of the non=infected

cell ares-
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Figure IIL. 7

Effect of prior incubation at 509 on the DNase activity

(denatured DNA) of nuclear and cytoplasmic fractions of

DNase activity (per cent survival)

100

80

60

40

20

control and herpes-infected BHK 21 cells

T I3 Control nuclear fraction
| 3 Infected nuclear
:
O Control cytoplasmic
© Infected cytoplasmic
e
}
8

Duration of prior incubation (minutes)

g1

80ug of protein of various fractions incubated each at 50° in

a volume of 0. 04 ml., cooled on ice at time shown, then
assayed under standard conditions at 37° (see legend to

Table III. 5).



Figure III. 8

Effect of prior incubation at 50° in the presence of denatured DNA
on the DNA pol;'r%rase activity of nuclear and cytoplasmic fractions
of control and herpes~infected BHK 21 cells

100 T
?:‘ i1 Control nuclear fractions
[SIAY
\\Q i3 Infected nuclear
1
i‘i O Control cytoplasmic
© Infected cytoplasmic

DNA polymerase actiirify (per cent surviwval)

0 5 10 15 20 25
Duration of prior incubation (minutes)
80ug of protein of various fractions incubated with 50ug of

denatured DNA (volume 0.1 ml.), cooled on ice at the time
shown, then assayed under standard conditions at 379



(i). Specifielty Gowards gtate cf*aubﬁtyaﬁén

The her9@3minducéd.®ﬂase éxhibiﬁa 2 much greaﬁef
  rate of hydrolysis éf*na%iye DNA than does the host cell
enzyme (Tehles ITT.5. and TITa9.)

(ii) pgtebility to heating,

~}?‘igum ili»?e shows that tﬁe Bﬁéﬁe.whiah appears
after infection with herpes virus is much more sensitive
to heating than the exigsting Diase., | ,

Roth thesa_?roperﬁiea are observed not only in
crude extracts of infected cella but also iﬁ_parﬁially
purified fractlons.  Indeed; bthe herpes-induced Miase
beoomes even'maré‘heaﬁwlabile alter ?aaaage %hrough IRAL~
cellulose (mee Section LaTsle)e - The different properties
are observed when either BHK 21 or HEp-2 cellé‘aré infected~"
- with herpes viyrus.

- (111) Effect of 2e-mercapboethancl,

When extracts of infected and non-infected cells are

prepared in the presence and absence of SH~-BHOH (50mi) and
prep , _

o

“then asssayed in its presence (15mM) or absence, it is @lgar
that abserice of aﬁmﬁﬁOH from the extracting medium causes. -
a veductlon in the DNase &aﬁiviﬁy of infected cell extracts
whilch is only partly Festored by aﬁdiﬁg SHwEﬁDH¢heféfe W

assaying (Table IIT.9.)s A concentration of 10mM gives a.
2£00d gtimulation of the DNase of hergeamiﬁfecﬁea cellsy

the host cell bﬁase is much less sensltive to the absence -

of SH-ELO0M,
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(iv) 7ffect of monovalent cabtiong.

Wt

Sﬁgﬁies o theAéffee%s of Na+ and\K" iong on the
Diases of control and infected cells haveAgiven somewha t
different results depending on whethewr the UV or radio-
active Diase assay. ;was used but, in both cases, bhe
induced ﬂﬁé&e was ledgs susceptible to iﬁhibition by high~
concentrations of Wa' ox 1V (FMgure TIT.10.).

The other featir es ol the two DNases are similar i-
(v) both act opbimally about pH 9 (Figuﬁa 111.125.);
(vi) both have an absgolube requirement for a divalent

2ot or O.Smﬁ‘Mn2+ giving optimal activity

cation, 2uM Ng
(Pigure I7T1.12b.), although the latter scems less

effective in activating the induced DNase.

L

The increase of DNase which occurs in herpes-infected

cells could be due to the nresence of an inhibitor in non-

.. infected cells which 1s destroyed during iﬁfectioﬁ; This

pogsibility is made unlikely by the results described in

Table TITeLlLle -

--(a) assay of the NNase of non-infected snd herpes-

infected cell exitracts, measured separately and in

mixtures, shows that mizing control and infected enzymes

 gives an sdditive or super-additive response; an excess

of an inhibitor in the control extract would give a sub-
additive regponses

(b) addition of pancreatic RNase to the assay resulis in



Figure TTT.10.

Effect of monovalent cation concentration on the DNase
activities of .control and herpes-infected BHK 21 cells.

160

| S | |
140 F ,JJ’ -\‘Wﬁ~ Infected
o \z

120F
100 j
80
60

40

20

Percentage of activity-in the absence of KCI.

O 1 1 ] -
0 50 100 150 200

KCl1 concentration (mM).
Results of two eXperiments, with denatured DNA substrate:

(1) broken lines: 100mg. of protein from herpes-infected
or 400ug. from non-infected extracts of HEp-2 cells,
agssayed by release of UV-absorbing material.

(ii) continuous lines: 140Qug. of protein from DEAE-eluate
,or 10Qug. from nom-adsorbed DEAE fraction of herpes-
infected BHK 21 cells, assayed by release of rad10acﬁ1V1t3
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Pable TITe.ll.

Mixing and RNA Inhibition of the DNase Activities of -

CQntrqllaﬁd ﬁergeﬁmznfectedfiwh el Cells.

(i) Wixing of contrdl and herpes~infected extracts. .

Source of ensyme DA rendered acid~soluble (counts/min.)
| native denatured |

non~infected - . . o o
cells ' o 37 . 279
;hﬁhérpe@&infeéﬁeﬂ I ’ CT ,
cells 1692 - 2045
Sum: 1729 - - 2324

herpes~ plug non- . o . |
infected cells 2743 (1597) - - 2367 (1o2d)

~(i1) RNA inhibition.

native denatured

R A N E AT NI

o -=lese +INase -Riase J+Olesge
’ ﬁcnéimfecﬁeﬂ cellgw ,' 37 82 279 400
herpeg-~infected : “
T eells T 1692 28718 2045 2959

Radloactive DNase assay performed under stendard conditions.
Pancreatic HN&S@-(ﬁQﬁg,/mi.) added where appropriates
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Figure IIL. 12

Effect of varying pH and divalent cation concentration on the DNase

DNase (units/mg of protein)

DNase (units/mg of protein)

activity of control and herpes-infected HEp-2 cells

) o OMOw Mg2* (infected)
th s,
/ | | ©
8r o .
|
ol |
éﬁ\mmnh (infected)
: H/ | . 2+
, \ o .
;}j%ﬂocm\“@ e Mg“™ (control) o
2 ;%// EN?\\ Mn2+ (control) .
0 R 1 QE& ' ! ]
0 2 4 6 3 10

Concentration of divalent cation (mM)

 glycine-NaOH
i

 imidazole-HC], tris-HCl

6 7 8 9 10
pH

Assay performed by release of acid-soluble UV material.
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an activation of both conlrol and infected-cell DNases,
thus, similaxr RNA inhibition is occurring in both instances,
so that the increagse in DNase cannot be dﬁe to a reduction
in T¥A inhibition.

Sihce RN¥ase actlvity doss not rise in cells infected
with herpes virug, 1t seemg likely that the induced DWase
ig DWA-specifice Analysis of the products of digestion
of RUA by extracts of control and infected cells on DEAE-~
paper (see Section L.6.), revealed that they were
qualitatively and gquantitetively similar, only oligo-
nucleotides being produced.

1ede2, Herves-induced DNA polymerase.

The increased DNA polymerasse activity found in herpege
infected cells differs from that of non-infected cells in
several regpectsse

(1) Incressed sbability to healing in the presence of DNA.

When extracts o control and infected cells were
incubated at 50° before being assayed Lfor THA polymerase,
it was found that the enzyme from infected cells was more
stable to heating, especially when the heating wes carried
out in the presence bf DA (Figure IIT.8.). Mg2+ was notb
ﬁecesaary for the protection by DA, the optimal KCL con-
centration for protection was 0.05M not 0.2M as FTor oplimal
enzyme activity (see below), and native DNA was less

effective than denatw ed DVNA (Table ITT¢l3.)e
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{ii) Activation of herpes—induced TNA polymerase
.}.

o
by Wi, or ¥

Migure IIT.14. shows the different responses to KV
concentration of the DA polymerases of control and
herpeg~infected cells, The virus—induced activity
using ﬁafive DNA primer exhibits bthe same stimulatlon,
whilech i still observed after the enzyme has been heated
at 500 in the preseﬁce of denatured “NA. NH4CL and
(NH4)2SO4 give a similar activation at 0.2 NHgp'.

Although this salt concentration and pH (7.5) reduce
the DNase levels to less than 109 of the wmaximumn,
inhibition of nuclease cannot account for this marked
difference hebtween the WDNA polymerase of contirol and
infected cells., The induced (or altered) enzyme itself
rmuash be affected by the high salt so as o have its
enzymic aetivity increaged, and its ability to he so
affected must have an order of heat stability not less
than that of the enzymic ectivity itselfl. The salt
effeet presumably occvrs by an alteration of the tertisxy
or gquaternary structure of the prbtein. A similar effect
has been observed with the DNA polymerasse induced by TH
bacteriophage (Paul and Lehmén; 1966) .,

(1ii1) Increased ubilisation of native DNA as primoer.

It was observed thet, while the DNA polymerase of
non—~infected BHERL and HEp-2 cells, like those of othew

animal tisswes (¥Weir, 1965) used native INA ag primer only



]
£

Figure IIL. 14

Effect of KC1 concentration on the DNA polymerase activities

dTMP incorporated (mumoles/h. /mg of protein)

15,

1

o

o0bp

0

0

of control and herpes-infected BHK 21 cells.

\
o
o
3 o d 4 \
£
3
/ /7 N
O“’O‘”O“O /% FAN
-ﬁf
] ﬁf@:’&f& _ \
L3=h 5~
gﬁowaw@«a@%@
0 100 200 300

KCI concentration (mM).

80ug of protein from infected nuclear fraction +
50ug of denatured DNA
ditto, but enzyme heated 4 min/500
ditto, but native DNA primer used
80ug of protein from control nuclear fraction +
denatured DNA
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about 107 as efficliently as heat-denatured DA, the
polymerase from herpes-infected cells could ume native
DHA 50-100¢ as efficlently as denatured DNA primere.

o )

This was at first thought to be a property of the.
induoed'yolymermge? et ﬁubsequeﬁt gtudies suggest

that the effeot may be due H0 the herpes-induced Mase
converting native DNA into a more effecﬁivé'primerg

Two pointgwsuppar% this views- |

(a) Tigure ITIT. 19%. shows thabiincubation of native

A with extracts of infected cells‘iﬁcreaﬁas 1te priming
efficliency Tor the DNA polymerase of oontroi'oellas
extracts of control cells do not do 803

(b)  Table IIT.6. shows That while the bulk of the - L
induced DNA yolymefase-ig in the nucleus, the effliciency
of priming by naﬁive DA is low.  In the cytoplasm, on
the other hand, where most of the induced BNase is found
at this time after infection, a much higher priming
effioiénoy by native DNA is observed.

(iv) Other properties,

The herpe s—induced DNA Dolymerase algo dilffers from
that found in non-infected cells in its response to
varying wg2+ ion and DNA ﬁabsﬁréﬁe cona@ntr&%iﬂn&»(Keir
et al., 1966a), Studies on the response of the two. DNA
polymerases toivarying concentrations of deoxyribonmucleoside
5‘mtriphos§hmtés have not so far yielded any significant

differences. No major difference in pH optimum (7.5-8.5)
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Figure II1,15.

Increased priming efficiency of native DNA previously
incubated with extracts of herpes-infected cells.

DNA polymerase activity

5 -
= (0)
n,-q—; .
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=
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T
B (40)
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e
3
g g
~ 5 —® (0)

0 o ‘487 1 |

0 20 40 60

Assay time at 370 (min).

Native DNA was incubated with an extract of herpes=-infected

cells (minus btriphosphates) for the times shown in brackets
. (min.). After heating to degstroy added polymerase, the

DNA was incubated with extracts of control (circles) and

infected HEp-2 cell extracts (squares), in the presencs

of triphosphates.
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was observed,

That the herpes-—induced DHA polymerase is a

bOﬂa fide replicative~type enzyme isg shown by the résults
in TabletIII.lﬁ. Omisgion of exogenaus VWA primer giveﬁ
low acﬁivity (enzyme prepared from cell nuclei, of course,
did not show an absolute requirement Lfor Dﬁﬁj and omigsion
of' the three non-radioactlve triphosphates drastically
reduces the rate of incorporation of the fourth, radio-
active triphosphate. The activity observed in 0.21 KC1

ig also clearly not of a terminal-additlon type.

“1.4.3. Paendorables-induced enzymes.

Pseudorabies virus.hag-beeﬂ found to induce increases
in both DNA polyﬁefa&e (Hamadea ei als, 1L966) end Diase
(Table ITI.174)s  These activities have not been closely
studied as yet, bulb %he paeudorabiecs-induced DNA
polymeragse does not seem 'to be activated by O.QH Gl as
Strongly as the herpes-induced enzyme. The pseudorables-
in&ucéd DNase c¢losely reaemblés th@'hérpesmindueed eNZYyme
in being an exonuclease attacking both native aand denatur ed
DNA o préﬁﬁe@ 5V-monophosphates. (Sectlon Ll.6+242.)s The
storage properities of the enzyme smggest'ﬁhat it may be
less heat-labile than the herpes—induced Dliase. NlNase
aéﬁiv;fy,déés not ihexease in pseudorabics~infected cells.

(T‘ﬁbl(‘. 11T, 39 ) ®
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Table IIIElGQ‘

Regquirements of The DNA Polymerases of Control
and Perpes~ilniected Uells.

(1) DNA primers no DHA  native DEA  denatured DHA

contarol oell§

ey toplasmic 0 0.5 ‘ 3¢l
nuelear o 0.8 28
herpeg-infected
‘ GETTE
eytoplasmle 0 203 364
nuclear 063 246 1049

(i1) deoxyribonucleoside SY—trivhosphate:

AATP, ACTP, dETP 49

control cells 32 CTP-ATTP only
' ' and ~ P-d0TP ’
cytoplasnic 0. 36 0,12
nuclear 0.49 0.22
herpeg-infected
eytoplasmic (60ml KCL1) 0,51 0.09
(200mM ®Cl) 1.28 0e14
nucle ar (60my ®Cl) | G.6 0.52
(200mM. ®CL) 20a3 057

Activity expressed as units/mg. protein.
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Pable TIT.17

Effect of infection with herpes and pseudorables viruges on

TR LA DI B TR AR AT A S PR AT L R TSR U B DR

the Diase activities of BUK 21 a@a‘ﬁﬁﬁpg”pgllg.

State of cellg Diage gpecific activity (units/mg).
K 2L gellg  Hips2 colls

non=~intecied 0e8 1.8

herpeg~infectod 50,0 700

(8h.pogb-inieetion)

oseudorabies-infected 20,0 ‘ 14,7
((n.pc%umlnjge clon

\-.-"

SRR RIS 2 A TS HNITA KT £21 i 2 e I TR ST DAL R et

Jells harvegted and washed in isotonic saline, then

disruptaed u?tra ondcally in 0.,05M tels-HOL buirer conbaining

Jul BOTA end 1.0mM ?mme?capaoeuhangl. lixtracts assayed under
standard conditions with netive 2 Peiseh, coli DA as substrate.
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LeHe TImmunological Analysis of Herpes-induced Enzymes.

LeDalo EBxperimental scheme.

In order to investigate whether the enzmymic activitie
observed to inerease after infechion with herpes virus ave,
in fact, specifi@d‘ﬁy the virael genome, the following
irmmunological experiment was performed. (Figure ITT.18.). ~

Rabblits were inoculated with high—speed supernatant
fractions (Llhr. at 100,000g) prepared from growing cultures
of rabblit kidney cells which had been infected for Ghr.,
with herpes virus (WMOI = 10-15p.f.uw./cell).  The
homﬂ1@¢ou rabbit-rabblt system was used so that antibody
pro&aeed agqrnst antigens other than thoae induced by
virug infection would be kept to a minimum. The herpese
1nieote&mceilmaugcfuatanu antisera (Hl@ﬁ antisera) were
dialysed extensively against 0.02M KCL before use in ensyme
neutralisation tests.  Heabt treatment of the sera (10 mine.
at 600) fo inactivate complement was not used, as bthis was

found to netivate serum NNase, prasmmﬁhly by inactivating
serum NNase iﬂhibi%or§ |

1.5.2, Inzynme nauﬂruixdabion studies lbh quQ antiseraw

ITnzyme neuwtralisation tests were carrlea auL bv 1ie
cubating antisera prepared as described above together
with extracts of herpes—infected, pseundorablieg-infected
or nonminfeﬁtaa NI 21 and HEpmé cells for 10 min. at 37Q

PLIor 60 enByme assay.



Filgure I1T.18,.

PLAN of IMMUNOLOGICAL EXPERIMENTS

RABBIT

BHK 21 HEpP-2
KIDNEY (RK) ‘
CELL CELL CELL
DISRUPT B?’ SONICATION
CENTRIFUGE 1hr/100,000g v v

INFECTED CELL EXTRACTS

\lf INJECT
SUPERNATE - (PNA polymerase

PNase
thymidine Kinase
etc.

— > g oy :x"“\u x‘"“.‘i._. f
| BLEED
\

TEST for NEUTRALISATION
RABBIT SERUM of INDUCED ENZYME ACTIVITIES

prepared against antigens
induced in RK cell by herpes
virus

89
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labDe2,1ls Herpes—induced Diage.

When HICS antisera Lfrom three rabblts were tested fox
jnhibition of the DNase induced by herpes virus in BHE 21
cells, all three were found to be active (Table IIT.19.),
but one in particular (rabbit No. 5706) was strongly
inhibitory, Studies with This serum were pursued further
and of severgl different infected-cell extracts tested
(both BHE 21 and HEv-2 cells - sece Secbion LeBe2.3.) all
heve been inhibited.

Mgure ITI.20. shows the inhibitory effecﬁ:af Two
levels of No. 5706 anﬁiseram‘agginat DNage induced in BHK
21l oells by herpes virus. Use of native DNA as substrate
makes the test gpecific for the induced DNase beeause of

the low activity of non~infected cells towards this substrate.

]

Neutral serum (1,99‘fr0m a non=immunised rabbit) was uvsed a
control because pre-immune serum from.rabbit 5706 was in
very éhar% supplye. This had, however, no specifically
inﬁibitory activity (Table III.19.) on herpes-induced
DNase. |

In ofdar to verify the viruse—svecific nature of ‘the
antiserum, a similar experiment was carrvied outs using
denatured DNA as substrate. In this case (Migure III.21l.),
it is clear that, although the virus-induced DNase is
inhibited, HICH antiserum has no effect on the activity
of non~infected cellss The veamsons for the somewhatb

‘different effects of non-immune serum on DNase activity
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Table TTL.19e.

nzyme Inhibitory Wffects of HICS and Control Sera.

(1) Herpes-induced Diase:

DNage activity ()

herpesmimfact@d BH cell extract 100
( + TT0S antiserum 5705 67

% + HICS antissrum 57006 11

( + HICS antiserum 5706a 4
g_+;5706 serum (pre-immune) - 87

( + neutral serum 9Q

+ DEAE-treated 5?06~antisermm 27

g . NEAE-treated neutral serum 105
herpeg~induced DNage (DEAR eluate) 100
‘+iﬁICS antiserum 5706 41

% 5706 antiserum (pre-immune) 77

+ neutral serum 77

(ii) Herpeg-induced DNA polymerases DA polymergse

A

activity (4).

non-infected BHK 21 cell extract

+ neubrsl serum 1.00
+ HICS antlserum 5706 ‘ q%

herpes-infected THK 21 cell extract

+ neuwtral serum ‘ 100

+ HICH antiserum 5706 56
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Figure IIT.,20.

Effects of HICS Antiserum on the DNase Activity

(native DNA) of Herpes~infected BHK 21 Cells.

5K
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Pigure II1.21,

of HICS Antigerun on ,the DNase Activities (denatured

Effects : b -
DNA) of Control and Herpes~inifected BHK 21 Cells,
?
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(stimuletion in Pigure TIT.20., Inhibition in Piguve
T1T+2%e ond Table IIT.19.) are not clear, bubt may be
due to a halanée between the protective effeet of a
high protein concentration (stimulation of both nﬂaﬁes)
and the occurrence of serwum DNase inhibitor (imhibitiém
of hogt cell DNase). »

When HICS antigserum was passed throusgh DEAE-cellulose
under conditions (0.0LT75H Na«PQs,pl6.5) iwhere only
the 8%globulins are not adsorbed (Sober aﬁd:Peterson,i958)r
the non~adsorbed Lraction s¥ill inhibited “the herpes-
induced NNasey this was not 8o wi%ﬁ non~immune serun
(Table T1T.19.)» In addition, batehwise Fractionation
of the DNases of herpes—infected BHE 21 cells (see
Chapter II, Yecltion 2.2.7.) on DEAB-cellulose showedAthat,
while the herpes~induced Dﬂas@, eluted from the MRAT was
inhibited by WICS antiseruvm, the non-adsorbed, hogt cell
Diase was not (Table III.19,). These obhservations support
the hypothesis that immmﬁisation of rabbits with extracts
of herpes—infected rabbit calis has caused the production
of a herpes-—speciflic antibody which neutralises the

activity of the herpes~induced DRase.

1e5:2s20 Herpes-—induced DNA polymerase.

HICS antiserum causes an inhibltion of the TA
polymerase activity of herpes-infected BIK 21 and HEp-2
cells but not the NNA polymerase of non-infected cells
(Table TIT«19.): this is in agreement with the regults

of Keir et al., (1966b). Horeover, tle DUNA polymerase
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off poseudorables-infeoted cells waeg not inhibited

~‘%y‘ﬁiﬁﬁ‘antiaermm {Table I17+19,), ‘thus lending furthew
support to the h”gﬁﬁhﬁﬁiﬁ thal virug-gpecellic sntibodlaes
sre present in the antiserum.

'ls§§?03ﬁ

§ bt

%ﬁﬁuagr&hﬂaﬁminagc&ﬂ ERAYIE £ 0
Pieure ITT.224 ﬁhéwa the effeet of ‘ﬁﬂrﬁiqlﬂﬁ
anounts of HICH anbtiserun oa the Diase wanivzu;mﬂ (native
DRA qn%m¢?§%&) bf.héry@@%vﬂnd ﬁaeuaﬂrahi@gmimfﬁ@%ad WEE 2
oelln. Tt 15 olear that while the herpes-induced Tase
1im1§é%ﬁnﬁly inbiblted, the very similar ﬁﬁaﬁ& induced by
yﬁauﬁoyabiég virug (see Seoetion 1.4.2.) da nob inhibited
Catoally b the antiserun concentre yElons ‘ﬂteda fdentical
\A?Kﬁﬁaﬂuﬂ were Obbained whon the DHagms of §k%€z?th of viruse
infected Hﬁpmﬁ @@113 wum besteds
ﬁet, RTR B curvently beinz prevered agningd

w§ﬁ xnatanﬁa of pseudorabies-infected. Vahvm% “38n&v Gﬁliﬁ

nﬁ non~infected. ﬁﬁﬁ 21 majw, Ag yat, no &Rt‘mﬁﬁ ARG &
have hﬁ&ﬁ&ﬁ@ﬁﬁﬁ%@ﬂ§\hﬂt ?hen available those . .should provide
addLy iﬂﬂﬂ imfﬁfmﬁ%iﬂﬂ on the erigin O the Viﬁﬁﬁmiﬁﬁﬁﬁ&&
ans yme & |

LeGo  Hode of sctlon of ﬁﬁw%aw

La6olle ‘Qﬂlihrm%;an.@; nathod for charactevisation of
moco of atylon OL N uﬂ@o o

I order to examineg the modes of amﬁian?{igéa end o=

oy exnolytie) of the vardous DHases in the DNA vivuge—animal
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Flgure IIL.22,

Effects of HICS Antiserum on the DNase Activities (native

DNA) of Herpes- and Pseudorables-infected BREK £1 Cells,
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cell system,niﬁ was decided to exemine the products of
enzymlc hydrolysis of BQE«DNa by chromatography on DEAE
paper followed by measurement of radiocactivity in a gaé%”
flow chromatogram scanner. (4ee Chapter II, Section
2,1.2.)s . The vroducts of hydrolysis were characterised
ag followgz~ |

(i) A known endonuclease (pancreatic DMase) and a known
sxonnclease (snake venom phosphodiesterase) were used Ho
produce partial. DMA hydrolysates which were then subjected
~to chromatography.  The charéoteristiﬁ vatterns obtained
are shown in ?igura ILT.23. High molecular weight DNA
rsmaiﬁs at the origing ?urlong‘(lgéé) has. shown that,
under the conditione used, oligonuél@otideﬁ of chain
length greater than 3Q renain at the origin. The
toligenucleoﬁi&e products of pancreatlc DNase digestion
mové g short disﬁam&e,(ﬁf OeOQQ) from the origin while
the mononucleotides produced by snake venom diesterase
have @iaﬁréﬁe Ry vélmea of 0% and 0.7 respeé%ivelyo

(i1} Conmereial preparvations o dAMpP, dACMP, AGNP and
dTP were run Gn-ﬁﬁﬁﬁwpaper under stan&ard c@ﬁdiﬁions
and 1t was found that the substances which had Re values
OFf 0.5 and 0.7 corresponded to The purine and pyrimidine
‘monophosphates respectively, A slighl separation of
AGHD agdydAﬁP éééurred‘which explding the somewhat

broader shape of the purine peaks
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Flgure III.23,

Chromatography _of DNA on DEAE - paper_ after
_pDartial_enzymic digestion,
SOLVENT: 075 M NH4 HCO5,pH 86

SOLVENT
ORIGIN _ FRONT
E No digestion
JA

Pancreatic DNase

/ N\

Snake venom 5-phosphodiesterase

S VAVAN

Snake venom 5'-phosphodiesterase
plus alkaline phosphatase or
5~ nucleotidase

A

e




(iii) vhen the mononucleotide products of digestion of
DA with snake venom phosphodis sterase were treated with

" Techscoli alkaline phosphatase or snake venom 5*-nucleo~

tidage before being epplied to the DEAR-papev, the purine
and pyrimidine mononucleotide peaks were replaced by ah
inorganic phosphate peak (Rp = 0,8) identified by
comparison with commercial 32Pmph08phate.

Thus, by subjecting the products of hydrolysis of
DNA resulﬁimg from the action of a DNase to chromatography
in this systemg the mode of action of the Diiage may be
determined. Turthermore, by use of the specific H'-
nucleotidase, excnucieolytie prcduéts may be further

characterised as 3'- opr S'-monophogphates.

le6o2,  Mode of action of DHases in herpes virus-
animel cell gyotem. '

Le0s2,1s Host cell DlNase.
When extracts of BHE 21 or HEp~2 cells were incubated
- with 32p.DNA under standard DNase mssay conditions and the
digestion products analysed by the above method, only
oligOnucleoﬁides were observed. The same regult was
obtained both ﬁith native and denatured DNA as substratle,
~although the latter is atltacked more rapidiy. Addition
of pancreatic R¥Wase to the incubation medivm stimulated
DNase activity (presumably. by destroying inhibitory RNA)
but did not alter the nature of the products. Thus, bhe
alkaline DNases of ?HK“QI and HEp-2 o@llgﬂare o

endonuclesscs.



1:642.2s Herpeg—induced DNase,

When herpeg-infected THK 21 cells were examlned,
the products obtained from native and denatured DNA
indicated an exonucleolytic mode of attack for the
induced Diages Digestion with 5t.nueleotidase showed
that +the hydrolytic products are'Eﬂmenaphosphatesﬁ
Although the predominant DNase of herpes-infected
cells is an exonuclesse, the possibility that herpes also
induces an endonuclease (cf. bacteriophage ngjEOS@ and
Wossal (1964) ) cannot be excluded, There wes 10 iﬂc?eéae
in the amount of oligonucleotide produced by infected cell
extracts compared with those of control cells, but it is
“highly likely that sﬁeh oligonuecleotides, if produced,
would be very elficiently hydrolysed by the herpes-induced
exonuclease (see Section Le643.). Assay of endonuclease
in infected cell eﬁ%rﬁcﬁs'by $he method of Geiduschek
(1965) did not yield meaningful results because of the

wehigh level of exonuclease, It is-hoped that subsequent

experiments with supercoiled polyoma DNA and host cells

with very low levels :of endonuclease will help clarify

P

this point.
The resultg Lrom herpaéminfee%e&»HEpME celly gave

similar results, but the system was less satisfactory

beecause of  the higher alkaline phosphatase (or Htw

nucleotidase) levels in HBp=-2 cells.  Thus the main
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hydrolytic product of digestion off DEA by herpes—
(or pseundorabies) infected HEp~2 cells was inorganic
phogphate.

1.642.3, Pegeudovables—induced DNase.

The vesuwlts obtained with extracts of paeundorablege
infected cells were identical with those with herpes
Tiruge Two viruses of the herpes group therefore, induce
exonucleases producing H'-monovhosphates during the

infective process.

Le643e Divectlon of atlock of herpeg~induced DNase.

Most exonuegleases which produce 5'-monophosphates
attack the INA substrate sequentially from the 3t ~hydroxyl
end of the polynucleobtide chain (Tehman, 1964). Recently,
however, 1% has been shown that the exonuclezse induced
by bacterlophage )\ produces Ht'e-monophosphates by altacking
from the 5'=phogphoryl end of the ohain (Little, 1967).
Thug, 1t was of interest to establish the diréc%ion of
attack of the herves-induced exonucleasGe

Iﬁcreaaing digestlon of the INA substrate with
pancreatic DNase increcses the rate of attack by the
herpeg~induced exonuclease, but this doss nolt distinguish
the two possibilities since both 3'-hydroxyl and 5%
phogphoryl groups are produced. The fact, however, that

treatment of natlve DNA with extracts of herpes-infected

cells, under conditlons where the induced exonuclease



is active, increases the priming elficlency of the
DRA foxr DNA polymerase (Figure‘III.lB.)y suggests
that 3'-hydroxyl, rather than -5'~phosphoryl groups are
h@iﬂg produced on the remaining polymucleotide.

{le ax proocf of the dlrection of atback can be
ob tained using the méthod of Tehmann and Nussbaum (L964).
"hetivated" MNA (Aposhlen end Formberg, 1962) was
incubated at pH 7.5 and 0.2M XC1 (conditions opbimal
for herpeg—induced DNA polymerase, with minimal Dlase
activity) in the presence of one triphosphate (cinQPdeTP
of high specific ae%iviﬁy) and an extract of herpes-
lnfected non-growing DHE 21 éells {(Low endomuclease
activity). After 60 mine at 37Qy 500 pige of denatured
DNA was added and the DN precipitated in the cold with
TOA The precipitate was re&i&solved in, OQlN HalOll and
dialysed extensively sgainst 0.02¥ KCL. The 3'Pw3NA
(Labelled with a ACND reﬁidﬁé(s) at the 3t~end of +the
DNA chain) was then incubated with more of the same
herpes~infected cell extroct ol pHY with no ECL (optimal
conditions Ffor herpes-induced DNase) and the release of
agid-aoluble radiocactivity and @V~absorbing naterial was
Tollowed. The results (Pigure I[TI.24.) suggest attack
from the 3f-hydroxyl .end, but afe‘naﬁ completely con-
élusive becanse of low levels of radioactivity and possible
endonuclease action &uriﬁg Mase incubation. The weighﬁ

of evidence, howgver, remaing in lavour of this



Figure I 24.

Hydrolysis _of DNA labelled with **P-dCMP_at
the 3'-terminus by an extract of herpes
infected BHK 21 cells (non-growing)_
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- direction of attack.

LeTe Partial Purification of Herves~induced Fnzymes,

Because the amounts of virus-infected cells available

are limited by technlcal considerations, enzyme
"~ purification has been undertaken with the aims of

(1) specifically removing interfering enzymes and other

Tactors, and (il) -separating the enzymes of interestl,

rather then simply trying to obtain a high svecific activity,

In thig, a degree of success has been attained, particvlarly
with the herpes-induced DNase.

1.T.t. DNases of herpes-—infected cells.

1aTelils phrom&tbgraphy"on DEAL-cellulose.,

The most useful purification procedure for the herpeg~
induced DNase has been chromatography on DEAT-cellulose.
Use of. thig lon-exchanger was indicated by the finding of
Curtis et ol., 1966) tha®t a Miase of rat liver,

preferentially hydrolysing denatured DNA, was not adsorbed

by DEAD under conditions which caused most other proteins. -
to be retained, Preliminary exveriments wiih extracts

of herpeg-infected cells showed that the activity towards

native. MWA could bhe removed from the extrach by treatment

- with DEAk-cellulose in 0,051 tris-HCl,pH8. DNase acting

on denatured DNA and alt & level of activity comparable to
that found in non-infected cells was left in solution.

Vhen OPRAD~cellulose chromatography of extracts of -

herpes~infected cells is performed, with elution by a



Linear KCL gradiénﬁg two distinet DNase activities
arerresolved (FPigure III.?E.); peak I, whieh is now
retained by the DEAE and which is most active on
denatured DNA, and peak II, which is wadsorbed, is eluted
between Q.1 and 0.15 ¥ KCL and shows highest activity
towards native DNA. The same pattern obtains with
Tvbﬁfcplasmic and nuclear fraotionéf;fviﬁfeated cells,
but with extracts of non-infected cells, only Peak I
is observed, Alkaline phosyhatﬁse, levels of which are
low in BHE 21 cells, ig eluted before Peak 1II. Thus, in
one gtep, the hervves-induced exon&clease is removed from
its two mdg" segrious contaminants. - Turther purificetion
is complicated by the lability of the enuyme afler elution
Trom DEATR~celluloses

1n701o29 Gel Tiltration.

Another technicue which has been of some velue is gel
filtration on coluang of Sephadex (=200, heain, a
separation of‘host cell andherpes-induced DlNases is
effected, the virus-induced enzyme appearing wiﬁh, ow
juat behind, the vold volume, while the host cell MMagse
elutes at the same positilon as haemoglobin, suggesting
& molecular weight of 60~70,000 (éfg Curtis, et _al.,
1966) . The herpes~induced Dﬁéﬁe:is"pfohahly}genuinely
of high-molecular weight (i.eb not ageregated Q?M

aggsoeiated with other high molecular welght material
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€,g. nucleic acidef; =ince treatment of the cell

extract with the non-lonic detergent Triton X-100 or
pasgage;threﬁgh DEAT-celluloge prior to gel filtration,
does not altér its elution volume,. Only a part of the
alkaline pho&ﬁhaﬁase ig removed from the herpeg-induced
Diase on Sephadex G-200, sineé the Tormer is resolved
into two peaks, one of which elutes with the vold volume.

LoTale3s OQther methods,

Pyactional preeipitaﬁibn wi&hlammonium sulphate
failed to achieve fny seﬁaraﬁion‘of components ox
removal of contaminants, but the method has femaineﬁ
uéeful for concentration of the engyme and 2-3~fold
'purifieaﬁioﬂg_esyeaially alter DEAB-celluloge chrom-
atography. Storage of the engyme as a suspension in
0.8 saturation smmoniwn sulphate hag praﬁed more
satislactory than storing in solution.

Le7T+2+ DNA polymerases of herwe s-infected cells.

Purification attempts with DNA polymerase have beern
less successful than thoge with DNase. Tt has not yet
heen possible to gseparate the herpes~induced polymerase
from either the host cell enzyme or the virus-induced

Difase.

A el e 2'»1 v Tf)’iﬁf\l:?wcellulose I
Both the herpes-induced and hogt cell polymerases

. 2

elute at the same position as the hérpes-induced MWase.



Becausecthe leading edge of the polynerase pesk
showed greater activity in 0, 21 KCL than did the
trailing one, there may be a possibility of separating
the host and virus-induced enzsymes ﬁith different
cluting conditions.

LoTe262¢ CGel filitration,

Both polymevases eluted with, or Jjust behind, the

vold volume on Sephadex (=200, Pretreatment with NEAR-

bed LoF 8

celluloge did not alter the elubtion volume, so that the

engyme proteins probably have molecular weights in the

region 200,000--500,000 (Andrewes, 1965). Hecoveries

from Sephadex columns have not generally heen good,

prohably because of the long running time involved
(3050 hours) with the colums used (80100 % 1 omo).

LeT+2a3e Obher methods,

Ag for Seotion LeTslels

Le8e DA Mebabolilsm in Herpe g-infected Cellg.

In order to invegtigate the fd1e of the se two
herpe s—ilnduced enzymes in the infective process, the
me%mholism of host cell and viral DNAis alter infection
with herpes virus has ﬁeen gtudied by labelling the
DiAs with radioactive thymidine and separating bhem
by equilibrium de“siﬁy gradient céﬁtfifuﬁaﬁion in an
angle-head rotor (Tlamm Sﬁmg&ﬁg 1966 ) s Migure LIT.26.
nshows the d@greq?éeparation of vireal end cellulair DVA

achieved by this techniquee.
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BHE Z1 cells were premlabélled wiﬁh‘14GwTdR end
*mamﬂﬁalned in a low serum (0,%%) medium which reduces
q@li,m@t&boliﬁm and d3V10ion to ealow level (Burk, 1966),
When the se cellﬁ-wer@ infeat@d‘wiﬁh herpes virgs and
ﬁuluéd with BH“md“ for 3 hour periode, the following
results were obtained (T able TIT.27. and Figure III,QSQ)sm

(i) the incorporation of 3

H-TdR dinto viral DNA is mos®
‘actlive 6-12 h pomt-infection; since only 15 of the
ad&ed Bﬁwmdﬁ was actually incarpora%ed, these Tigures
© probably reflect the rates of DA synthesis fairly

Haeauratﬁly;

3H«T&R’iﬂ%o cellular DA ia

(ii) “the incorporation of
inhibited after infeetions this is in agreement with
the results of Sawer eb ale., (1966) and Rolzman and Roane
(1964) with herpeg- and of Kaplan and Ren~Porat (1963)
with pseuéorabieawiﬂfecte& 091133.

(1ii) the amount of o O-label in the cellular DNA peak
does not fall in infected cells, indicating that the host
DA ds ﬂOE degradea extensively after 1nfec%ion; the
Tact that no broadening of the ceilular DA peak ig
observed, sqggegﬁﬁ”%h&tflitﬁle endonucleolytic breakdowﬁ
ocours, even ét'géhro post infectiony .
(iv) XOnly a small proportion (£ 5%) of the 4leabel appears
in the viral DWA peak, and it did nobt show the sharpness of

14

the H peak; the’quamtitative signifiéa&oe of the U-label



Table TIT.27.

Digtribution of Radioactivity between Viral and

Cellular NAs, Pollowing Infection with Herpes

Virus and 3H-thymidine labelling of DK 21 Cells,
Previously Labelled with lAg—thymidine.

- Duration of Radioaeﬁiviﬁy in DNA Specied.
exposure Lo -
SH=PAT Viral DA | Cellular DHA
(Hre pPOSTE~ ) .
infection). 3H_dup‘m. Ldg GePallle 3H7dgp,m. 140 depeille
(X10-5) (x1074) (x10-5)  (x1.0~4)
0 = 3 - ' o 442 Te8
3o 6 143 - Dsl Teb
6 = 9 941 042 2T 6ot
9 « 12 77 0414 149 841
?2 = 25 '3“.‘5 Qo18 0-9 7@3
non=-infected
cells o : | 59 8.1

- BHK 21 cells, labelled with 14Gethymidinm during growth,
placed in plastie Tetri dishes (5x10° cells/dish) and
subgeguently maintained 1n low serum mediuvm Lor 4 days
at 37% were infected at time mero with herpes virus
(MOT = 15p.Ffeu./cell). OJH-thymidine (0.%mcurie/dish)
wags added at the times indicated and incubaitlon atopped
after 3hr. by removing the medium and washing with cold
isotonic saline. Tlog./ml. pronase in 1¢ 505 was added
and the dishes incubated overnight at 37° hefore the
contents (2 dishes per point) were subjected to buoyant
density centrifugation (see Chapter IT, Section 2.2.8.).

% A part of the cellular OVA in this experiment was
lost at the top of the gradient.
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in the virsl peak is uncertain since the specific
tivities of the DNA peake gould not be determined
weourately, Owing to the high UV-absorblug bsckground
guged by the pronase digestion products. The lack

. 1
of sharpness in the 4

Gelabel din the viral DNA fraction
suggests that this may not represent true ilncorporation
into herpes DHA Dbutb meyely background radiocactivity.
Purther experiments are being carried out %o
determine the quantitative and dynanmle relatvionship
between host and viral DNAs in infected cells, with
due attentlon to possible effects of changes in the
pool size of TdAR and its phogphavylﬂ ted derivetives

(ewbton et al., 1962).

2. NEAREST NRIGHBOUL PREAUBNCY ANATYSIS OF THE DHAs
CF 51V B AL AN AL TAN VLﬂﬁ“ﬁb. '

else A Counsideration of the Tevhnmmue and ihﬂ
;cbulha whlch LL Ixeld '

This technigue, described in Chapter I, Section
2:1l02s and Ghapter 1T, Section égJag measures the
frequency of CGOHTfOﬂG& of each of the sixbeen possible
dinucleotides in the M4 being analysed (Josse el al.,
1961; Sweritz el al., 1962), The actual measurements
made are of the radiloactivity in the four 3*-nono-
nucleotides obtained afﬁeﬁ hydrolysis of the ensymically

gynthesised product. Prom these [igures, the
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radioactivity occurring in each of the four mono~
nmweleotides may be @xpfasse@ ag a fraction of the totals
when these fractions have been ob%aiﬁad for all sixteen
dimucleotides, the basa gompogition of the synthesised
material may be computed. Thevpraduc% of the
dinueleotide Fraction and the base fraction of the
mieleotide which was ori ginally labelled with 32?
corresponds Lo the frequengy of occurrence of the
dimncleotide.

£
X

The final res ulLs may be checked in two wayavw

A(i) the base eem@o. ion of bhe anuhﬁgim@& m&bﬁflaLg
obtained from the analyais, can be compared with that

of the primer DNA, whilch has been measured by some othew
-methody e.g, chemical analysis of buovant density
measurements (Schildkraut el als, 1962 |

(ii) oen anti-parallel,; base-paired DNA duplex (Vabson
and Crilelk, 1953) will contain equal amounts of
complementury dinucleotides (éa%; TpG and Cpd) and
comparison of the frequencies of these (ldentified by
Roman numerals in Table ITIL.20.) will give an indication
of the fidelity of the anslysis.

2:2. The Results Obtained with Mammalian DNA Viruses.

Table TIT.29. shows a typical set of results, in
this case, & duplicate analysis of the DNA of pseudorabiles

virus. The base composition obtained (72.4Y GC content)



Table TII.29a

Nearesm Neizhbour Frequency Anqlvmv

==
2
:”1

Of kacud0¢ab1n% Virus

of the DNA

TLabelled Lo

 Reaction - L
number ufithSph&ue B , _ ’
Tp Ap Cp Gp
1 ' AR TpA ApA T} CphA I GpA I1X
| 06013 ] 0,017 | 0,044 | 0,055
. 2 arre [ mpm 1| Ap® Cpt IV |- .cpn Vv
10.023 0,018 0.054 | 0.052
3 aGIP Tpd TT| ApG IV OpG GpG VI
0,055 | 0,049 | 0,146 | 0.117
4 AOTP et apo v Cpo VT Gpc
04064 | 0,046 | 0,215 | 0.1.32°
Sumss [0.155 | 0130 | 0.359 | 0.356
‘X:.’f:A i Lemrp? ‘j{i:::' =
Go/Tle  TPe  CofMe T4  GofMe e  Gafile :ﬁ‘:g:*.' base
S _ Sraction
PPX 4496 0,102 653 0.155 10324 0,151 9686 04178 £= 0T
6355 ¥ 709 10685 9386 |
ApE 5405 04134 537 0,125 8752 0,132 7113 0,128 a= 0\%0
8828 7 - 56T 9681 654 -
Cpk 13712 04342 1608 04366 25688 Q.JQT 18531 0.39% c= 0,357
P 22500 . 1613 20612 - 16030
GpX 17355 0,422 1533 04355 £1092 0,320 20688 0,371 ¢= 0-3¢T
27346 1590 23512, “8975 $
./mJ = eounts per mine in ibolabed mononucleotides
?r. = fractlon of total counts in each mononucleotide..



coﬁpares well with a figure of 747 from huoyant‘

density measurement, and the complementary dinucleo-

tides are :

TP/ ApA~0,023/0.01L7¢ TpG/CpA=0,055/0,0443 TpC/GpA~0,064/

0.0555 ApG/CpT-0.049/0.,0545 apG/GpT=0,046/0.051s CpC/GpG=

0.115/0. 117, The ratios ¢/C¢ and A/T are 1.03 and 0,88
eapectively.

Table TI1.30. shows the results obtained fme the
analyses of nine viral and one cellular DMiAgs unlike
Table IEIQQQ,g ﬁhe'frequencies are expressed as oaris
per thousand. When compared with the results
Josse et al., (L961) and Swartz ot al., (1962) the
complenentary dinucleotides are somewhat less well
matehed. In addi%ion, the base compositiong caleunlated
from the analyses af@ Lower than those obtained from
buoyant density determinations by 0-3¢, Mo reason has
been found for this discrepancy, butb WAL eﬁ al.,

L

(1962) state thet lsch, coli endonuclesse I can alter

the nearest neighbour pattern; (in order to eliminate

this peossibility, Tsche. coli. shﬂ“g a potent inhibitor

of endonuclease I, hag been used in subsequent analyses).
? ; 1 y

Wevertheless, the analyses are felt to be sufficiently

precise to allow adequate comvarison of the patterns of

viral and cellular DNAg,.

{l’

e 3o Preatment of the Eeﬁultsu

In order to compare the neavest neighbour patterns
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Table IIT,30.
Nearest Neighbour Frequency Analysis of the
DNAs of Nine Animal Viruses.

DXNA: Human spleen  Herpes Pseudorabies Polyoma Shope
ApT 81 34 18 67 70
TpA 67 34 13 80 55
ApA TpT 97 97 356 36 17 23 74 86 73 89
GpT ApC 49 54 659 58 52 46 61 47 63 60
TpG CpA 74 T4 © 62 65 55 44 78 71 86 76
GpA  TpC 61 57 56 49 556 64 60 62 58 63
ApG CpT 70 171 b0 46 49 54 77 72 67 13
GpG CpC 50 47 110 100 117 116 656 62 b65 46
GpC 43 108 132 52 55
CpG 10 109 146 18 24
(G 4+ C)9% from 40.5% 66 % 72.4%, 459, 45%

freq. analysis
(G + C)9% from

buoyant density — 63% 74%, 489, 47%
determ.
Human  Adenovirus Equine rhino-
BHK21/C13 sv40 papilloma type 2 pneumonitis  Vaccinia
82. 74 79 48 48 124
73 68 72 44 50 111
98 108 105 116 91 96 64 68 58 57 106 112
60 52 58 48 57 54 59 56 63 58 53 49
79 68 77 72 73 69 71 66 67 58 57 52
62 57 54 S0 57 55 55 55 60 57 65 61
69 68 73 62 65 64 62 64 62 62 55 53
44 40 49 44 50 45 72 72 79 73 28 26
35 44 48 82 77 22
- 3 6 24 62 72 28
382 39-0 414 53-2 544 32'5
42 41 41 57 ' 55 35

Experimentally obtained values for the dinucleotide
frequencies of the DNAs of nine animal viruses. Each
DNA was analysed at least twice; the average values
are given; the dinucleotide frequencies are expressed
as parts per thousand. The analyses of BHK 21 cell
and human spleen DNAs (the latter from the results of
Swartz et al., (1962) ) are included for comparison.
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of DNAs of widely differihg base compositions, the
observed frequencles may be "normalised" to the values
which they would have 1T thé DA base composition were
50 GG conbtente This le achieved by dividing the
observed value z, by bhe expected fregu@ney~éssmming
randonness (i,e,'xgy where x and y ave the bagse ratios
of the components of the dinveleotide) and mulitiplying
th@ gquotient Ty 040625 (the expected frequency of every
ainuoleotiae in a DNA of 504 GC content, aséumiﬁg
randomness).  Thus, the normalisedvfrequeney of a
dinuecleotide XpY ia 0.0625z/x.y. The results obtained,
.normalisad in this way,‘o&ﬂ be found in Table 2 of
Subak-Sharpe §§m§&43@966a) and Table 2 of Morrison
et al., (L96T7)s Migure ITI.31. expressed the same
regults digramatically as the deviation from random
expectation of emch dinucleotide.

The outstanding feature of the nesrest neighbour
vattern of mammallan, inaeed all vertebrate, DNAs is
the rafiﬁy of oceurrence of the dinucleotide UpG. Trom
Pigure ITII.3L., it can be seen that the DNAs of mammellen
viruseé“fall into two groups: (i) the papovaviruses
(ﬂv4ﬂ,npoiyoma and  the Shope and huwan papillomas) which.
closely resemble the pattern of the host celly pariticu-
larly in the scarcity of Op&;-anﬁ'(ii) comprising three
herpes-viruses, an adenovirus and a pozvirus, whieh

PR

SRR
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deviate much less from random expectation.

~ To facilitate comparison between the frequency
of oceourvence of dinucleotides in the DNA of the host
cell and that of the invading virusg, a “showiage
‘histogram" has'been congtructed o show which
dinmacleotides ocgcur less frequently in ﬁh&lhos% DWA
than they do in the viral ONA and to indicate the
magnltude of the delficiency.

The percent shortage of esmch dinucleotide is

expressed as followg i~

dinucleotides per 1000 in host DNA
( 100 = i} . Y % 1007

dimicleotides per L1000 in viral DA

Meure T11.32. shows the shortage histograms for the
viruses which have been analysed, The results deg-
cribved in this Sectlon will be discussed and their

significance evaluated in Chapter IV, Section 2.
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CHAPTER IV




CHAPTER IV « DISCUSHION o

1. DNZYNE INDUCTION BY HERPES VIRUS .

In this geetion,fpossible mechanisms for the
induction of increased levels of MNase and DNA polymerase
will be described, the salient features of the induction
of these enzymes will be summarised and the hypothetical
mechanisms and experimental observations correlated as
far ags possible,.

1.1,  Possible Mechanismg Causing Increase of
tnzyme levels aifter Infection with Herpes Virus.

Lo Activation of exisgting enzyme molecules.

a. "External factsr&"a

Thesge are factors which do not directly affect
the structure of exlsting enzyme molecules but which
interact with the enzyme so as to alter its aetiviﬁy;
The factors could bhes-

(i) rewmoval of an enzyme inhibitor, or

(ii) appearance of an enzyme activalbors
both of these would lead to an apparent increase in

enzyme activity following virus infection.

be Alteration of engyme struciure.
Existing enzyme molecules could have their activity
and properties changed or exigting, inactive proteins
could acouilre engymic activity by

(1) alteration of the tertiary -or. quaternary



gtrueture of a protein, or
(i1) =addition of avirus-specified oligopeptide
to an existing protein molecule,

IT. Synthesis of new enzyme molecules.

This could oceur in at least three ways i

a. synthesls of existing-type moleculeg.

b, sgynthesis of a different, host cell enzyme, nokb

normally made (e.g. by derepression of a

hoa' gene).

ce synbhesis of a different enzyme, apecified by

a viral guue.

l.2s Teatures of Enwzyme 1hducﬁiqnvby Herpes Virus,.
(i) Tevels of DNase and DNA polymerase rise after infection
of animal cells with herpes virus abt a time when they can
particinate in the processes of virus mulﬁiplicaﬁiona
(i1) Synthesis of mANA and protein is necegsary for
enzyme induction.
(1ii) Addition of extracts of control cells to extracts
of infected cells does not cauwse inhibition of the induced
CNZYMES o
(iv) Mixing of conbrol and infected cell extracts may
give a super-additive response of enzyme activibty.
(v) Both induced eunzymes differ from the corresponding

activities in control cells in several enzymic properties,
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(vi) The induced TNase is physieally separable from

the DNase of conirol cells.

(vii) Antiserum prepared against extracts of herpeg-
infected R cells neuﬁ*aliﬁésﬁhe enzymes induced by
herpes virug In BHEK 21 and HEp=2 cells, but not the host
cell emzymeﬁ‘or the corresponding enzymes induced by
pseudorablies virus; the serum inhibitor is not present
in pre-—immune serum and behaves like Y-globulin on

DEAL=—cellulosee

le3s Correlation of Observed Features and Possible
Mechanlemg of Imzyme Induction by Herpe s VirTus.
vw.&-“.:.\;:.l..m u..s..\;uu‘v.\- AR WEN ACHE WV LV SN w P ARV E T R RS B VY A WA S W e [ 30 N § LW

pdiechenismd ol Imzyne fnducbion Oy Heipe 8 Virussthe

IGSﬁ:timporﬁénee since, if an enzym was induced at a time
‘when it cculdxno-longer function in virus multiplication,
its appearance would probably bé due to some indirect
effect, such aslviral eytotoxicity, rather than virus-
dirvected engyme induction. | |
A requirement for protein synthesis would apparently
rule out all the possibilities of group I, except T.b.di.,
but synthesis of new p?oteinﬁ might well be necessary for
the other mechanisms, ¢.Se synﬁhesis of an engyme activators
Teature (iii) meane that there can be no exXeaess of
an inhibitor(s) of the induced enzymes present in non-
infected cells; this makes possibility Te.a.l. unlikely.

Feature (iv) appears to favour possibility T.a.did.,



but %hezﬁupermSummaﬁicn_ean be @xplaine& in terms of
the known properties of the enmymeaAof control and |
infected cellég In tge case of the DNases, adding
',eonﬁrol extracts to those of infected cells will |
“lncreage ﬁhé{amounﬁ of an&onuaieageg thig will convert
more of the high»moleaﬁl&r weight DNA subﬁtfa%e into
oligonueléotides which are bhetter substrabes qu the
h@rpes«iﬁduced exéﬂuﬁleasé; With the DNA polymerasesgl
the abiliﬁy~ﬁf the herpes-induced exonuclease to ingrease.
The priming efficieﬁcj‘afjﬁﬁA cduld’makeAﬁhe‘hest cell
ensyne more active then it is in extracts Of'ﬁonmiﬁfee%ed
cells. Since, addiﬁiénaiiy, it is diffdeult to explain
the differen% properties of the induced enzymes in terms
of &#n activator of existing enzynes, pcssibility Teaeslis
also seems unlikely. |
Possibility T.b,i. can be virfually ruled out in

the case of the induced DNase because of the separation
which cen be achieved on ﬁEAEéealluloaeg but it is still
pdss;blé that a yraﬁeiﬁ whiah"isﬂinacﬁiva in non-infected
cells mighﬁ»be sultably élﬁerea, The strongest evidence
‘against this likelihood is the immunological data {see
belsw)? but the intérgretaﬁion cannot be unequivoocal,
since alteration of protein strucﬁuré might- alter the
:i.mmm:z;ogiéé:;, speeificity of a host enzyms .

| The alteration of existing proteln molééuleg'by

addition of a virus-gpecified oligopeptide ls even more
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difficult to eliminate, because such ap addition
counld explain the immunologleal evidence. In the
case of the induced DNase; of course, the physical
separation makes this explanation less likely. In
any event, the dividing line between possibilities
ITebelde and IIic. ig bound to be diffuse.

Of the mechanisme involving synthesis of new
engyme molecules; I1l.a, is clearly eliminated by the
different properties of the induced eéhzymes compared
with those of the host cell. IT.b. i8 made rather
implauveible by the dmmunological evidencey sinee in
order for this mechanism to operate, herpes virus must
induce or derepfessvimmuﬁclégieally identical enzymes
in three different cell lines, while mmother vireus of-
the herpes group, pseudorables, must induce or derepress
immunologicelly different ensymes, but with similap
enzymié properties, in the same three cell lines,

Thus, the only posgibility which is wholly compatible
with all the available evidence is TT.c. Tt can be seen,
however, that much of the argﬁmenﬁ agalngt the other
mechanisms 1s indirect, and that I.b.i. and, especially
Tsb,iie, cannot be completely eliminated, Tarther
evidence of the virug=gpecified nature o %he indﬁcéd
enzymes may be obbtained by experiments involving selective

inactivation of host and viral genomes and with
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conditional lethal mutants of herpes virus, bub
unequivocal nraof can only come from the use of virall
DA dn oonJunehiom with in vitro RNA and protein
Syntheﬁie systemss recent synthesis of bacteriophage

T4 lysozyme },ML‘E:EZ,Q from in vivo T4 mRNWA (Salser et al.,
1967) suggests that there is cause Tor optimism about
the practicability of this approach.

Lode Qpeculahion,om the Roles o ‘the Herpes-induced
Lnaymes. ' o

T e

1.4+1. Herpes—induced exonucleasees

Induction of DNeses hags been observed with many DNA
viruses (see Chapter I, Secetion 3.3.), bult only in the
case of bacteriophage T2 has 1t been possible to correlate
the appéarmnce of the induced INase with a known Teature
of the infective process (Lehman, 1967). In this case,
it seemé likely that the exomuclease (Oleson and Koerner,
1964) and/or the endonuclease (Rose and Nossal, 1964)
observed to increase at the same time ag the "éarly"
enzymes, are responsible For the breakdown of the host
cell DNA (Hershey el ol., 1954) whilch ocours progressively
af ter infection. The discovery (Wiberg, 1@66) that
conditional lethal mutants o bacteriophage T4 in genes
46 and 47 sre unable to degrade the bacterial genome %o
acid-goluble fragments should enable this hypothesis to
be tested, In the case of bacteriophage 15, however,; the

induced DNase (Paul and Lehman, 1966). appears much %00



late to be responsgible for the very rapid breakdown

of bacterial DNA whieh Ocours with this virus.(Crawfarﬂg
1959), Virusﬁinduce& Dases may also be ilnvolved in
guch @henomena as the breakdown of the DNA of superine
fecting bacteriophage  (French et _al., 1951)

In the case of the herpes-induced DWNase, it is not
yel possible to establish the role of the enzyme in the
infective process, bub vqri@ﬁa ﬁasﬁihilitieﬁ con be
examined in the light of existing evidenoce:-

(i) Degradation of host DNA.

Ag described in Chapter iIIp Seation 1}8;9 noe
extensive breakdown of ﬁaﬁﬁ celiimNA occuré after infection
with hewrpes, or For that matter, any animal virus so far
examined. This fact would seem to exclude a purely
degradative role for the indﬁé@ﬁ DNase, but, because of
the vast difference in size between the DNAs of an animal
cell and herpe @ virus (231012 and 73107 daltong),
degradation cfloniy 1ef of +he hes b DNA would provide
enough material fof the synthesié‘af about 300 wviral. DA
moleculeg. Prom the results o Russell et al., (1964),
each infected cell produces about 50 infeoéive virions,

103 particles ana.BRlOB equiv&lenﬁs of viral DNA. This
last flgure would requir e the degradation of 18¢ of the host
DNA, if the latter were the sole source of viral DNA

precursors; if, however, less than half the wviral DN
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was derived from this source (as is bthe case with the

TP Loult to exelude

[
’%_.!.

T-gven bacteriophages), it wauldrbe.
%he possibiiiﬁy that such an'ambunfiof breakdown had
occurred in %hé sxpéfimﬁnﬁ‘deseribeﬁ in Ghaptér TIL.
Very little 1ébél,rhawever9 derived Trom ﬁhé:host;éell
DA, can be detected in the virel DA ﬁnd_aﬁthough this
 @xperimen% oaﬂﬂot'be completely quantitated, the recent
‘resﬁitﬁ of Munk aﬁﬂ KlamefﬁhA{l§67) show thaﬁ‘ue host DWA
material appears in mature hefpe$,ﬁirus or in viral DNA.
There remains, howeverg‘the‘effect ol herpes virus
whigh manifestg itsélf as a margiﬁation of %he chromatin
of the infected cell. It is not inconceivable that a
DNase might play a part in this process, but an endo-
nuclease wouwld seem & more likely candidate for the rolc.
As was disoussed in Chapler ITI, it has not yet been
posﬁiblé to demonsbtrate or eliminate the possibility that
herpes virus induces an endonuclease.

(1) Dégraéétionrof viral TNA.

A% fifst:&ighﬁg this seems a highly improbable
suggestion, but is worth ednsidering because of two facts.
Firvstly, there is a eogsiﬂerahie excess ef‘ﬁixal pNA
produced (see ébQV@)t This may be an oﬁliga%pry featbure
of amimal DNA virus muliiplication, as it is also observed
with veccinia, pseudorabled aﬂ&‘adenoﬁirnses, and_may not.
be asg Wasﬁﬁfullas it seems. Haggan,gg;gﬁi,(lgélj observed

inter-cell "bridges" in herpes-infected cells end so it is
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poasible that excess viral DNA, hydrolysed by a viruse
induced DNase, may pass inbo the next cell with the
infeeting virue and gerve as a sourde of prefommed
nucleotide for Purther DNA synthesis . This may be of
importance ﬂé the yirusg because of the low rate of
metabolism in the cells which it normally infects dn -
the whole animal.

Jecondly, the fecanﬁ observation of Becker el al.,
(1967) that the DNA of hevpes virusg is circular may mean
that muoh of the excess DNA which is produced is mnom-
infective becaunse of lack of civoularity. It might,
therefore, be of advantage to the virus to eliminate
this materlal which might ianterfere with the assembly
of mature, infectious virions. An exonuclease would be
necessary for such a task.

(iid) "Pavasynthetic" roles.

The idea that DNases may have more than a purely
degradative role hag grown in recent years and has been
reviewaed by Lehman (L967). The frequent physical
association of exonucleases with DNA polymerases and
thelr appearance at times of IMNA synthesis have provided
suggestive evidence for this hypothesis in bacterial and
bacteriophage syatems. Herpes-infected cells also show
both these features, since the herpes-induced exonuclease
co-chromatogravhs with DNA polymerase on DEAL-cellulose

and is induced slightly later than that enszyme, dbut about



the time of DNA symthesis@

Other "parasynthetic" roles might bei=
(a) the'“ﬁrimming" of the ends of newly-syntle sised
DA moléculesg although, clearly, some form. of control
would be necessary to vrevent excessive hydrolysissg
(h) the maturation of r@pliea%ivg Torms of newly=
syntheslsed DNA, such as that desoribed by Frankel (1966)
for bvacteriophage T4
the precise nature of these parasynthebic roles must
necessarily remain speculative, but, of course, much
remains to be learned sbout the mechanism of DNA synthesis
iﬁself.

labde?2. Herpes~induced DNA polymerase.
. ; : :

The role of this enzyme is gelf-evident, bubt the
necesglty for 1itg production during virus infection is
worthy of some discussion.

| In the cese of T4 bacﬁeri@ph&gg, the occurrence of
conditional lethal mubente in gene 43 which ﬂo.noﬁ induce
the synthesils of DHA polynmerase or make any viral 3KA9

shows that the Esch.coli DNA polymerase is not éa@aﬁle

of replicating T4 DVA in vivo. Since the bacterial DNA
polymerase is fivmly bound to bNA, the reason may be
purely one of physical separations; but this is unlikely
to bhe the case In the mammallan cell; where the DFA
polymerase molecule, if not actually the whole DNA-~

- gynthesising complex, seems not to be chromosomally bounds
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This svgeests that the WA polymerasce of the host
gell iz dncapable of weplicating the herpes DEA noleeule.
fme obelous pusa&%iii%y ig that th@r@:ia 2 ailts on the
herpes THA moleculs whilch ig recognisel by the viruge
induced, bub not the host eell DEL wﬂ3yhﬁ?ﬁﬂpa Ho
nighly gpeoific 1&%@”“@%*&& %u$MQCﬁ hewpes ML and the
indugad polynerase has yat heem ohaerved, although,
élmgrly? intact vivel A ﬁhmulﬁ e used for delinitive
@Rﬁ?mwlﬁfiﬂﬁL and binding studies. - The precedent for
stiech a recognition éiﬁ%‘ﬁ&s been cleavly established in
the cane of the small THA hacteriophagesn QP and 82 by
ke work of Splegeluman and hils colleoguos (ﬁaﬁnnm o
Splegelman, 196%), ‘ |

fnother posgdbility de that the inhibi%iaﬁ of host
acell D @vnthﬁﬂwh whioh &@Qu?ﬁ alfter imfmaﬁign with
herpes vivng mey be due, abt least in DREG, B0, 81
inhibitovy effect on the DHNA palym@rmsggéf'ﬁh@ hosd colle
The herpes-induced polymarasg cannoet be suscepbible o
this puitadtive inhibition. the smalld, bub Qaﬂﬁiéﬁﬁﬁﬁlé
ohserved decronse la DA polymerand activi Lty 2hs DOETe
iﬁf@éﬁiﬁm {cee Figﬁr& TT1:25) may be ﬁug o bhe
production of such an mﬂh$b$tﬂ! Mewton (J Q6T) has
regantly prosented evidence Ldnu & ngmwgﬁﬂ virel component .

(ﬁr@ sunably e siruetural prove: in) ds Tes ﬁﬁﬂ‘?%3@ for the ..

ﬁz‘sh:ﬂ)x?:} onn of host cell THA synthesis, Jm;ig A8 thie ds po,
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a differential effect of viral protein on the NA
polymerases of control and herpes-infected cells should

be demonstrable.

In conclusion, the resulis presented here show

that two enzymes, DNase and DNA polymersse, are
synthesised following infeotion‘of'mammalian,oélls with
herpéﬁ_virusn These ensymes differ in thelir praperﬁies
Trom the corresponding activifies nresent iﬁ noﬁwinfecxed
vcellg and are probably soecified by the virai‘genomea
'Phe gvidence does nobt permit a precise aefiniﬁion of

the voles of the induced cngymes in ‘the infective

PLrOCESHa

u‘Jl..

2. NEAREST NEICHROUR ©TIURNS OF BATVALIAN DNA VIRUSES.

261, POESihle Translation ﬁi'ticultigg-ﬁﬁp@ragpcqg
by Viruses in the Infected Cell,

Zoeloloe Ratioggleo

It has been generally assumed that virus-specified
protein synthesis in the infected cell is performed
ueging the exisﬁi#g trans Lat&on apparatus (flbo SOMC 9 g
‘activating enzymes, bransfer UNAs, etc.) of the hos%.
cell. It will be shown that, in the case of herpes
and eeluaxn,o her enimal  DNA viruses, this is probably
not so, at least as far as the populatilon of LRWA

nmolecules 1lg conceimed,



Ag degeribed in the preceding Ghapters? the
technique of neavest neighhour frequency asnalysis gives
information on one égpeet of the primary structure of
DNA molecules, nemely the ocourrence of the sixtieen
possihla\dinueieoﬁidega 1% thus provides o mesns of
comparing the DNAs of different organisms. The results
of Chapter ITII, Sectlon 2. show that, of +the niﬁe viral
DHAs ammlyﬁéd; Tour {all papoveviruses) have patterns
which eloaely resemble that 6f the mammelian host 06119‘.
especially in the rarity of occurrence of the dlnucleotide
Cplsy whilé:tha dinucleotide frequencies of the other five -
(three viruses of the herpes group, one adenovirus and
one poxvirusg) deviate much less from random,; and, in
parﬁieulérg show 1o ‘gcarcity of Cpl.

The raﬁionale.which will be used to eﬁamihe posaible
difficulties of translation is as Followsie

If the;agaum@%ibn is madé that thé grea%er part of -
the DNA of an. organism a@eoifieé'polypep%ié@ﬁ (or, if
thig is not 80, that the polypepti&emspaéifying part has
the same nearest neighbour pattern as the whole DRAY, then
the frequency of dinucleotides 1ln the %NAtﬁill refle ¢t |
their Trequency of occurrence in the codons used for
protein synthesise. By this token, the rdgiﬁy.of ‘the
CpG dinucleotide in the DNA o ma&malian cellyg implieg
that codoné’éanéainiﬂg thig dinucleotide must be

infrequently uwsed for translation in these cells. Indeed,



= if Gﬁc allows far*th@(iﬂtercodaﬂ powition,

(Fx) (¥ wflgﬁ“”)(xhh)g Cpl may never occur within a codon
in mmmm@ipﬁn callm,’ An examdination of thé COﬁDﬂ~“
assignments vsveﬁ? ﬁhat the amino aclds affected by such
’avre GEIGLLOR a?g & eg&nin@ (Gﬁag‘ﬁﬁﬁg-ﬁﬁg~aﬁd CGU),
serine (UCG)?,proline {GCa), threanin@xiﬁﬁé} and alanine
(Goe).

TP a second assumption is now made that, in any
wmven‘selhg the population of H0NA species is optimally
wdqw ied  to %be»traiﬂlaﬁion reauirensnts Qf the genome |
off that cell, theﬁg clearly, a forelign g@némeg guch as

»

théﬁ of an inveding virus, will find uﬂnweﬁiﬁﬁing BTRNA
Jpapula%iomﬂop%imally ac aﬂb@& to its own needs, only if
These are closely similar t0 Tthe needs of host cell
translation; In other words, if the virus uses the
s&me dod@ns*ag the hogt and with approximately the same
frequenoyj the Lre nblatzon requirements of the two will
§01n91degh

2.1.2+ Consideration. of specific virugs~cell
- iﬂ%@*;@mlonﬂo o ‘

One wmust nQW'eQn sider which of the viruses studied
are Li kely te encounter shortages of HRNA species with
nGmconualnimg codong during the translation of viruge
»@pﬁe i messengefiﬁﬂA\iﬁ the iﬁf@@téd cell, An
exanination of Piogure T1T,. 32. (see Chapter TII, QEQTLOH%
“2¢3,)‘revea1$_ﬁhax the four papovaviruses are unllkeiy

o experience any major deflelency of suegh UNNA specless



on the other hand, vacecinia and adenovirus 2 aﬁi more
especially the three viruses of +the herpes group will
encounter serious shortages of LRNA molecules required
for %hg transiaﬁion of CpG-containing codong.

fhus, a rationale has been developed which leads
to the conclusion that the translation mechanisms of
the mammalian cell ore not wholly adequate lor The
protein synthetic requiremen®ts of certaln DNA viruses.
Tf %his is the case, presummbiy the virus must alter
the translation apparatus 0 1to owa requirements, Is
there any evi&ence‘for gugh alteration? |

The work of Subak-Sherpe 33J§£9£l9665) gtrongly
suggests that one or more apecies of arginyl-tRNA, Aifferent
Treom thatnfoﬁnd in non~infected cellg, are éynthesiaed aféer
infection with herpes virus. Since four of the six codons

= for arginine contain the dinucleotideOpt,:-and so are

probably not used in mammalian cells, this evidence

B

supports the hypotheéis that herpes virus indue es the
gynthesis of one or more TRNA speciecs necessary for ite
own tranglation requirements.

From the foregoing paragraphs, 1t can he seon that the
technigue of nearest nelighbour frequency aﬁalysis yi@lds‘
results which are relevant both to the information content
of viral DNA molecules and to the mechanisms of vival

replication.
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SUMMARY .

The inforggﬁiou content of the DNA of herpes virus,
and its expression in the infected cell, have been studled
by two main approsches. | |

The first approach has been the study of two eunzymes,
alkaline deoxyribonuclease (DNase) and DNA polymerase,
which are found in merkedly increased levels in herpes-
infected cellse It has been shown that the induction
of these enzymes after infection requires synthesis of
mBWA and protein, and that the induced enzymes differ
from those Lfound in the non~infected cell in several of
their engymic properties.

Partiel purification of the induced enzmynes has heen
undertaken and, in the case of the herpeg-induced Mose,
‘separatlion from the corresponding host cell enszyme activity .
has been achileved. The induced DNage is a DiA-gpecific
exonvelease abtbtacking bhoth native and denatured DA, and
releasing 5Ht-monophosphates, probably from the 3'-hydroxyl
terminug . T4 has been shown that pseudorabies virue
induces a similar enzyne. The alkaeline DNase of the host
cell is an endomuclease, preferentislly attacking denatured
DM Ae |

Tmmunological methods have been used to determine the

gpeciflcitlies of the dnduced enzymes. serum from rabbite
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immuniged againgt high-sgpeed supernatant fractions

of herpeawiﬁfec%ed rabblt kidney cells inhiblts the
ﬁwaae and ﬁNAnpolymerase toduced by herpes virus in
Eﬁﬁ 21 and HEp-2 cells, but not the corresponding
engymes. of non-infected or vsendorables—infected cells.

The significance of these results and of experiments
on the synthesis of celluvlar and viral TNA is discussed
in terms of two problomgse
(1) TDoes the information Tor the smino acid sequence
of +the iﬂduoea enzymes reside in the nucleotide sequence
0f the genome of tle hosgt cell orx of the invading viruve?
(i1) What roles do the induced enzymes play in the
infective process? |

The results obtained suggest that the enzymes ave
virug-specified. The possible roles of the induced
enzymes are dlscussed iﬂ:fh@ light of +this and other
evidence.,

The second approach has heen Lo exsmine possible -
’&ifficul%ies in translation encqumﬁered by the wvirus
wheﬁ using the pfﬁﬁeim%symﬁhetic mechanismg of the
host cell,

Cne of the few methods of obltaining information
on the primary stxué%ure of DA molecules isg the
technlque of nea?es%vneighbouf Trequenoy analysis,

Analyses of nine animal DA viruses have heen performed
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and the patterns obtained compared with that of the
mammalilan hoste The most oubgbtanding feature of

the nearest neighbour pattern of the TNA of mammalilan
cells ig the merke d rarity of the dinucleotide CpG.
The viruses examined were broadly divisible into two
groupss one, comprising members of the papovavirus
group, which closely resembled the host cell pattern,
especially in the ravity of Upd, an&'the other -
comprising three viruges of the herpes group and one
member>eaeh of the adenovirus aﬁ& POXVirus grounsg -
had patterns which deviated much less from random
expectation.

If the assumption is made that: the greater part
of DNA specifies polypeptides, then the nearest
neighbour pattern of the DA will reflect the frequency
of occurrence of the various dinucleotides in the
codong being used Tfor protein synthesis, Thus, in
the mammalien cell, CpGecontaining codons must he
infrequently used, if at 2ll, while, during viruge
specific protein synthesis in cells infected with, Tor
example, herpes virus, such codons will frequently
require translations. If one now makes a gecond
agsunption, namely that, in a given cell, the transfex
RNA population is optimally adapted vo the brenslation
of the genome of that cell, then entry into that cell

of a virus such ag herves whose DNA conbains certain
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codong rarely, if ever, found in the non-infected

cell will present the virus with a 8ituatipn in which

the existing tENA population is not opltimally adapted

to the translabion requirements of the viral genome,
Granted the above wvaltionale, the synthesis of

virugespecified tRNAs 1n the infected cell is a

reassonable proposition. wvidence for the ocourrence o

a new arginyl-thi¥Ns in herpes-infected cells has heen

obtained by othewr workeiga Four of the six codons

for the avginine are the Opt-containing triplets OGA,

GGC ) GrT and 00T,

R
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