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JU. M.ull'

Xy. o LiiCo-i-o ico'Ciiue3 Lne aorivation oi ro3iric Lion
endonuclease maps lor n3V-1 and nSV—2 HnA; a study ol the
homologous regions oetween the genomes of [iSV-1, HSV-2, EHV-1
and PRV, and Hie effect of hooology upon recombination
between HSV-1 ana ..3V-2; nucleotide sequences o1 tne L-S
joint regions in HSvr-1 and 113V-2 Hi.A; and an analysis of two
HSV+H/HSV-2 inter t.ypic recombinants which fail to invert
normally in one or ooth segments of the genome.

Restriction endonuclease maps were already available
of HSV-1 HNA for 4bal, ilindIll, HeohI, Bglll and Hpal, ana of
HSV-2 HHA for tncse enzymes and Kpnl (Wilkie, 1976; Share
and Summers, 197'/; hors.e et al., 1977 ; Cortini and Wilkie,
1978). wap3 of HSV-1 HHA for Kpnl, BamHI, nhol and Pvull,
ana of HSV-2 HHA for BamHI, were determined using thnt
techniques of simultaneous digestion with two endonucleases,
recleavage of isolated restriction fragments, and blot
hybridisation. Previously reported size heterogencity at
the L terminus and L-S joint of the two genomes was confirmed.
The results suggested that nSV-2 HHA is 1-2 x 10° larger in
molecular weight in the S’segment than HSV-1 HHA

HSV-1 ana nSV-2 HHA snare approximately 50" homology,
ana PhV HHA possesses not greater than 8f* homology with
1iISV-1 HHA (Kieff et al., 1972; Bronson e:al., 1972; Rand
ana Ben-Porat, 1960), wuyoridisation of 32P—labelled
recombinant plasmids containing HSV-1 or HSV-2 DNA inserts to
blot strips of restriction endonuclease digests of HSV-1 or
1iSV-2 Hi.A snowed tuali tne two genomes are colinear, within
tile resolution attained in these experiments. Hybridisation
of "“P-labeli ou !3V-1 or nSV-2 HHA wo similar blot strips

alio weu seven re ;io*is o1 the genome to be identified which



arc more homologous tnan nei, .nbouring regions. HHV— and
PuV jJLA also showea jrj-j or iiomoiogj bo these regions of
the nSV genome tnan to o'boors, but no significant horology
between *s¥ 1>1JA ana riOnV +uA was uwbecteu. Homologous regions
probably reflect p.*eater conservation of the structures of
polypeptides encoaod by tnem. five good candidates for
conserved uSV-1 polypeptiaes are the major HHA-binning; protein,
the major capsiu protein, the DUA polymerase, and two
immediate-early polypeptides, Vmw ih 175 and Vv In 136' (143).
fiybridisation of cloned nSV DUA fragments to blot strips of
nnV-1 or PhV restriction endonuclease digests shovvea that
homologous regions in the L segment of the HHV-1 genome are
oolinear witn the n segment of tne HSV-1 genome in biie
arrangement. Homologous regions between HSV ana PuV jjuA
were shown not to oe arranged in a simple colinear fashion.
The “cnome structures were analysed of more 'than a
hundred LSV-1/aSV-2 intertypic recombinants produced by

marker rescue of HSV-1 rah with HSV-2 restriction fragments

spanning the L-o joint. The recombinants possesseu crossovers

preferentially in Homologous regio**s. At least two of the

genome arrangements (P and Ig) recombined, a result which
disproves the earlier proposition that only one of these

two arrangements is able to take part in the generation of

viable recombinantse

HSV HI.LA is berminaily redundant, possessing a directly

repeated sequence of 250-300 base pairs (the a sequence) at

the termini which is also preseno in inverse orientation at

the L-b joint (Sueldrick and jerthelot, 1974; Grafs“rom et al.,

1774 ana 1J73; ,/aguer and Summers, 197b). Pine structure

restriction enaon elease «ups of the L-S joint region of HSV-1

mu iSV-2 HHA v.er dcterminua, ana nucleotide sequences were

aorivea uslu civn.sa 1 i-rn,u >.cnbse Helabive bo bnjse



sequences 'tne mor.ani are in both cases localed close
to a snort diroc i repeat o. 17-21 Ouse jja.trs at tne o-a and
a-c junctions. Tne ..o0V'-l n-o joint region contain.; irhrce
separate tunuedircctreiterations oi snort sequences
(12, 16 and 17 ease pairs), and tne size heterogeneity oi
virion LLA in tne a a.n c¢ sequences is almost certainly
due to variable copy numbers of these repeated units.
A second type of sixe heterogeneity was found to be due to
insertion of an additional a sequence immediately adjacent to
the a sequence at the L-S joint. The region coding for tne
3> terminus of HSV-1 VuW Id 175 mAhA was identified
approximately SOU base pairs from the a sequence, but it is
lihely that tne a sequence and immediately adjacent regions
do not code for polypeptide.

The i1ISV-i/iiSV-2 intertypic recombinant Bx1(28-1) possesses
a majority of virion 1)INMA molecules with the L segment in one
orientation (.fixed in h), whereas tne S segment inverts
normally (Preston et al., 1978). An analysis of BxI(28-1)
and twenty subclones thereof, some of which are fixed and some
of which invert normally in L, showed that fixed genomes are
totally heterologous for fib® and 1th, and that genoir.es which
invert normally possess additional crossovers which generate
regions of type-specific homology between TR" and IRg.
Homology between a sequences is sufficient to allow normal
inversion of L, suggesting that segment inversion occurs by a
site-specific event in or near the a sequence. A less
expensive analysis uf n >i, a recombinant which is fixed in
L arid S, suggests wat a similar requirement applies to the
3 segment. As predicted, fixed b;:1(28-1) subclones were able

to give rise Lo normally inverting progeny, but the reverse

conversion was ASU oosorved. The analysis was extended to



include a number oT otnor recombinants which were ih-itially
thought to be heterologous ior lits IK” or TRg/IRg, ana yet
inverted normally, mnacn of tnese was found to possess
type-specific homology between repeat regions by virtue of
previously undetected crossovers. Investigation om tne
immediate early polypeptides induced by 1x1(28-1) subclones,
including two which lac'.: part of IKg or TRp, showed that

expression of only one of the two repeats is necessary for

growth of HSV in vitro.



ABBituV IATIONS

Avbreviations for media and solutions are given in the
Materials and those for the genouwe regions of HSV are
given on page 7 and in Figure Al.l. All temperatures are

given in degrees cecutigrade.

A adenine-containing moiety
ACV acyclovir

ATP adenosine triphosphate

BHK baby hamster kidney cells
iV bovine mammilitis virus

bp base pairs

C cytosine-containing moiety
ccv channel catfish virus

CcDNA compleﬁentary DNA

CMv (hwzan) cytomeéalovirus
CePse€e cytopathic effect

CeDoMe counts per minute

dATP deoxyadenosine triphosphate
acry devxycytidine triphosphate
aGTP deoxyguanosine triphosphate
DMSO dimethyl sulphoxide

bNase acoxyribonuclease

dPyK deoxypyrimidine kinase

d1IPP thymidine triphosphate

1BV spstein—-Barr virus

LDTA etilylenediamine tetra-acetic gcid
£HV-1 cguid herpesvirus 1

Liv-2 cquid herpesvirus 2

G guanine-containing moiety
GC content woles per cent deoxyguanosine plus

deuxycy tddine moieties



HCwuV huwan cytomegalovirus

hr nours

HSV nerpes simplex virus

HSV-1 uerpes simplex virus type 1
HSV-2 nerpes simplex virus type 2
HVA ' nerpesvirus ateles

HVP herpesvirus papio

HVS herpesvirus saimiri

HVT herpesvirus of turkeys

Ik immediate early

kb kilobases

Kbp kilobase pairs

LUV Lucké herpesvirus

MCMV wurine cytomegalovirus

MCP mojor capsid protein

MDBP ca jor DNA-binding protein
MOV Murek'é disease virus

win minutes

L.0.1. multiplicity of infection
mRNA messenger RNA

LWewbhe wolecular Weight

n nucleotidgs

N unspecified nucleotide (A, T, G or T)
NP40 Nonidet P40 T
oz ounces

PAA phosphonoacetic acid

p.f.u. plaque-forming units

Pele post infection

PV pseudorabies virus

Pa purine

Py pyrimidiune

HNase ribonucleuse



rcpomo
TRNA
SCMV
SDS
SV40
syn

T4
syn

i
thNA
s

uv
vol/vol
Vv
Wt

wt/vol

revolutions per minute
ribosomal RNA

simian cytomegalovirus
sodium dodecyl sulphate
simian virus 40

syncy tial

non-syncytial
thymidine~containing moiety
melting temperature
transfer RNA
temperature-sensitive
units, or uracil moiety
ultraviolet
volume/volume
vuricella-zoster virus
weight

weight/volume

unspecified nucleotide (A, C, G or T)

Arrangenent of data

Tables and then Figures have been included after

each Part or Section, and additional copies of key Figures

have been included at the inside back cover.
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Knowledye o1 herpesviruses has expanded considerably
during-the past rew yeurc, and therefore the following pages
Stress herpesvirus enone structurce and the expression of the
HSV genome in the lytically infected cell, Necessarily,
other aspects of equal interest and importance are dealt

with only briefly.

THE HeRPESVIRUSES

Clasgiiication and pathogenicity

llerpesviruses are characterised by virion wmorpnology, -
genomwe sige and sile of virus replication., Particles with
he:pesvirus worphology nave been observed in a wide variety
oi organisws: fw:gi (Kazama and Schornstein, 1972), fish
(¢ege chanucl cautish virus, CCV; Wolf and Darlington, 1971),
auphibia (e.2. Lucké herpesvirus, LHV; Stacﬁpole, 1969), birds
(cepre liarek's discuse virus, WDV; Churchill and Bigss, 1967),
nursupials (e.g. Purma wallaby virus; Finnie et al., 1976)
and a large'numbcr of mammals. Several herpesviruses'have been
isolatled from non-nuitan primates (e.g. herpesvirus saimiri,
VS, and herpesvirus ateles, HVA; Barahona et al., 1974;
Lerpesvirus papio, iVP; Falk et al., 1976), and five from
nusans (herpes simplex virus types 1 and 2, HSV-l and HSV=-2;
huwan oytomeualovirus, ilCuV; Epstein-Barr virus, EBV;
varicella~zoster virus, VaVj.

he nuwcber ol .cubers of the family Herpesviridae has

increased apace duriiug recent years and with it the labour

in assigning au international nomenclature (Roizman et al.,
1978; Mathews, 1v79). Three subfamilies hQVe been suggested
wirich arce dislin uwlsned by host range, features of the

repliceiive cyele, and, to some extent, genome organisation.



The alphaheypesvirinue possess a variable nost range and a

relatively short replicative cycle, and include HSV-1, lSV-2,
equid herpesvirus 1 (uiV-l,, suid anerpesvirus 1 or pseudorabies
virug (PuV), acu vovid Lherpesvirus 2 or bovine mamud.itis

virus (8ilV). A nwsber of other cytomegaloviruses as well as

HCuiV constitute the betanerpesvirinae, which have a narrow

host range and a relatively long reproductive cycle, and
ugually srow wvesi in fibroblasts. B8V, VP, HVS and HVA arc

counted amor the rauwsgherpesvirinae, which have a narrow

host range and replicate in lymphoblastoid cells. These
viruses are specific for either B- or T-lymphocytes.
Biological aspects of the human herpesviruses have
been studied in some detail. HSV-1l and HSV-2 are related
geretically and witigenically, but form two distinct serotypes
(Plumuser, 1964; Pauls and Vowdle, 1967). HSV-1 is responsible
for vegicular legiouns of the lips and mouth and for ocular
nerpetic keratitis. lore severe symptoms, and also
ceneralisea fatbal infection, have been described. HSV-1 is
raintained in a lutent form in the trigeminal, and sowmetimes
other, sympatiictic ganglia (Baringer and Swoveland, 1973;
Lonsdale et al., 1979). The virus may be reactivated
periodically leudiii; to recurrent symptoms. The mechanisms
by which latency is established and maintained, and by which
reactivation and rccurvence ‘take place, are not known.
Virus latency is a feazture of several, if not all, herpesviruses
atid thelr palhogeresis.
IUSV-2 is sexualily transmitted, lesions occurring in
the genital region. ‘lhere is an association betweern HSV-2
anu cervical carcinoms in woumen (Naib et al., 1966; iawls
et al., 1908). 1umour tissue haé been shown, in at least

souc cases, (0 ecapregs HSV-2 specific antigens and to contain



-5 -
A complesentar, 0 :6V-2 LA (Royston and Aurelian, 1970;
¥renkel et al., 1972; wsglin et al., 1981). Both HSV~l and

HSV-2 cause worpnological transformation of rodent cells in
vitro, either as uebilitated virus or as DNA fraguents

(Uuff and Rapp, 19713 Darai and Muuk, 1973;

MacNab, 1974; Camacho and Spear, 1978;

Reyes et al., 1979; Jariwalla ¢t al., 1980; Galloway and
licDougall, 1981; I. Cameron, personal communication).

Twuiours can be induced in experimental animals by inoculation
with in vitro transformed cells, but not by infection with

virus particles. The HSV=1l transforming region has been

mapped at 0,31-0.42 iractiounal genowme units, and that of HSV-2

at elither 0.43-0.,58 or 0,58-0,62, depending on the transformation
assay employed. The nature of transformation by HSV at the
wolecular level Trewzins obscure.

HCHV infection is usually mild, although it may be
severe in neonates, and this virus has been associated with
Kaposi's sarcoma (Giraldo e% ale., 1975). V2V causes chicken
pox, uéually in childhood,‘and; in adulthood, a painful local
vesicular condition known as shingles. VZV has been reported
to transform cells in vitro (Gelb et al., 1980). EBV is
B-lymphocyte specific and causes infectious mononucleosis

and is involved in the aetiology of two tumours: Burkitt's

lyuwphoma, peihaps promoted by endemic malaria, and B

nasopharyngeal carcinoma, in associabtion with a genetic

predisposition (0ld et al., 1966; Henle et al., 1968 and 1969).
PRV is u parusite of swine and is usuéily inapparent,

but gives risc wo the alarming symptoms of "mad itch" and

then death in cattle. ©HV-1 causes pregnan% mares ta abort.

These two viruses have not yet been implicated in

twsourt seiesis in vivo, in contrast with several other non-

huwian herpesvirusces. «DV causes a highly contagious
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neurolyuphowatosis in caickens, now controlled by iuwikunisation
with the related herpesvirus of turxeys (HVT; Marek, 1907;
Purchase ¢t al., 1971). LHV produces a renal adenocarcinoma
in frogs, the twsour and virus growth demonstrating opposed
seasonal dependence (Lucké, 1934; Fawcett, 1956). Herpesvirus
silvilagus causes a lymphoproliferative disease in cotton-
tail rabbits (Hinze, 1971). The T-lymphocyte specific New
World simian herpesviruses, HVS and HVA, invariably produce
malignant lymphomas in certain heterologous primate hosts

(Meléndez et al., 1969 and 1972).

Structure of the virion

‘The herpesvirion comprises four morphologically distinct
structuress the core, capsid, tegument and envelope. The core
contains the double-stranded DNA genome (Epstein, 1Y62a;
Ben-Porat and Kaplan, 1962) téroidally afranged around a
central protuinaceous matrix (Chai, 1971; Furlong et al.,

19772; Nagerian, 1974; Heine and Cottler-Fox, 1975).

_ Pleomorphic forms, perhaps representing different developmental

stages, have also been observed (Nii and Yasuda, 1975; Okada
et

al., 1979). ‘he icosahedral capsid which surrounds the

core is approximately 100 nm in diameter, and consists of

162 capsomeres in 5:3:2 akial symmetry (Wildy et al., 1960).

The capsomeres are hollow elongated priéms, and intercapsomeric
fiorils have been observed (Wildy et al., 19603 Vernon et al.,
1974). A fibrous layer imown as the tegument surrounds the
capsid (Roizman and Furlong, 1974), the width of which is
deterwined at leust in part by the virus (McCombs et al., 1971).
The fragile virion envelope consists of a trilamellar

wembrane with spikes projecting from the outer surface

(Wildy ¢t at., 1900).



lerpesvirious contain 18-33 polypeptides of m.wt.
11,000-290,000 (Spear and Roizman, 1972; Heine et al., 1974;
Perdue gt al., i974; Stevely, 1975; Strnad and Aurélian,
1976; Kim et al., 1976a and b; Dolyniuk et al., 1976; Dixon
and Fafber, 1980). About half of the structural proteins of
HSV-1 have been assigned relative positions in the virion
on the basis of experiments involving selective removal of
polypeptides by detergent itreatment (Roizman and Furlong,
1974), differential chemical treatmeﬁt (Olshevsky and Becker,
1972; Roizman and Furlong, 1974) and virus neutralisation
(Powell et al., 1974; Cohen et al., 1978).
' The envelope contains most or all of the virus-coded
structural glycoproieins (Spear and Roizman, 1972), cell
lipids (Asher et al., 1969), an ATPase probably of cellular
origin Empstein and Holt, 1963), and spermidine (Gibson and
Roizman; 1971). In contrast to other virion pro%eins,
electrophoretic profiles of capsid proteins from various
herpesviruses are sicilar. Cohen ¢t al. (1980b) identified
seven major capsid polypeptides in Hsv—l,*ranging in me.wte
from 12,000 to 155,000, and Zweig et al. (1979) showed that
the major capsid protein (155,000) participates in disulphide
bonding in the integral Yirion structure. Gibson and
Roizman (1972 and 1974) presented evidence for the processing
of a phoéphorylated capsid protein to a less tightly bound
form during virus maturation. A cyclic nucleotide-
independent protein kinase is capable of phosphorylating
about seven structural polypepltides, including a capsid
protein (Rubenstein et al., 1972; Lemaster and Roizman, 1980).
The significance in virus maturation and infectivity of these
observations is not knowvn. Polypeptides which haﬁe not been
located in the capsid or envelope are thought to reside in

the tegument. Only one protein has been suggested as a
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structural component -of the core, in addition to the polyamine,

spermine (Gibson and Roizman, 1971).

Structure of the HSV cenone

DNA extracted frow liSV-l virions is a linear duplex
with a-m.wt. of approximately 100 x 10° as determined by
sedimentation, electron microscopic, and restriction
endonuclease analyses (Becker et gl., 1968; Kieff et al.,

1971; Wilkie, 1973; Grafstrom et al., 1974; Wadsworth et al.,
1975; Clemwents et al., 1976; Wilkié, 1976; Skare and Summefs,
1977). It has a deoxyguanosine plus deoxycytidine (GC) coutent of
67% (Kieff et al., 1971) and, unlike cellnDNA, does not havé
a scarcity of the nucleotide doublet CpG (Subak-Sharpe et al.,
1966). Both single and double stranded DNA are infectious

in cell monolayers (Lando and Ryhiner, 1969; Grahem et al.,
1973; Sheldrick et al., 1973; Wilkie et al., 1974; Farber,
1976; Stow and Wilkie, 1976).

The lability of HSV-~l DNA in alkali has been attributed
to ribonucleotides covalentl& bound to the DNA, detected by
the incorporation of radioactive uridine in%o nmature DNA
(IIirsch and Vonka, 1974; Muller et é;., 1979a), This
conclusion is in support of the work of Gordin et al. (1973)
who reported that formamide denaturation résulted in intact
single strunds. On the other hand, Hyman et al. (1977)
found that the majority of alkali-labile sites could be
repaired by DNA polymerase and DNA ligase, and Ecker and
Hyman (1981) claiied that single stirands were fragmented even
ﬁsing éel electrophoresis systems which leéve ribose moieties
intact. These authors concluded that most or all alkali-
seusitive sitves are due to nicks or gaps in the single
strands. ‘'his conclusion, however, depends on the assumption

that the DNA was not damaged upon release from virions.



¥renkel and idoizwan (1972a)concluded from renaturation
studies that HSV-1l LUNA contains uniguely situated nicks on
only one strand of the duplex, rather like bacteriophage
T5. Wilkie (1973) concluded frow similar experiments that
interruptions are located on both strands with equal distribution,
and moreover showed by comparison with bacteriophage T5 DNA
that they are randomly situated on both strands (Wilkie gﬁ
al., 1974). Uhe work of Lcker and Hyman (1981), with the
caveat mentioned above, is in support of this view.
Ben-Porat et al. (1979) reported that interruptions in PRV
DHA are located at random in the single strands.
‘ HSV-1 DNA is not circularly permuted (Hirsch et al.,
1975). Renaturation of HSV-l DNA which has been treated with
processive exonucleaseq,.such és 3t—exonuclease III or
laisbda 5'=-exonuclease, results in the formatién of double
stranded circles (Sheldrick and Berthelot, 1974; Grafstrom
et al., 1974 and 1975; Wadsworth et al., 1976; Hyman gt al.,
19763 Kudler and iHyman, 1979). This is interpreted as the
presenée of a direct repetition at the two genome termini,
the size of which for various sirains of HSV~l has been
estimated to be 400-7500 bp, although the more reliable
estimates place it between 400 and 1600 bpe.

Upon examination of annealed intact single strands of
HSV~1 DNA in ‘the electron microscope, Sheldrick and Berthelot
(1974) found structures consistent with the following model.
The senome consists of two covalently joined segments
(L and S), each of which comprises a unique region (Up and
Ug) bounded by inverted repetitions (TRj and IRy, TRg and IRg),
as sumugrised in Iigure Al.l. They suggested that the two
segiwents wight invert by intramolecular recombination,
thereby generuating four distinct genome arrangements.

Although tiicue worgers supposed that TRL/IRL and THS/IRS
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are identical, further electron microscopic, denaturation,
and restriction endonuclease analyses showed that the two
se¢ts of repeats are different (Wadsworth et al., 1975;
Hayward et al., 135750b;Delius and Clements, 1976; Clements
et al., 1976; wWilkie and Cortini, 1976). These results also
confirmed that virion DNA contains four equimolar genome
arrangements resulting‘from the ability of L and S to iﬁVert
relative to each other. The establishment 5f regtriction
endonuclease maps showed that half- and quarter-molar
fragments mép at the termini of L and S and their mutual
joint, as predicted by the model and illustrated in Figure
Al (Wilkie, 1976; Wilkie et al., 1977a;Skare and Summers,
1977) .

The terminal repetition of HSV-l DNA, or a sequence,
is also present in inverse orientation at the joint between
L and S (Figure Al.1l). VWagner and Summers (1978) obtained
detailed restriction maps of ‘this region, and estimated the
size of the a sequence in HSV-1l strain KOS to be 265 bp.

Two types of size peterogeneity are associated with the
termini and joint region. The first corresponds to insertions
of approximately 300 bp, thought to contain the a sequence,

at the I termimus and joint (Wilkde, 1976; Wagnef and Summers,
1978; Locker and Frenkel, 1979b). This has also been

observed for the HSV-2 genome (Wilkie et gl., 1977a). ~ The
second type of helerogenelty consists of variable insertions
of 10-50 bp within the a sequence and the adjacent ¢

(TR4/Irg) sequence (Wagner and Susmers, 1978).

' . Renaturation of exonuclease-treated HSV~1 DNA results,
in some instances, in a small loop at one terminﬁs, inferpreted
as the presence ol part of the whole of the a sequence in

inverse orientation a few hundred bp away from the terminus

(Wadsworth et al., 1976; Hyman gt al., 1976). Wilkie and
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Cortini (1976) su;gested from experiments involving end-
labelling of HSV-1 DNA that this structure is present at
the L terminus. Hiller et al. (1980) have observed a wide
variety of foldback and stem—loop structures in reannealed
single strands, some of which correspond to recognised
repeats within the genome, and others of which are of unknown
significance.

Kudler and Hyman (1979) observed that partially
deprotéinised DNA is mofe resistant to 3'—-exonuclease than
to 5'~exonuclease, and suggested that this was due to a
prot;in bound at the 3' termini. Indeed, four specific
proteins remain non—-covalently associated with HSV-1 DNA
following detergent treatment (Hyman, 1980). Wu et al. (1979)
attached dinitrophenyl (DNP) groups to the bound proteins
and visualised them in %ﬁe electron microscope by treatment
with an anti-DNP imsunoglobulin. They found prefergntial
binding close to the two termini and at two positions
corresponding to the a sequence at the joint, and proposed
that a protein specifically interacts with the a sequence.
The significance of this observation has yet t0 be elucidated.

HSV~-2 DNA has a 2% higher GC content than HSV-1 DNA
(Goodheart et al., 1968; Kieff et al., 1971; Halliburton,
1972). Approximately 50% of HSV-l and HSV-2 DNA sequences
are homologous With 65-85% matching of nucleotides (Kieff
et al., 1972; Frenkel et al., 1973; Sugino and-King;bury, 1976) .
The genomes of the two serdtypes are structuraliy very
similar, but possess distinctive arrangements of restriction
sites (Hayward et al., 1975a and b; Skare et. al., 1975;
Cortini and Vilkie, 1976). These differences have been
exploited as a diagnostic tool for identification of HSV=1
and HSV-2 isolates and for studying epidemiological aspects

of overt and latent infections in man (Linneman et al., 1978;
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Buchman et al., 1978 and 1980; Lonsdale et al., 1979 and 1980;
Lonsdale, 1979). iestriction fragments representing the
najority or entirety of the IISV-1 and HSV=2 genomes have
recently been cloned into bacterigl plasmids, both in Glasgow
and elsewhere (Post et al., 1980; Galloway and Swain, 1980;
Goldin . et al., 1981).

Structures of other herpesvirus genomes.

Although a number of genome structures have been

demonstrated awong the herpesviruses, in each case a linear
duplex, these uay be represented in circular form in order to
show the four basic organisations found among those so far .
analysed (Figurc Al.2). GC contents of herpesvirus DNAs are
given in Figure Al.3. ﬂ

Two subgroups are, included in group I because, although
they are distinct, it is possible that they reflect a basic
similarity. ‘The first is common to HSV-1, HSV-2, BMV and
ICMV, BLV DNA possesses 14% homology with HSV-1 DNA (sterz
et al., 1974) and has a meWt. of approximately 90 x 16,
ﬁdssessing smeller inverted repeats than HSV~1l DNA (Buchman
and Roizwan, 1976a). The BMV genome has a terminalﬂfepetition
of approxiiately 1000 bp (Buchman and Roizman, 1978b). The
genome of HCLV has a m.wti of 150 x lO6 (Demarchi et g&.; 1978;
Geelen et al., 1978; Stinski et al., l97§; Weststratelgi ale,
1980), although it was earlier reported that HCMV DNA has a
L.wb. of 100 x 10° (Sarov and Friedmann, 1976; Kilpatrick
et al., 1976; Huang et al., 1973). Kilpatrick and Huang
(1977) detected both size classes, ahd Lakeman and Osborn
(1979) a further class of 130 x 106, It is clear that the
éize class of 150 x 10° represents the full lengih genome,
both frow deterwinations ol its infectivity aﬁd from
restriction maps (Ceelen et al., 1978; Laiceman and Osborm,

1979; Veststrate ¢t gl., 1980)., The smaller sizes of DNA

-



- 11 -~
wolecules are thought to result fromw defective virions.,
The HCLV genome is structurally similar to that of HSV-1
(Weststrate ¢t al., 1980). Uy and Ug are larger than in HSV-1,
and the regidﬁ of least homology between two closely related
strains is in TRS/IRS (comparison of the results of Pritchett,
1980 with the restriction maps of Weststrate ¢t al., 1980).
Jean et al. (1978) have postulated from indirect evidence that
HCMV DNA is ferminally redundant. Restriction profiles of
simian CMV (SCiiV) isolates differ significantly from those
of HCMV (Kilpatrick et al., 1976), and there has been at
least one case of a cytéﬁegalovirus isolated from a human
patient who died from clinical encephalopathy which bore
almost total nucleic acid homology with SCMV strains but none
with HCMV (Huang et al., 1978). Mosmann and Hudson (1973)
reported that the DNA of murine CMV (NCMV) has a m.wt. of

132 x 10°, Taking into account theiT underestimate of the

size of the HSV-1l genome, this is equivalent to 150 x 106.

However, genome structures of MCMV, SCMV and the cytomegalo-
virus BlV-2 (Wharton et al., 198l) have not been published.
Nevertheless, it is clear‘that the HSV type of genome
organisation is found in representatives of both alpha-
and bela-nerpesvirinae.

The second subgrouﬁ of group I contains the PRV and
gllV=1 genomes, which are similar in size to that of HSV-1
but lack inverted repeats flanking the L segment, and in
which only S inverts (Stevely, 1977; PoWell, 1979; Ben-Porat
et al., 1979; Soehner et al., 1965; Whalley et al., in press).
there is no direct evideace that either PRV or EHV-1 DNA is
terminally redundant, as it has not proved possible 0
circulurige eituer after exonuclease III treatment (Ben-Porat
et al., 1979; P. Sheldricl, personal comnunication).

Group II contaius BV and its simian counterpart, HVP.
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Lne EBV genoiuic has a m.wt. of approximately 110 x lO6
(Pritchett et al., 1975; Given and Kieff, 1978 and 1979).
The termini are redundant and of variable size, containing
up to 12 direct repeats of a 500 bp sequence (Given and Kieff,
19783 Given et al., 1979; Kintner and Sugden,“l979), and, as
with HSV-1, the linear genome can be circularised i# vitro by
arnealing followin; exonuclease treatment (Kintner and Suéden,
1979). Circular DiA produced by representatives of group I
has so far been detected only in thig fashion or in replicating
DA during lytic infection, but EBV-transformed cells have
been showr. to contain LBV genomes as episomal covalently
closed circles (Lindahl et al., 1976). The two unique
segments of the linear genome do not invert (Given and Kieff,
1979; Hayward et al., 1980) and are separatea by approximately
10 dircct repedts of 3 kbp (IR), which are GC-rich and not
homologous to the terminal fepeatsa(Sugden, 1977; Rymo and
Forsblum, 1978; Given and Kieff, 1979; Hayward et al., 1980).
Given and Kieff (1979) detected internal homology within IR,
and concluded that the 3 kbp sequence itself containsg a
repeated unit. They also detected homology between IR and
two locations in L., The various straing of EBV differ in
that some lack sequences possessed by others (Pritchett et al.,
19755 Sugden et ul., 1976; Given and Kieff, 1978; Rymo and
Forsbluz, 1978; Raab-lraub et al, 1978 and 1980; Hayward et
al., 1980; Bornkami et al., 1980; Heller et al., 198lad.
Some strains are unable to transform cells, but it remains %o
be shown precisely which regions of the genome are essential
for +{ransforiation.

HVP exhibits approxiuately 40 DNA homology with EBV,
as do ‘the gamuaherpesvirinae of othér'Old World primates
such as the orangutan (herpesvirus pongo), the chimpanzee

(herpesvirus pan) and ‘the gorilla (herpesvirus jorilla)
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(Gerber ¢t al., 1976; Falk

<

al., 1976; Rabin et al., 1978;
Neubauer gi g;., 1979; Lee et al., 1980). Restriction mapping

of HVP DNA and hybridisation, using in one case cloned EBV DNA
fragments, have shown that the two genomes are structurally

identical and colinear (Lee et al., 1981; Heller et al., 1981lb;
Heller and Kieff, 1981). ' -

The genomes of HVS and HVA, which are in group III,
both consist of a single unique region of 35% GC bounded on
both sides by multiple direct repeats of a séquence of
approximately 1500 bp containing 70% GC (Fleckenstein and
Wolf, 1974; Fleckenstein et al., 1975 and 1978; Bornxamm
et al., 19Y76). As with EBV, HVS-transformed cells contain
episémal closed circular HVS genomes, although such molecules
have at least in one case been shown to comprise rearrangements
of the HVS genome (Werner et al., 1977). In the linear
genome, the teruinal repeats are approximately constant in
nunber, accounting for 3%0% of the genome size, but can be
distributed asymsetrically at the two termini. The HVS and

6, and defective genomes

HVA genomes have a m.wt., of 90 x 10
composed eutirely of reiterations of the terminal repeat
have been characterised,.

CCV is the only identified member of group IV.
Chousterman et al. (1979) presented restriction maps of CCV
DNA, showing that the genoie cousists of a unique region of
62 x 106 in L.wh., bounded vn each side by a direct repeat
of 12 x 106. No minor bands were detected and, unlike VS
and VA, the terimini were not highly reiterated.

The DNA of two other herpesviruses has to some extent
been charaéterised, but deteruination of thelr genome

structurcs has been hampered by difficulties in clonally
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purifying these viruses from possible defective virus.

6 and restriction profiles

VZV DNA has a m.wt. of 80-100 x 10
of several clinical isolates are very similar (Oakes et al.,
1972; Iltis et al., 1977; Rapp e al., 1977; Richards gt al.,
1979; bumas et al., 1980). Rapp et al. (1977) failed to
deteot‘repeated éequences by kinetic ﬁybfidisation, but
submolar restriction fragments have been detected.

DV DNA has a m.wt. similar to that of HSV-l, and submolar

restriction fraguents have been detected (Lee et al., 1971;

Bachenheiser et al., 1972; Hirail et al., 1979).

Ihs LYPIC CYCLik OF HWRPES SIMPLEX VIRUS

Interaction of virus with the cell

After entry of HSV into the permigsive cell, the DNA

enters the nucleus, where it is transcribed &nd the mRNA

transported to the cytoplasm. Most synthesised polypeptides
are trausported into the nucleus where DNA replication and
virus assembly take place. In the course of infection, HSV
inhibits host cell macromolecular synthesis., Virus may
spread by release of infectious particles from the cell or
by ccll fusion. .

lierpes simplex virions will adsorb to the cell surface
at 4°, but penetration requires a higher temperature
(Farnham and ilewton, 1959; Holmes and Watson, 1963; Huang
;nd Vaguer, 1964). The route by which virions enter the
cell has raised considerable furore, It was concluded from
several earlier electron microscopic studies that the virus
is taken up by pinocytosis into vacuoles (Holmes and Watson,
1963; liummeler et al., 1969; Dales and Silverberg, 1969).
On the other hand, Horgan et al. (1968) insisted that virus

entry occurs by direct fusion with the cell membrune.,
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Subsequent work is consistent with the presence of specific
virus receptors on the cell surface (Hochberg and Becker, 1968; -
| Blomberg, 1979; Vahlne et al., 1979). Moreover, evidence
that virion glycoproteins fdnction in adsorption and
penetration makes direct fusion the more tenable nypothesis
at present (Cohen ¢t al., 1978; Sarmiento et al., 1979).
The virion envelope is most probably required'for infectivity
(Smith, 1964; Spring and Roizman, 1968; Stein et al., 1970;
Rubenstein et al., 1972). After entry the virion structure
is degraded in the cytoplasm and the DNA transported rapidly
by an unknown mechanism into the nucleus (Hochberg and Becker,
1968; Uumneler ¢t al., 1969). Knipe et al., (1981) have
recently described a ts mutant which complemeﬁts other ts
mutants poorly, and which expresses no polypeptides at the
nonpermissive temperatdfe. The lesion may map in a gene
coding at late times in infection for a structural protein,
and the authors propose that the defect is in uncoating the
virus.

Infection of cells in tissue culture with HSV results
in cessation of mitosis (Stoker and Newton, 1959} Wildy et
al., 1961), and initiation of the infectious cycle is
independent of the cellular phase of DNA synthesis (Cohen
et al., 1971). Soon after infection, HSV causes an inhibition
of céll DNA syhthesis which is dependent on protein synthesis
(Roizman and Roane, 1964). The fact that some HSV-2 is
Eutants either fail to inhibit, or stimulate, host cell DNA
synthesis wt the nonpermissive temperature suggests that
virus functions are involved in inhibition of host DNA
synthesis (Hallibuston and Timbury, 1973; Yamanishi‘gi al.,
1575). It is nol inown wiebher the inhibition is a result of
inhivition of cell ulNA and protein synthesis (Roizman et al.,

1965), rutiher then o direct effect on DNA synthesis.
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Inhibition of provein synthesig involves disaggregation
of host polyriwvogowes and lheir reasscuwbly (Sydiskis and
doizmen, 1966). The totzl provein synthesiéing cupacity
decreases throughout infection, a fact which Silverstein and
engelhardt (1979) interpreted as the accumulation of non-—
functional ﬁolyribosomes. Fenwick and Walker (1978) have
shown thet UV irradiation of HSV-2 does not affect inhibition
of host cell macrowolecular s&nthesis, and concluded that
inhibition is due to a structural component of the virus.
The same authors (1979) have noted the specific phosphorylation
of a hLost ribosoial protein upon infectibn, but concluded
that this is not thc cause of inhibition of host protein
synthesis. The HSV=2 function responsible for inhibition has
becen mapped at 0.50-0.,57 fractional genome units (Fenwick

et al., 1979; U. 3. Marsden, personal communication).

HSV-1 infection leads to ‘the expression of virus-
specificd RHA, and cell RNA synthesis is rapidly suppressed
(Hay et al., 1966; Flanagan, 1967). The particularly rapid
éuppressién of rRNA synthesis may be attributed to +two
innibitory stepe (Wagner and Roizman, 1969). Firstly,

there is a decrcase in the rate of synthesis of 45 S precursor
RNA, perhaps mediated by a virus-induced inhibitor of RNA
polymerase I (Sasalki et al., 1974). Secondly, processing of
precursor rRNA into matufé 18 S and 28 S rRNA is inhibited.
Talley-Brown and iiillette (1979) have noted changes in the
ﬁatterns ol osmall cytoplas&ic RNA synthesis early in infection

of Xeroderma pifmentosw: cells, including the appearance of

a novel %80 nuclcétide speciesg.

The activity of RUA polyuerase II declines on infection,
o Teaturc which Preston and Hewton (1976) attributed not only
to irhibition of cc¢ll proiein synthesis but also: to:-a virus-

induced polypepiide which .ay interact either with the
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enzyﬁe or with the chromatiin comple:.. Using a cell line
vhich expresses a high level of globin mRNA, Hishioka and
silverstein (1977 and 1978) showed that HSV-1l infection
causes degradation of pre-existing cell wRNA., Unlike
dissociation of polyribosomes, this is dependent upon genome
expression. Neverltheless, a low level of cell mRNA is
synthesised even late in infection (Stringer et al., 1977).
Inglis and Newton (1981) reported that ASV-1 mRNA is
translated in z;jgé with a lower efficiency than cell mRNA,
and suggested that, if this applies in vivo, inhibition of
10st cell RNA synihesis would be instrumental in efficient
7irus growth.,

Cell chromosomal breakages which occur early in HSV
infection are thought to be due to a virus-induced enzyme,
since virus DNA is not bhysically associated with the
sreakages (Waubke ¢t al., 1968). Although chromosomal
drrcadage séemﬁ not Lo be caused by integration of virus DNA
into cell DLA, it has been reported that about 200 HSV généme
equivalenté per cell are covalently associated with'nost DNA
late in infection (Biegeleisen and Rush, 1976; Biegeleiseﬁ
gt al., 1977; Yanagi ct al., 1979). The significance of
thicse obsecrvations in thé.infectious cycle remains to be seen.

The pathway by wnich virus is asseibled in the nucleus
is poorly understood. ulectron microscopic studies of
noruwally infected cells show condensation and margination of
host clhiromatin followed by the appearance of capsids of no,
low or high electron-density, as we;l as wore bizarre granular,

crystallice, irilamentous and tubular structures (lorgan et al.,

1959; Nii et al., 1968a; WMiyawoto and Morgan, 1971; Smith and de 7

Harven, 1973). Uther potentially useful attempts to unravel

what is undoubtedly a complex process have included the use of
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metabolic inhibitors (Nii el al., 1Y08b;Priedmamn et al., 1975;

lizroiano-Cabral et al., 1977), and studies of HSV-2 ts mutants
(Cabral and Schafier, 1976; Atkinson et al., 1978). Unlike
ﬁSV-l, 1SV-2 produces tubular structurés in the nucleli of
infected cells (Murphy et al., 1967). This late event seems
not to require éntire génome expression; and kinetic studies
using inhibitors sug;est that such structures are intermediates
in virus assewbly rather than results of aberrant capsid
formation (Iwasaka et al., 1979; Oda et al., 1979).
Hexagonal ;nd pentagonai intranuclearvcryétals of capsids have
frequently been observed (liorgan et al., 1958; lielnick et al.,
1965). It is not lmovm how DNA is encapsidated into virions,'
but Pignatti and Cessai (1980) isolated nucleoprotein complexes
which included non-nuclgésomal DNA with capsid-like structures
a'l one terminus. It is not clear, however, whether these
repregent ‘rue intérmediutes in the encapsidation process,
or breakdown products.

I3V infection is accompanied by extensive reduplication
of ‘the nuclear membrane, at which capsids acquire envelopes
as they pass inlo the perinuclear cisterna (Falke et al., 1959;
Lpstein, 1962bjDarlington and Moss, 1968; Nii, 1971).
Atkinson gt g&.'(1978) reported that envelopment may occur
by de novo synthésis of wewbrane in the nucleus. &nvelopment
at cytoblusmic welibranes way odcur following disintegfation
of the nucleus. Lature virus particles leave the cell by
reverse phagocytosis (varlington and Moss, 1968), or via
cytoplasuic ducts (Schwartz and Roizman, 1969), or by both
mechanisms (Nii, i§7l). Observatioﬁé of virus egress are
dependent on cell type (Schlehofer et al., 1979).

Productive infection ikills ‘the hoét cell, and cellular
componentls leak into the medium (Wagner and Roizman, 1969b;

licCormick, 1978). Virus sprezds from cell to cell via the
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sedium, and also by direct interceliular passage (Stoker, 1958).
ild-type virus usually causes rounding up of infécted cells,
ut sore mutant strains (gyn) cause extensive cell fusion
and the formation of syncytia (Gray et al., 1958; Hoggan and
Roizman, 1959). The recruitment of cells into syncytia seems
largely dependent upon the recruiting rather than the recruited
sell (Lee and Spear, 1980; Bzik and Person, 1981). Cell
fusioﬁ_is dependent on virus expression, since several
inhibitors or UV irradiation abolish syncytia formation
(O'bonovan and Hoizman, 1961; Kousoulas et al., 1978).
inﬂibitionmby 2—deoxy-b—glucosé or tunicémycin strongly
indicates thut virus giycoproteins are involved in cell fusion
(Gallaher et al., 1973; Keller, 1976; Knowles and Person, 1976;
Pizer et gl., i980). Indeed, using recombinants between a
virus defective in glycéprotein C (2C) and one with a igs lesion
in glycoprotein B (gB), Manservigiﬂgi al., (1977) concluded
that gB is a fusion proisoter and gC a fusion suppressor.
llowever, multiple viral and cellular factors are involved in
cell fusion (Yamaimoto et al., 1975; Yamamoto and Kabuta, 1977;

Ruyechan ot al., 1J79; Lee and Spear, 1980).

LDNA synthesls
) kuch of the more conclusive work on herpesvirus DNA

synthesis nas been done with PRV, so the following diséussion
includes both HSV and PRV.

Rice ¢t al. (1976) reported that, soon after infection,
input DWA becoues épecifically associated with a cell nuclear
protein. In contrast, btiley did not find newly synthesised DNA
in such a comple.;, and LHA sythesis does not involve the )
normal cell nucleosomal~apparatus (liouttet et al., 1979;
Leinbaci and Swawers, 1960). Jacob and Roizman (1977)

reporteu thut ounl, o smell Jraction of parental DNA centers



the replicative pool, whereas the majority of parental and
progeny PRV DLA can replicale (Jean and Ben-Porat, 1976;
Ben~Porat gﬁﬂgi., 1976a) . Density-shift experiments have

shown that LSV and PRV UliA are replicated semiconservatively
(Kaplan and Ben-Porat, 1964; Kolber, 1975; Khan et al., 1978).
ﬁést single étrand ureaLfages in parental DNA are—repéired prior
%o DNA replication (Ben=Porat et al., 1976a),but nascent DNA
con%ains single strénded regioﬂs éﬁd covalently linked RNA
(Biswal et al., 1974; Murray and Biswal, 1974; Hirsch et al.,
1976; Shlomai et al., 1976; Muller et al., 1979a). Pulse-chase
experiments indicatle that newly synthesised DNA sediments

as large heterogencous moleccules, and is rapidly processed

to a forrk sedimenting with the properties of unit-length
molccules (Hirsch ct al., 1976; Shlomai et al., 1976; Jacob
and Roizman, 1977; sen-Porat and Tokazewski, 1977). A single
round of PRV LNA replication takes 25 or 45 min, depending

on whether replication is uni- or bi-directional (Ben-Porat
et al., 197(). liost systes for in vitro DNA syn%hesis allow
completion of nascent DNA but not reinitiation (Bell, 1974;
Biswal and kurray, 197&; Shlomai and Becker, 1935; Bolden et
al., 1975; Kolber, 1975; Becker and Asher, 1975; Shlomai et
al., 1977; Jonuenael and Bachenheimer, 1980). Promlsing
attecupts have been made to extract the physiological
rcplication complex from infected cell nuclei (Pignatti et

al., 1979; Knopi, 1979).

Lempcr ture-sensitive mutants in about half of <the

didentitied coumpleuentation jroups of HSV and PRV are deficient

in VUA symthesis (o a greater or lesser extent, and therefore
it is lilkedy thalt wany gene products are involved in this
process, iuncluding the virus-coded DNA polymerase (Halliburton
and Timbury, 1973 and 1976; Pringle et al., 1973; Schaffer

et al., 1973; Lsparza et al., 1974; BenyeshFMelnick et g_., 1974;
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Purifoy and senyesi-xelnick, 1975; aAron et al., 1975; Courtney
et al., 1976; Bone ¢t al., 1978).

' Llectron mioroscobic examination of replicating DNA
has revealed linear molecules smaller than, equal in size %o,
or larger ‘than virion DNA, circles of unit size or smaller,
and large tangled itolecules. Such molecules may contain
single stranded regions, forks, eyes, loops or collapsed
regions (Shlomai ¢t al., 19763 Jean and Ben-Porat, 1976;
Ben~Porat et al., 1976bs;Rixon, i977; Jean et al., 1977;
Hirsch et al., 1977; ¥ricdmann et al., 1977; Jacob and Roizman,
1977). -ahé.following‘replicatidn médel has been derived from
these and otuer data. Observations that HSV-1 DNA is
terminally redundant, that terminal restrictlon fragments
of HSV-1 DNA arec reduced in abundance in infected cell nuclei
(Jacob gi‘g;., 1979), that 2 proportion of input PRV DNA
ééquires single stranded ends (Jean and Ben-Porat, 19?6) and
a proportion becoumes circular,ﬂand that PRV DNA in the first
round of replication is circular (Ben-Porat and Veach, 1980),
are in support of ‘the hypothesis %hat linear input DINA
circularises aiter infection, probably involving the action
of an ec:onuclease. Head-to-tail concatemers are then formed
by an unknown mechanismk, but which may be a rolling circle
(dJean and Ben-~Porat, 1970; Jean et al., 1977; Ben-Porat and
Pokazewski, 1977; en~Porat and Rixon, 1979; Jacob et al., 1979).
The guestion of how unit-length DNA molecules-resulf-ffom
concatouers, with four eguimolar arrangements of L and S,
is considered in the Discussion. Kodels for DNA éynthesis
involving independent replication of I and S (Skare and Summersg,
1977 ) or replicalion of lincar itolecules fromAé terminal‘
Lairpin loop (ki:ow, 1977; Jacob and ioizman, 1977) failed to

find subsequent su,port. Ben-Porat and Kaplan (1963%) showed
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that although a minority of mature PRV DNA is encapsidated,
it is selected at random from the pool.- Similarly a minority
of HSV-1 DNA is encapsidated (Russell et al., 1964), and
Frenkel and Roizman (1972a) concluded that molecules with
fewer nicks are preferentially packaged, although it is equally
likely that nicks are repaired during packaging.

'wo approaches have indicated that HSV-1 and PRV DIA
contain an origin of replication in the région of the'S.
terminus, and pernaps another in Uy, Shlomai et al. (1976)
and iricdmernn ¢t al. (1977) described two origins'df )
replication irow clectron wicroscopic studies of replicating
13V-1 DHA, one corresponding to TRy and IRy, and the other to
a position 40¢ from onc Gerwinus. Hirsch et al. (1977)
actected grcahcr incorporation of isotope iﬂ é’puised label
in restriction frugments containing the joint region.

Jean et al. (1977) obtaired results similer to those

deseribed above Lrom their electron microscopic analysis

of replicating PuV DIA, although 10% of molecules with
replicution eyes apparently exhibitéd multiple replication
sites. Ben-Porct and Vecch (1980) concluded from blot
hyoridisation of PuV UKA thoﬁght to have been isotopically
labelled during tlie firsh round of replication that the main
origsin of replicoion is at or near the S terminus, from
which DHA symthesis procecds unidirectionally. They suggested
that the other oviin 40% from one terminus is used relatively
infrequently durii; the first round of replication.

As a seconu wpproach, structural analysis of defective
virus geromes hos provided some evidence for the locatious
ol origins of Dus weplicuwlbion. i sn multiplicity nassage
ox SV or PiV rewults in « cyclic pattern of particle o

i.fectivity rotio and oflenr tue appearance of MNA ol novel



buoyant density (sronson ¢t al., 1973; vagner et al., 1974;
Ben-Porat et al., 1974; kurray et al., 1975; Stegman et al.,
1978). DA from the defective interfering particles is
approximétely the saumc size as, but has a lower ldnetic
complexity than, standard DNA (Wagner et al., 1974; Bookout
et al., 1979). Partial &ena%uration mabéing has shown that
defeativo DNA counsists of multiple head-to-tail reiterations
of a,basicﬂunit (Rubenstein and Kaplan, 1975; Frenkel et al.,
1975). ' -
Two types of repeat unit have been described from
restriction cndonuclease analysis of HSV-1 defective DNA
(Kaerner et al., 1979; Frenkel et Q;.; 1980). That of class
containg aﬁprd;imately 8.5 kbp of DA comprising TRS and an
ad jacent portion of Us . (¥remkel et al., 1975, 1976 and 1980;
Locker and Frensel, 1978 and 1979a;Graham et al., 1978;
Vlazny and Erenkel, 1981). ilhereas one end'of_the defective
genowe igs unique and probably possesses an g sequence, the
other terminus is thought to be random in nature. Such a
structure sug_ euts that maturation and packaging of DNA
occur by & specific recognition of the S terminus aﬁd an
approximate length wecasureicent. This is unlikely to be the
case for maturution of standard HSV-1 DNA because both
ternini are unigue. It is not yet clear whether the a
scquence is pregent in each repeat unit of class I defective
genoiies. Size heterogeneity oﬁ the repeat unit in different
defective genowes of tnis class is due to variation in the
lengta of Uj sequences included therein. The kinetics of
defective DA smtlucsis, its sensiitivity to the virus DNA
polymeraseﬂinhibitor phogspinoroacetic acid (PAA), and the

fact that coinfeciion wita separated repeat units enerates
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full length defective genoues, argue that defective DNA
contains the USV-l replication origin which is functional

in the replication of defective DN4 (Frenkel et al., 1980;
VlaZny and Frenkel, 196l). The observation that single
defective DNA molecules contain only one size of repeat unit
nakes it tenable that they are synthesised by a rolling circle
mechanism from a circular repeat unit. In support of this
hypothesis, Beciker et al. (1978) observed circular and
circular-linear wolecules af various sizes by electron
microscopy of replicating defective DNA.

The repeat unit of class II defective DNA consists‘of'
the S terminal region linked to a region of ﬂL mapping at
0.34-0.40 fractional genome units. The greater sensitivity
of ‘this class than class I to PAA supports the presence of a
separate replication origin in Uy. 1Indeed, it has been noted
that attempts to clone into plasmids fragments from this
region of Uy have consistently led to the deletion of about
100 bp at a specific location, perhaps indicating the
prescnce of an inverted repeat in virus DNA which proves
unstable in plasmids (Post gt al., 1980; B. Matz, personal

coumunication).

RNA synthesis

[ISV-1 RiiA synthesis is as sensitive as cell RNA synthesls
$0 inhibition by e¢-amanitin, an inhibitor of RNA polymerase II
(Alwine et al., 1974; Ben-Zeev gt al., 1976), and all stages
of viral transcription are equally sensitive (Costanzo et al.,
1977). wmoreover, :.usV-l RNA synthesis is resi;tant to tﬁe
arug in cells possessing an o«—amanitin resigtant LNA
polymerase II (Cosianzo et al., 1977; Ben-Zeev anu Becker,
1977). Lowe (1lu/o) was unable o detect RNA polymcrase

uctivities in tihe iniectlew ccll other than tnose norwally



pPresent in ‘the uninfected cell. These observatious strongly
indicate that cell RNA polywerase II is responsible for
HSV-1 RNA synthesis at all stages of infection, although
modification of +the transcriptional specificity of this
cnzyme during infection is not ruled out.

HSV-1l mkNAs are polyadenylated after transcription
(Baclienheimer and Roizman, 1972). It has been reported that
5'significant proportion of miNA is not polyadenylated
(Silverstein et al., 1973; Stringer et al., 1977), but
Silverstein et al. (1976) showed that most or all virus
nkliAs are polyadenyiated, in general possessing 30, 50 or
155 adenylic acid résidues at the 3' terminus. The
compartmentalisation of shorter pol§adenylic acid tracts in
the nucleus, and the longer in the cytoplasm, was interpreted
by the latter authors as two separate prooeséing'steps in
polyadenylution. 1SV-1l mRNAs also possess a T-methylguanosine
5'—{riphosphate c;p and internally wethylated nucleotides
(Bartkosld and Roizman, 1976; Moss et al., 1977). Jacquemont
and Huppert (1977) showed +that HSV-1 replication is reversibly
blocked by 5'-S-isobutyladenosine, an inhibitor of methylation,
cspecially of the cap. Asswning that this is the significant
inhibitory action of the drug, this result suggests.that
methylation is essential for translation of mRNA. Cessation_
of wethylation of internal nucleotides at late times may be
due to expression of an early gene (Bartkoski and Roigzman, 1978).

HSV {transcription is a complek process under tight
temporal control. sarly work using liquid hybridisation showed
that most of ‘the #43V-1 genome is expressed at early (before
the onset of LIiA synthesis) and late times (Frenkel énd

itoizman, 1972bjia ner, 1972; Frenikel et g;.:ﬁ1973; Swanstrom

anu wagner, 19745 Strinser et al., 1977). Early mRNA
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comprises a subset ol late mltNA, and each group consists of
scarce and abundant transcripts. Wagner et al. (1972) proposed
a very early class which forms a subset of eafly"species.

The evidence for three major classes of transcripts was
éupported by experiments involving the use of metabolic
inhibitors. Initially it was reported that mRNA made in the
absence of de novo protein synthesis was similar to that made
at carly times'(Frenkel et al., 1973%; Swanstrom et al., 1975),
but it soon became clear that immediate early (IE) mRNA
produced in the pregence of cycloheximide form; a more
restricted class (Kozak and Roizman, 1974; Roizman et al., 1974).
Inhibition of DNApéynthesis causes the production of mRNA
very sigilar to that made at early times (Wégner ct al., 1972;
Murray et al., 1974; Swanstrom and Wagner, 1974; Swanstrom

et al., 1975).

_ Hybridisation of I& mRNA fto nitrocellulose strips
contaihing restriction fraguments of HSV-1 DNA allowed IE genes
to be mapped on the zenome (Clementslgi g;:, 1977; Jones
et al., 1977). The directions of transcription of these
non-conliguous genes were established by hybridisation using
short cDNA synthesised using polyadenylated mRNA (Clements
et g;.,’1979; Mnderson et al., 1980a;Jd. B. Clemén%s, personal
comsunication). Isolation of mRNAs from methylmercuric
hydroxide agarose gels followed by their translation in vitro
has allowed the correlation of mRNA size, genome locatidﬂ;”
and polypeptide size (Watson et al., 1979; Talley-Brown and
hillette, 1979; Anderson et al., 1980a). Clements et al. (1979)
proposed a model for transcription of IE genes utiiisiﬁg ;
single promoter in iRg/Iig, but subsequent work has shown
that each Iu ;;ene has its owa promoter (Baston and Clements,

1980; iillette and Klaiver, 1980; iiackem and Roizman, 1980;
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s J. Rixon, personal communication). Data corcerning the
HSV-1 IE genes are sumsarised in Figure Al.4. Although
Frenkel et al. (1973) reported that the transcriptional
ﬁrogram of iUSV-2 is significantly different from that of
HSV-1, saston and Clements (1980) have clearly shown by
blot hybridisation, mRNA isolation and in vitro translation
that the two viruses share very similar'IE tféﬁscription patterns.
carly mRWA forums a more complex class umapping throughout
the HSV-1 genowe (Clements et al., 1977; Stringer et al., 1978).
Sowe 16 species have been mappéd, most of which seéﬁiﬁély
have individual promoters (Holland et al., 1979; Millette and
Klaiber, 1980). Anderson et al. (1979) located on the genome
épproximately 40 late mBNAs rangiﬁg in size from l.5 to
greater than 8 kb. Costa et al. (1981) have mapped the
major late mRWA, which is ﬁrobébl& not spliced and codes for
‘the wajor capsid protein of m.wt. 155,000. It is obvious
that dissecting tine complexities of these transcriptional
patberns will occupy investigators for not a few years.
Regarding the temporal control of the transcriptional'
progras of i3V-1l, ‘Ward and Stevens (1975) showed that when
transeription was blocked by actinomycin D, earlier mRNAS
tended to be more shori-lived than later 6nes, suggesting
a control eclhanism operating at this level. A second type
of control, acting at the level of processing of initial
transcripts in +the nucleus and ‘translocation of mature mHRNAs
to ‘the cytoplasii, is likely to be operative especially in
later stages of infection. Transcripts isolated from nuclei
ot lote times are larger than cytoplasuic mRNAs, and some
nuclear specics arc under-represented in the cytoplasm

(wagner and Roivnan, 1969a and bj Wapner, 1972; Kozak and
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Roizman, 1974; Clements et al., 1977; Jones and Roizman, 1979;
Jacquemont et al., 1980). However, similar claims that most
or all of the genome is transcribed in the nucleus under IE
conditions, and that most transcripts accumulate in the nucleus
so that only certain species enter the cytoplasm (Kozak and
Roizman, 1974; Jones and Roizman, 1979) have beenﬂéountered
by others who showed that nuclear and cytoplasmic IE RNAs are
of similar complexities (Clements et al., 1977; Easton and
Clements, 1980; Anderson et al., 1980a). Liquid hybridisation
studies showed that a signifiéant proportion of the genome is
symmetrically transcribed at late times (Ben-Zeev and Becker,
1975; Jacqueront and Roizman, 1975a and B} Kozak and Roizman,
1975; Miovic and Pizer, 1980). )

The most important level of control is thought to be
that of transcriptional.initiation. The HSV-1 mutants
tsK, tgsD and LsT have independent lesions“in the gene coding
for Ii mRNA 3, which is translated dinto thé IE polypeptide
V,, IE 175 (ICP4) (Preston et al., 1978; Stow and Wilkie,
1978; Preston, in press). Although sk complements tsD and
45T in some tests (Crombie, 1975), it is now OVerwhelmingly
likely that the three lesions are in one gene. The mutation
in tgK is due to a single. base pair change resulfing in the
replacement of an alanine by a valine residue (M=J. Murchie,
personal communication). These mutants produc; at non-
permissive temperature mRNA and polypeptide profiles more
or less similar to the IE patterns (Marsden et al., 1976;
Watson and Clements, 1977, 1978 and 1980; Dixon and Schaffer,
1980). The properties of these mutants shéw that at least
one IE function (i.e. Vg, IE 175) is continuously required
for +the transitién from I¥ to early transcriptional patterns.
Preston (1979) showed that this function is directly involved

in the activation st the transcriptional level of an early
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gene (deoxypyrimidine kinase, dPyK). Inhibition of DNA

synthesis leads %0 an early transcriptional pattern and mch

reduced production of late polypeptides (Honess and Roizman,

1974; Honess and Watson, 1977a;Clements éﬁ al., 1977;
Watson and Clements, 1977; Holland et al., 1980). Although

Wolf and Roizman (1978) intérpreted this as a requirement

for both parental and progeny DNA templates for a normal

level of late polypeptide synthesis, 1t seems more likely

that virus DNA synthesis is required for the transition from

early to late patterns of transcription.

Protein synthesis and modification

Approximately 50 HSV—induced polypeptides have been
detected in infected cells by SDS-polyacrylamide gel
electrophoresis (Honess and Roiéman, 1973; Marsden et al.,
1976). Two-dimensional gel electrophoresis has allowed
230 polypeptides to be distinguished, although undoubtedly
many of these result from post=translational modification of
primary translation products (Haarr and Marsden, 1981).

Virus proteins are synthesised in the cytoplasm and
most, with the exception of glycosylated polypeptides, are
then transported to the nucleus (Sydiskis and Roizman, 1968;
Spear and Roizman, 1968 and 19705. Initial studies of the
kinetics of synthesis of virus—induced polypeptides
derxonstrated temporal control of protein synthesis, and control
of protein abundance (Honess and Roizman, 1973). Enzymatic
functions tend to be produced early in infection, and most
structural proteins later (Russell et al., 1964). The
subsequent use of metaboli; inhibitdrs-éuggested thé existence
of three kinetic classes of polypeptides, &, ﬂ, and Y: which
correspond‘in general to the IE, early and late mRNA species
(Honess and Roizman, 1974 and 1975a). & polypeptides are
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synthesised immediately after release of a cycloheximide block
at least one of this class is reqﬁiréd for the production of
'ﬂ polypeptides. /5 functions are required for the inhibition
of o« polypeptide synthesis and the stimulation of ‘Y
polypeptides, which in turn inhibit ﬂ synthesis.

The threefold classification of virus-induced polypeptides
is a simplistic model, since Pereira et al. (1977) identified
two classes of ﬂ polypeptide (ﬁl and /3‘?'_”),‘ ‘each of which is
probably dependent upon an « function for expression
(Preston, 1979). Studies of polypeptide synthesis in the
ﬁresence of an inhibitor of DNA synthesis have led to the
identification of at least tﬁo'\’classes (Honess and Watson,
1977a;Pederson et al., 1981). The latter authors defined
six classes of ﬁdlypeptide on tﬁe basis of their expression
in the presence of an ihhibitor of DNA synthesis, and Marsden
et al. (1976) described nine classes of dependence relationship
betweenﬂpolypeptide synthesis and the DNA phenotype of HSV-1
tg mutants. The properties of a dominant lethal early "
 mutant isolated by Jofre et al. (1981) are in support of the
existence of as least two}g and } classes. Post et al. (1981)
established a cell line containing a ﬂ gene (dPyK) under
o¢ (Vg TE 175) transcriptional control and found that dPyK
activity was induced by infection with dPyK virus. This
effect was shown not to be due to a virusc%.function,’so
they interpreted it as the stimulation of transcription from
the o« promoter by a virion structural polypeptide, that is,

a pre-x function. It is clear that a more or less complex

set of cascade controls is operative in the temporal expression
of HSV-induced polypeptides, probably acting at the
transcriptional level.

Treatuent of (ISV-infected cells with protease



inhibitors failed t0 show rapid post~translational cleavage

of virus-induced polypeptides (Honess and Roizman, 1973%;

Pereira et al., 1977). In contrast, exposure of virus-

infected cells to the inhibitor for longer periods of time

showed altered processing of several polypeptides (D.
MacDonald, M. Suh and H.S. Marsden, unpublished data).

Approximately 20 phosphorylated polypepitides have been
identified in HSV-infected cells (Marsden et al., 1978;
Bookout and Levy, 1980; Wilcox et al., 1980). The
phosphorylation pathway may differ between polypeptides and
the level of phosphorylation may play a part in the binding .
affinity of certain phosphoproteins for DNA (Fenwick et al.,
1980; Wilcox et al., 1980). The processing of the
phosphorylated > polypeptide Vmw IE 175 (ICP4) has been studied
in some detail. This polypeptide exists in three forms -
differing in apparent molecular weight, and it is thought
that ICP4a is passively transgported into the nucleus, where
it is processed into ICP4b then ICP4c (Pereira et al., 1977;
" Fenwiclk et al., 1978). The nature 6f these proééssing events
has not been determined, although a mutant with a lesion in
the ICP4 gene has been studied which accumulates ICP4a and
fails to transport it into the nucleus (Courtney and Powell,
1975; Courtney et al., 1976; Cabral et al., 1980). The
phosphate moicty is stably associated with ICP4b but cycles
on and off ICP4a and ICP4c (Wilcox et al., 1980). Bookout
and Levy (1980) have recently described four forms of ICP4,
only-two Sf which are found in the cytoplasm.

A number of uSV-induced polypeptides are glycosylated,
probably by host cell cnzyues (Keller et al., 1970).
Glycosylation ol polypeptides ocours in situ, soon after

polypeptide synthesis and ftheir binding to éell membranes
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(Spear and Roizman, 1970). Five major glycoproteins (gA, gB,
éC, gD and gE) have been identified in the virion envélope
and infected cell membrane (Spear et al., 1970; Spear, 1976;
Marsden et al., 1976; Baucke and Sbear; 1979). gA is rare in
virions,_and gB functions in virus penetration and cell
fusion (Manservigi and Spear, 1977; Sarmiento et al., 1979).
These two glycoproteins are thought to originate from the
same precursor polypeptide (Eberle and Courtney, 1980Db).
gC has an inhibitory effectﬂupon cell fusion, and is no+
éssential for virion infectivity (Mansegvigi and Spear, 1977;
Ruyechan et al., 1979). The least studied of the glycoproteins,
gE, is essential for virién infectivity and acts as an Fc
receptor for Y-globulin, a function which may inhibit the
host immume cytolytic response mediated by viral glycoproteins
exposed at the infected cell surface (Baucke and Spear, 1979;
Para et al., 1980; Machtiger et al., 1980).

Glycosylation of precuréor‘éolypeptides is a,/?or Y
. event occurring in two stages: rapid addition of an
oligomannosyl core followed by slower addition of fucose and
sialic acid residues (Honess and Roizman, 1975b; Eisenberg
et al., 1979; Cohen e% al., 1980a). Attempts have been made
%o identify precursor forms by immunological analysis, the
use of drugs which block the glycosylation pathway, treatmént
of processed polypeptides with glycosidases, and by pulse-chase
experiments. Conclusions haézygriticised on the grounds that
breakdown products and true precursors are difficult to
distinguish. Nevertheless, two-dimensional electrophoretic
analysis strongly indicates that 16 species are involved in
the formation of gB, 15-20 in gC, and 11 in gD (Cohen et al.,

1980a; Haarr and Marsden, 1981).

liSV-1 glycoproteins are also sulphated, and a sulphated
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breakdown product of gD is excreted from the infected cell
(R.G. Hope and H.S. Marsden, personal comﬁunication).

The maﬁor glycoprotein of PRV-~infected cells is sulphated
subsequent to glycosylation and then excreted (Erickson and
Kaplan, 1973, Kaplan and Ben—Porat, 1976 Pennington and
McCrea, 1977).

Much of the present understanding of HSV-specified
functions, and the location of essential gehes in the genomne,
has come from analyses of mutants. In this respect the
comeonest and most generally useful type is the ts mutant,
which was first described in HSV by Subak-Sharpe (1969).

Since then a large number of bs mutants have been 1solated.

2% complementation groups in HSV-1 and 20 in HSV-2 were
identified in a collaborative study by Schaffer et al. (1978),
and the recent use of specific mutagenesis of DNA fragments
has added at least three more to HSV-1l (Chu giﬂgi., 1979;
Conley ¢t al., 1981). Linear genetic linkage maps for ts,
plague morphology and diug regsistance markers have been

| deduced (Brown et al., 1973; Schaffer et al., 1974;
Subak-Sh&fpe et al., 1974; Benyesh—Melnick>g§ ale., 1974;
Timbury and Calder, 1976; Brown and Jamieson, 1977).

Recombination in HSV was first noted by Wildy (1955),
and intertypic couplementation and recombination by T1imbury
and Subak-Sharpe (1973). Repeated rounds of mating and
recombination occur during infection, and recombinants seem
to be produced by the formation of partial heterozygotes
(Brown and Ritchie, 1975; Ritchie et al., 1977). Excellent
&se has been made of intratypic (maikér rescue) and intertypic
recowbingtion to physically map HSV mutations and functions
on the genowe (Wilkie et al., 1977b; Marsden et al., 1978;
liorse et al., 1978; Preston et al., 1978; Stow and Wilkie,
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1978; Stow et al., 1978; Halliburton, 1980; Parris et al.,
1980; Chartrend et al., 1981l; Sandri-Goldin et al., 1981).
HSV-1/HSV=2 inteftybic recorbinants have provéd especially
powerful in assigning specific polypeptides and biochemical
functions to regions of the genome, since restriction
endonuclease mapping allows crossovers 1o be accurately
defined, and the polypeptide profiles of the two serotypes
are sufficiently different to distinguish the origin of
many of the polypeptides induced by recombinants. A summary
of -+the mapping positions of several polypeptides is shown

in Iigure Al.5. '

Ingyme activities induced by HSV

' Several enzymatic activities are induced in HSV-infected
cells, These include ﬁyrimidine deokynucleoside kinase (dPyK)
(Kit and Dubbs, 196%),DNA polymerase (Keir and Gold, 1963),
alkaline deoxyribonuclease (Morrison and Keir, 1968),

ribonucleotide reductase (Ponce de Leon e% al., 1977;

- -

Husgar and Bacchetti, l98i), adenylic acié:deoxythymidine
5'-phosphotransferase (Jamieson gt al., 1976 ;Falke et al.,
l§81), deoxyribopyrimiaine triphosphétase (Wohirahb end
Francke, 1980), and a protein kinase (Blue and Stobbs, 1981).
éhe induction of deoxycytidine deaminése (Chan, 1977;

B. Dutia, persénal comnunication) and deoxycytidylate
deauminase (Rolton and Keir, 1974; Langelier et gl., 1978)

is dispute&. A DNA gyiase has been sought tut not yet
demonstrated (Eréncke and Margolin, 1981).

The isolation of an HSV=2 1s mutant which also has a
non-lethal mutation in theVstrucfural gene for the alkaline
deoxyribonuclease has demonstrated that this enzyme is at
least in part coded by the virus genome (Francke et al., 1978).
The purificd enzyme has a m.wt. of 90,000, but its function
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in vivo is a matter of speculation (Strobel-Fidler and Francke,
1980). Moss et al. (1979) mapped the nuclease gene to

0.12-0.21 fractional genome units.

The virus—coded DNA polymerase has a m.ut.

of 150;000 and seems o be active in viiro as a monomer

(Powell and Purifoy, 1977). This enzyme is readily
&istinguished frow ‘the cell DNA polymerase by immunological
(Keir et al., 1966), genetic (Aron et al., 1975) and inhibitor
;%udieé. The HSV DNA polymerése is—vefy sensitive to
inhibition by phosphonoacetic acid (PAA; Mao and Robishaw,
1975; Hay and Subak-Sharpe, 1976) aﬂd by acyecloguanosine
‘(acyclovir, ACV) in the triphosphate form (Furman et al.,

~ o~

i979; Darby et al., 1980). Mutant viruses resistant to PAA
possess a PAA~resistant DNA polymerase (Jofre et al., 1977;
Purifoy and Powell, 1977), suggesting that a single locus is
involved in PAA-~sensitivity. ACV-sensitivity, on the other
hand, is associated with two distinet loci corresponding to -
‘the DNA polymerase and dPyK (Crumpacker et al., 1980). This
différence is due to direc% interaction of fAA with the"
polymerase, whereas ACV is first phosphorylated by dPyK, thence
o the triphosphate which inhibits the polymerase (Elion et al.,
1977). It is possible that two cistrons are involved in
DNA polymerase expression, since is mutants from two
complementation groups, which are closely associated in the
region of 0.4 fractional genome units (Chartrand et al.,
1980), both express a ts DNA polymerase (Purifoy and Powell, 1981).
The virus-—coded dPyK, as its name suggests, is able to
phosphorylate both thymidine and deoxycytidine, and seems also
t0 exhibit a nucleoside phosphotransferase activity (Jamieson

et al., 1974 and 1976a;Jamieson and Subak-Sharpe, 1974).

Strong evidence that this enzyme is virus-coded comes from
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immunological, biochemical and genetic studies (Klemperer

et al., 1967; Buchan and Watson, 1969; Buchan et al., 1970;
Phouless, 1972; Aron et al., 1973). The active polypeptide
induced in vivo or produced in vitro by translation of mRNA
has an apparent m.wt. of 40,000 (Honess and Watson, 19743
Summers et al., 1975; Thouless and Wildy, 1975; Preston, 1977;
Cremer gﬁ g;:, 1977 and 1978). Two-dimensional éel
electrophoresis of HSV-induced polypeptides showed that this
polypeptide may exist in three differently charged forms
(Haarr and Marsden, 1981). Preston and McGeoch (1981)
identified a slightly smaller polypeptide expres;ed ;g'zijgé
and in vivo, concluding that this was the result of false

initiation of translation from a single mRNA species.

" The results of experiments using mixed infections of dPykK

and dPyK_ viruses suggest that the active eunzyme is

probably a multimer (Jamieson and Subak-Sharpe, 1978).

A number of nucleosiée analogues inhibit virus growth because
they are phosphorylated by dPyK, and thence bind to the

DHA polymerase or becole lethaily incorporated into newly
synthesised virus DNA. Among these are ACV, bromodeoxycytidine,
bromodeoxyuridine and ljﬂ-arabinosyl thymine (Kit and Dubbs,
19630;Cooper, 1973; Schildkraut et al., 1975;AM111er gﬁ al.,
1977; £lion et al., 1977; Muller et al., 1979b). Such
inhibitors have been used to select viable dPyK  mutants.
Although dPyK activity is not required for virus replication
in actively dividing cells, it is an essential function for
growth in resting cells, for full neurovirulence, and for
normal establishment of latency (Jauieson et al., 1974;
Pield and Darby, 1978 and 1980; Darby et al., 1981).

The construction of bacterial plésmids containing the
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HS3V-1 dPyK gene (HSV-1 BamiI p mapping at approximately 0.3
fractional genomé units) has opened the way to understanding
the molecular genetics of this function (Wilkie et al., 1979a;
Enquist gt al., 1979; Colbdre-Garapin gﬁhgl., 1979). The
DNa sequéncé.of the gene has been determined (McKanight, 1980;
Wagner et al., 1981; D. McGeoch, personal communication), and
viable dPyK~ deletion mutants have been constructed in vitro
(Wilkie gt al., 1980; Smiley, 1980). The dPyK isa B
5olypeptide"which requires for its production~in the infected
cell an « function which acts at the transcriptional level
(Garfinkle and McAuslan, 1974; Leung et al., 1980). The
gene is transcribed from its own promoter leftwards with
respect to the P orientation of the genome, and the mRNA is
not spliced (Wilkie et al., 1980; Smiley et al., 1980).

The Hsﬁ—l dPyK geﬁé has been used aé'a éeparate entity
from the genome from which it was derived. Cell
lines lacking the cell thymidine kinase have been biochemically
transformed using inactivated HSV or DNA fragments (Munyon
et al., 1971; Jamieson et al., 1976b;Maitland and McDougall,
1977; Wigler ot ale, 1977). Using a cloned DNA fragment |
containing the dP&K gene, Pellicer et al. (1§78) have reported
that the virus DNA is integrated into the cell DNA, although
not at a specific site. Other exogenous DNA seéuences have
been stably introduced into cells by empléying the dPyK gene
as a selectable marker, in some experiments oovalently-linked

to the exogenous DNA (Mantei et al., 1979; Wigler et al., 1979)

Approximately 20 HSV-l-induced DNA btinding proteins
have been identified, including the o polypeptides, the
DNA polymerase, and probably the alkaline deoxyribonuclease
and dPyK (Bayliss et al., 1975; Powell and Purifoy, 1976;
Bookout.aﬁd Levy, 19803 Becker et al., 1980; Hay and Hay, 1980).




Figure Al.l

UPPER PANEL Structural arrangement of the HSV-1

genome. The genome comprises two covalently linked segments
(L, S), each of which consists of a unique sequence (Up, Ug)
bounded by inverted repetitions (TRy, IRy, TRg, IRg). -

Uy and Ug are shortened in this diagram to emphasise the
locations and orientations (arrowed) of the a sequences, or
terminal repetitions (tr) at the genome termini and L-S
joint. Also shown are the b and ¢ sequences (TRL==QF+Q,
IR;=Db'+a', TRg=c +a, IRS-r.—c'-l-a'). Sizes are given in kbp.
A 3ingle DNA molecule contains each segment in either
orientation with equal probability, as shown by the larger
arrows, allowing four permutations of sequence arrangement.

The genome structure of HSV-2 is essentially identical.

LOWER PANEL Generabion of submolar restriction

endonuclease fragments from HSV DNA. A hypothetical
endonuclease cleaves the DNA in %hree locations. As a
consequence of inversion of the two segments, four quarter—
molar fragments spanniug the L-S junction (a+e, c+e,
a+Db, c+b), four half-molar fragments from the termini
(a, b, ¢, ), and one molar fragment (d) are generated.
Extension of this argument shows that if one set of
repeats also contains a restriction site, half-molar but
not quarter-molar fragments would be generated. If both
sets of repeats also contained a restriction site, ohly
molar fragments would result. -

In this Figure the four arrangements have been
termed P, Iy, Ig, Ig), in accordance with the nomenclature
proposed by Roizman et al. (1979). hestriction maps of

HSV LNA are conventionully displayed in the P arrangement.
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Pigure Al.2 (overleaf)

Structures of herpesvirus genomes and general

model for interconversion of linear and circular forms.

Linear genome structures of the four main

groups (I—IV) are shown to scale on the right hand page.

Two subéroups have been tentatively included in group I.

In each case the m.wt. (x 107°) and observed orlentations (filled
arrowheads) of Uy, and, &here appropriate, Ug, areAindicateé.
nepeated sequences are shown as rectangles, and their

relative orientations by arrows and by use of the letters

" a, b, ¢ and their complement a', b', c¢' (—\> and a,, b,

signify multiple tandem repeats). ATheﬂuée_of letters does
not denote similarity of sequence or function in these
regions between different genomes. |

It is known that the genomes illustrated are
terminally redundant, although those of PRV and EHV-1 have
nét yet been directly shown to be so. Nevertheless, this
feature makes itvpossible, at least in principle, to |
circularise herpesvirus genomes by ligation subsequent %o
the aation of an exonuclease. The four groups of putative
circular forws are shown on the'left hand page, not drawm
to scale. Orientations of repeated sequences (rectangles)
have been omitted for clarity. Positions of ligation on

opposite strands of the duplex are indicated (V).

~

Clearly, the reverse process, single stranded cleavage on

euch side of the terminal repeat within g circular DNA

molecule followed by repair of the single stranded

termini, would generate a linear genome. Cleavage may

occur at several possible iocations within the tandem

reiterations of groups II and III, generating the

neterogeneous termini observed in virion DNA.
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Figge Aloz

Mean GC contents of herpesvirus DNAs, taken

from Honess and Watson (1977b). Filled circles indicate

human herpesviruses.

Abbreviations of virus nomenclature other than

the obvious are as follows.

SpM - sgpider monkey herpesvirus
(cebid herpesvirus 3)

IBR - infectious bovine rhinotracheitis
virus

SqM - squirrel monkey herpesvirus
(herpesvirus tamarinus)

GCMV - éuinea pig cytomegalovirus

MaCMV - marmoset cytomegalovirus

SA6 - simian cytomegalovirus

RhCMV - rhesus cytomegalovirus

VeCMV - vervet cytomegalovirus

FeILT - feline infectious laryngoiracheitis

: virus

AVILT - avian infectious laryngotracheitis




O B-virus
o PRV
0 SpM
O iBR

® HSV-2
® HSV-I
M

Sq
Tree shrew

O Bmv

e EBV(HR-D
® EBV(B95-8)

Frog virus 4
o MaCMV
O SA6
0 RhCMV
00 VeCMV
Trout

O rabbit

40 50 60 70 80

% GC

T,



Pigure Al.4 (overleaf)

Immediate early (IE) transcriptional program of !

HSV-1. The genome is shown to scale in the conventional
ﬁanner, except that two regions in Uy have been omitted
for clarity (V). The scale at the top of the Figure
shows coordlnates of fractional genome length.

The locations and directions of transcription
of IE mRNAs 1-5 are shown (Clements gt al., 1977; Jones
et al., 1977; Clements et é;., 1979;—Andéfson et gl., 1980a;
ﬁ;J;-Rixon, personal coﬁiuhication). Also inciﬁdéd are
siwilar data for the 5.0 kb mRNA coding for Vg, IE 136'(143)
(Anderson et al., 1981; J. McLauchlagn and J.B. Ciementg;
personal communication). The position of the intron
coimmon to the genes for IE.mRNAs 4 and 5 is indicated
(Watson et al., 1981; F.J. Rixon, personal communication).
it is suspecjed that the'gene for IE mRNA 1 also contains |
an intron, because the mRNA is considerably smaller than
the region of DNA encoding it, whereas the genes for
IE mRNAs 2 and 3 contain no detectable introns (F.J. Rixon,
personal communication). The regions in the DNA‘eﬁcoding
theh5' termini of IE mRNAs~l, 3, 4 and 5 have been located
(Macken and Roizman, 1980) and nucleotide sequences
determined for these regions of IE mRNAs 3, 4 and 5
(M-J. Murchie, personal communication). Similarly the
Tegions encoding the 3' termini of IE mRNAs 1, 2 and 5 are
known (Section 3 of Reéults; M~J. Murchie and F.J. Rixon,
personal comzunications). The sequence coding for the
translated region of IE mRNA 5, which lies completely
within Ug, has been determined (M=J. Murchie, personal
communication). The 5.0 kb mRNA coding for Vg, IE 136'(143)




is éxpressed minimally under IE conditions and therefore
there is some hesitation in its inclusion in the IE
class. A 1.2 kb mRNA 3'-coterminal with the 5.0 kb mRNA
encodes a different pol&peptide, the coding region for
which lies outside that for Vmw IE 136'(143)

(J. McLauchlan and J.B. Clements, persaﬁal communication).

-~

Below each mRNA is indicated the size in kb of the
polyadenylated mRNA determined by methylmercuric hydroxide

agarose gel electrophoresis (Watson et al., 1979;

Talley~Brown and Millette, 1979; Anderson gt al., 1980a and b),

In vitro translation of isolated mRNAs performéd in

the studies mentioned above, and the mapping of
polypeptides utilising HSV-1/HSV-2 intertypic recombinants
(Preston et al., 1978; Marsden et al., 1978; Morse et al.,
1978), have allowed identification of the polypeptide
encoded by each IE mRNA. At the foot of the Figure the
equivalent polypeptides in the nomenclature of Honeés

and Roizman (1973 and 1974) are given,

-~

§
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M e Al,

Map locations of HSV-induced polypeptides
(Marsden gt al., 1978; Preston et al., 1978; H.S. Marsden,
ﬁersonal éommunication). - .

Each number (X) indicates the apparent m.wt.
(x 10'3); full nomencla%ure is vmw X or, in the case of
imnediate early (IE) polypeptides, Vuw IE X. Polypeptides
with fhe subscriﬁt'"l" have no readily recognisable type 2
equivalent, and those with the subscript "2" have no
readily recognisabie type 1 equivalent. Other polypeptides
are indicated by the m.wt. of the HSV-l form and have no
subscript. Accurate locations of IE polypeptides from
transcript mapping data are shown in Flgure Al.4,
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PART B

MATERIALS
AND

M&ZzTHODS
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MATERTALS
Viruses . i
HSV-1 Glasgow strain 17 g z " was isolated in Glasgow by
bDr C.A.P. Ross, and mutants g syn tsB and _zg tsD were indirectly

derived therefrom (Brown et al., 1973).

HSV-1 strain USA-8 §xg was isolated in Philadelphia from
the left trigeminal ganglion of a female who died from
lymphocytic lymphoma (Lonsdale et al., 1979).

HSV-2 strain HGéé was isolétéd from an enal lesion of a
female patient in Bdinburgh, and mutants tsl and ts6 were
derived from this strain (Timbury, 1971).

HSV~-1/HSV=~2 intertypic recombinant viruses are described
in Figure C4.3.

'~ The pseudorabies virus strain used was that originally

isolatéd by Dr. A.S. Kaplan (Kaplan and Vatter, 1959).

Cells

" The continuous cell line used was baby hamster kidney
clone 13 (BHK C13; MacPherson and Stoker, 1962).
Bacteria

Escherichia coli K12 strain HB10Ol was used as host

to plasmids (Boyer and Rodlland—Duésoix, 1969). _
Escherichia coli met r m~ (cI S7) used for the

857
‘growth of bacteriophage lambda was given by Dr D. Ritchise.

Bacteria for the production of restriction endonucleases

are described in Table Bl.l.

I'issue culture media and solutions

Cells were grown in the Glasgow modification of Eagle's
wedium (Busby et al., 1964) supplemented with 100 units/ml ~
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penicillin, 100 mg/wl streptomycin, O.ZAfg/ml antimycotic
agent n-butyl-p-hydroxybenzoate, and 0.002% wt/vol phenol red.

Calf serum and pooled human serum were prepared in the
Institute of Virology.

The following composite solutions were used.

ECx Eagle's medium containing x% vol/vol calf serum;

ETCx ECx containlng lOa vol/vol leco tryptose phosphate
broth (TP);

EHux Eagle's medium containing x% vol/vol human serum;

ECl-Pi Eagle;s medium lacking orth&phoséhate contalning

1% vol/vol calf serum.

Phosphate buffered saline (PBS) contained 0.17 M NaCl, 0.0034
M KC1, 0.001 M NagHPO4, O. 002 M KHpRO, in distilled water,
pH? 2.

PBSCa was PBS containing 5% vol/vol calf serum.

Versene consisted of-0.006ﬁ EDTE in PBS containing 0.0015%
wt/vol phenol red. ) - .
Tris saline was 0.14 M NaCl, 0.03 M KCl, 0,00028 M NaHpPO,,

1 mg/ml dextrose, 0.0015% wt/vol phenol red, 0,025 M Tris-HCL,
pH 7.4 supplemented with‘lOO-units/ml penicillin and lOO,ﬁé/ml
streptomycin. i )
Trypsin-versene comprised one volume of 0.25% wt/vol Difco
trypsin in Iris saline plus four volumes of ;ersene.

Giemsa stain consisted of 1.5% vol/vol suspension of Giemsa

in glycerol, heated to 56° for 90-120 min and diluted with

an equal volume of methanol.

Radiochemicals

Ihe fdliowing radioisotopes were obtained from The

Radiochemical Centre, Asersham, Bucks.
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deoxynucleoside (x-22P) triphosphates (dATP, PB164; dCTP, PBL65;
dGIP, PBL66; dTTP, PBL67; each at >14.8 TBq/mmol);

adenosine (Y-32P) triphosphate (PBl0218; >185 TBq/mmol) ;
32p orthophosphate (PBS1l).

Chemicals

The following firms supplied the listed chemicals.

Agarose (type 1), Trizma base, ethidium bromide, 5% vol/vol
Sterile bovine serum albumin, polyvinylpyrollidone, bovine
serum albumin (RIA grade), ribonucleases A and Ty, yeast

RNA and lysozyme - Sigma (London) Chemical Company, Kingston-

upon-Thames, London.

N,N,N‘,N'—tetramethylethylenediamine (TEMED), hydroxylapatite,
ammoniumhpersulphate and Biorex 70 (180-206 mesh) - Biorad

Laboratories, Richnmond, California.ﬂ

Dextran sulphate, Ficoll 400 and Sephadex G50 Fine -

Pharmacia Fine Chemicals, Uppsala, Sweden.

Ultrogel AcA 34 - LKB, Bromma, Sweden,

biaminoethyl cellulose (DE52) -Whatman Ltd., Maidstone, Kent.
Brain-heart infusion - Oxoid Ltd., Basingstoke, Hants.

2,5-diphenyloxazole (PP0), l-4-di-(2-(5-phenyloxazolyl))
benzene (POPOP), trichloroacetic acid and boric acid -

Koch—Ligﬁt Laboratories, Colnbrook, Berks.

Dimethyl sulphate (DMS) - Aldrich Chemical Co. Ltd.,

Gillingham, Dorset.
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Hydrazine - Eastman-Kodak, Rochester, New York.

Piperidine -~ Fluorochem Ltd., Glossop, Derbyshire.v

Mithranycir ("Kithracir") - Pfizer Ltd., Sandwich, Kent.

Ampicillin - Beecham Research Laboratories, Brentford,

Middlesex. )

Other chemicals, where not stated, were obtained where

possible in Analar grade from BDH Chemicals Ltd., Poole, Dorset.

DNA

‘ Calf thymus DNA and salmon sperm DNA were obtained from
Sigma Ltd., and ¢X174 RF I DNA from New England Biolabs,
BeVerl&, liassachussetts. ‘

' Professor D. Sherratt kindly provided pAT153 DNA.

Human cytomegalovirus DNA (strain AD169)'was éiven by

Dr M. Weststrate.
DNA was prepared and generously supplied by Dr J. M.
Whalley from a plague-purified Australian isolate (HVS 25)

of equid herpesvirus type I obtained from Dr M.ASabine of
the Department of Veterinary Medicine, University of Sydney.

Enzymes

'~ Restriction endonucleases not prepared from bacteria
in this study, and other enzymes acting upon DNA (T4 DNA
ligase, bacterial alkaline phosphatase, E. ¢oli DNA
polymerase I and the Klenow fragment thereof) Qefe purchased
from New ingland Biolébs, or from Bethesda Research
Laboratories, Rockville, Maryland, or from the Boehringer
Corporation (London) Ltd., Lewes, East Sussex.

Deoxyribonucleaée I was obtained from the Worthington

Biochemical Corporation, I'reehold, New Jersey.
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T4 polynucleqtide kinase was supplied by P-L
Biochemicals Inc., Milwaukee, Wisconsin.
“ Restriction endonucleases Xhol and Smal were the

generous gifts of Dr J. Arrand, and SstI of br P. Rigby.

-

Other materials

Petri dishes - Flow Laboratories, Irvine, Scotland.

- -

Kodirex X-ray film, X-Omat H X-ray film and DX80
developer - Kodak Ltd., London.

Amfix - May and Baker Ltd., Dagenham.

Teflon tape -~ the limnesota Mining and Manufacturing

Company, USA.

Nitrocellulose membrane filter in sheet (BA85) and

S,

gridded disc forms - Schleicher and Schull, Dassel, West Germany.

Commonly used solutions and buffers

SSC  0.15 M NaCl, 0.015 M sodium oitrate, PH 7.5;
NTE 0.01 M Tris-HC1, 0.1 M NaCl, 0.001 M EDTA,

pH 7-4;

fluid

scintillation 5 g PPO and 0.3 g POPOP per litre of toluene.
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MK THODS

Growth of cells

' BHK cells were grown to confluence in 80 oz roller
bottles at 37° in 200 ml ETC10 under 5% COp im air. Cells
were harvested by washing twice with tfypsin-versene and
reseeded at 3 x 107 cells/roller bottle in ETC1l0. 50 mm
diameter plastic Petri dishes were seeded at 2 x 106
cells/dish in 4 ml ETC1l0, the monolayers attaining confluence

after 16-24 hr at 37°.

Production of virus stocks

80 oz roller bottles containing almost confluent BHK

cells were infected with virus at a m.o.i. of 1 p.feu./
300 cells. Virus was added in 40 ml EC5 per bottle and
incubated at 310. After 2-4 days infected cells were
shaken into the medium, pelleted at 2000 r.p.,m. for 10 min
in an MSE Coolspin centrifuge, and resuspended in 5 ml
PBSCa. The cells were ruptured using a Cole~Palmer
ultrasonic bath and centrifuged at 2000 T.p.r. for 10 min
t0 remove cellular debris. The supernatant was stored in
sterile vials at =70°. Sterility checks were carried out

using blood agar plates and tryptose phosphate broth.»

Virus titration
" Virus was diluted serially at tenfold dilutions in

PBSCa. Drained BHK cell monolayers in 50 mm Petri dishes
were inoculated with 0.1 ml of virus dilution. Virus was
absorbed for 40 min at the temperature of subsequent
incubation (31° or 37°) and then 4 ml EHu5 was added.

After incubation for 2-3 days the monoléyers were fixed and
stained with Giemsa stain for 15 min at room temperatures,

and plaques counted using a dissecting microscope.
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Plag5§ purification of HSV

The medium (EHu5) was removed from Petri dishes

containing well-separated individual plaques and the

monolayers were washed twice with PBSCa. Infected cells
forming a single plaque were taken up into a finely drawn
Pasteur pipette and transferred to 0.5 ml PBSCa in a

sterile vial. Removal of the plagque from the dish was
carried out under the dark field illumination of a Wild

M7A stereoscopic dissecting microscope. The vial was

sonicated in an ultrasonic bath and released virus

inoculated in tenfold dilutions onto BHK monolayers in
Petri dishes, and plaques allowed to aBGelop under 4 ml
EHu5. Virus was plaque purified twice more in the same
way, and the progeny from the final plaque were used %o
infect a single 50 nmm Petri dish monolayer. Virus from the
infected monolayer incubated under 4 ml EC5 was titrated

under appropriate conditions and in some cases used to

infect 80 oz roller bottles for production of working

stocks of virus.

Generation of HSV-1/HSV-2 intertypic recombinant viruses

'~ The marker rescue method of Stow and Wilkie (1976) was
used, involving precipitation of the infecting DNA as a
calcium phosphate complex and osmotic shocking of the cells
by treatment with 25% dimethylsulphoxide (DMSQ) to stimulate
uptake of the DNA. ‘

Intact DﬁA from a temperature-sensitive mutant of

HSV was mixed at 0.4 mg/uml with 10 pg/ml calf thymus carrier
bNA and wild type DNA r;striction fraéments in Hepes~-
Buffered saline (HeBS: 8.0 g/l NaCl, 0.37 g/l KC1, 0.1 g/1

NapHPO,, 1.0 g/1 D-glucose, 5.0 g/1 N-2-hydroxyethylpiperazine
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N'-2~-ethanesulphonic acid, pH adjusted to 7.05 with NaOH).

The amount of fragment present per ml was that geherated

from 1 mg intact wild type DNA. 2 M CaCl, was added to a
final concentration of 0.13‘M, and 0.5 ml samples added to
almost confluent drained BHK cell monolayers. The dishes

were incubated at 38.5° from the time of infection, 4 ml

EC5 being added after 45 min. At 4 hr p.i. the cells were
washed with BEagle's medium and exposed to 1 ml 25% vol/vol DMSO

bl

in HeBS for 5 min at room temperature. The cells were
. carefully washed twice with Eagle's medium and incubated at

38,5° in 4 ml EBu5 for 3 days. Tﬁen the monolayers were
washed twice with 4 ml PBSCa, 1 ml PBSCa added, and plaques

picked.

Preparation of HSV DNA
‘ Confluent monolayers of BHK cells in 80 oz roller

bottles were infected as descfifed and incubated at 31°.
The infected cells were detached by agitation after 2-3 days
and pelleted by centrifugation at 2000 r.p.m. for 10 min.
The medium was retained in the case of HSV-1., The cells
were resuspended in RSB (0,01 M Tris-HCihﬁﬂ Te 4; 0,01 M
KC1l, 0,0015 M MgCl,) containing 0. 5% vol/vol Nonidet P40
(NP40) and kept on ice for 10 min. Nuclei were pelleted
by centrifugation at 2000 r.p.m. for 5 min and the
cytoplasmic supernatant retained. The nuclel were re-
extracted with 0.5% NP40 in RSB and the second cytoplasmic
supernatant retainéd. Yirus was pelleted by centrifugatlon
of the combined supernatants at 12000 r.p.m. for 3 hr in an
MSE 6 x 250 ml rotor.

The pellet was resuspended in NTE, sdnicated in an

ultrasonic bath, 20% wt/vol sodium dodecyl sulphate (SDS)

~ -~
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added to a final concentration of 0.5%, and extracted with
two volumes of NTE~-equilibrated redis%illed phenol by'éggtle
agitation on a rbqk—and-roller. The upper aqueous phase

was removed and re;extracted with'two further volumes of
NTE-equilibrated phenol after centrifugation at 2000 r.p.m.
fér 10 min. After a second centrifugation step the upper
phase was extracted for 10 min with isoamyl alcohol in
chloroform (1:24 vol/vol) and again centrifuged. The upper
aqueous phase containing HSV DNA was dialysed overnight at
-4° against 0.1 x SSC, and.theﬁlstored at -20°.

In some instances HSV DNA was purified further by
isopyknic banding on caésiuﬁ chloride gradients. Solid
CsCl was added to the DNA solution to give a refractive index
of 1.401-1.402. Centrifugation was for 3 days at 36000 T.p.m.
in a Beckman Ti50 rotor at 15°, or for 24 hr at 40000 Tr.p.m.
in a Sorvall T¥S65B vertical rotor at 15°. The gradients
were fractionated by piercing the tube and collecting drops.
5 ml samples of each fraction were assayed by electrophoresis
on a 1% agarose gel containing 0.5 pg/ml ethidium bromide,
and nuéleic acids visualiged under loﬁg wavelength UV
radiation (365 nm). Frac%ions containing HSV DNA, which
is clearly"distinguisﬁed‘from degraded cellular DNA and
RNA, were combined, dialysed overnight against 0.1 x SSC
at 4°, and stored at -20°.

HSV DNA suitable for nick translation was prepared by
the method of Wilkie and Cortini (1976}. ZILinear CsCl
gradients of refractive indices 1.38 (Bottam) to 1.36 (top),
containing 20 pg/ml ethidium bromide, were prepared.
0.2-0.3 ml of phenol-exiracted or isopyknic banded HSV-1

DNA at 100-500 mg/ml was layered onto each gradient and the
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tubes centrifuged at 40000 r.p.;., for 110 min in a Beckman
SW50.1 rotor. The band of purified virus DNA was visualised
using a long anelength (365 nm) UV Mineraiight handlamp,
and removed via an l8-gauge syringe needle. The DNA
solution was saturated with CsCl and extracted twice with
agueous propan-2-ol saturated with CsCl to remove ethidium
bromide. The lower agueous phase was dialysed against NTE
and precipitated with two volumes of ethanol at -20°. The
DNA pellet was redissolved in a small volume of 0.1 x SSC

"and stored at —20°.

Preparation of PRV DNA

~ 'BHK cell monolayers in 80 oz roller bottles were
infected with PRV at 2 m.0.1. of 1 in 300 and incubated at
37° until complete c.p.e. was observed. Virus was harvested
by the method of Ben-Porat gt gl. (1974). The infected cell
medium was centrifuged at Sdoo'f.p:m. for 16 min in a
Sorvall GSA rotor, and virus in the supernatant was
sedimented onto a 30% wt/vol sucrose "cushion" by centrifugation
at 13500 r.p.m. for 1 hr in a Sorvall AH627 rotor. The
virus was layered onto a linear sucrose’gradient |
(15-30% wt/vol sucrose in TBSA: 0.01 M Tris-HC1l pH 7.5
containing 8 g/1 NaCl, 0.2 g/l KC1, 0.1 g/l MgCly.6H,0,
0.1 g/1 Ca012.2H20 and 10 g/l bovine serum albumin) and
centrlfuged in a Sorvall AH627 rotor at 10000 r.p.m. for
140 min. The visible virus band was removed by piercing the
tube with an 18-gauge syringe needle, diluted sixfold with
TBSA and centrifuged at 13500 r.p.m. for 1 hr in a Sorvall
Aﬂ650 rotor. The virus pellet was resuspended in 5-10 ml
NTE by sonication, and DNA prepared by phenol extraction

~

as described for HSV.
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Preparation of bacteriophage lambda DNA

Escherichia coli met‘r"m’(01857s7) contains a lambde

prophage which is heat inducible and lysis deficient. A
starter culture in TP broth was grown at 310 and inoculated
into autoclaved H-broth (5 g/l Difco bactopeptone, 1 g/l
glucose, 5 g/l NaCl, 8 g/l Difco nutrient broth, pH 7.2)

at a dilution of 1:50. The bacteria were grown at 31° in

a Gallenkamp orbital incubator. At a cell demsity of

2=4 x 108 per ml the culture temperature was increased to

- 420 by the addition of boiling H~broth, and further

incubation was at 42° for 10 min., The culture temperatufe'
was then reduced to 37° for 1-2 hr. The bacteria were

c entrifuged at 8000 Tr.p.m. for 2 min in an MSE 6 x 250 ml
rotor and resuspended in 20-50 m1l T2 buffer (0.05 M Na,HPO,,
0.022 M KH,PO,, 0.085 M NaCl, 0.001 M Mgso4,"0.0001 M céciz,
0.001% wt/vol gelatin)., Chloroform was added to a final
conceétra%ion of 1% vol/vél to lyse the cells, then DNase

to 2 mg/ml. To eaéh 10 ml of suspension 0.71 g polyéthylene
glycol 6000, 0.192 g NaCl and 0,023 g dextran sulphate were
added with stirring, and this was left overnight at 4° to
allow the bacteriophage to precipitate. The majoritj of the
upper phase was removed-and the remainder‘centrifqged at
2000 r.p.m. for 5 min. The material at the interface was
removed ard resuspended in about 2 ml of 1% dextran sulphate,
adding 0.15 ml 3 M KCl per ml of suspensioﬁ. After 2 hr at
4° ‘the suspension was centrifuged at 2000 r.p.m. for 5 min,
and the supernatant containing the virus removed. The virus
was purified by centrifugation on a discontinuous céeeium
chloride gradieﬁt (gpecific densities of 1.7, le5 and 1l.3
g/ul of CsCl in 0,005 M Tris-ECl pH 7.2, 0.005 M MgS0,) at
35000 r.pem. for 1 hr in a Beckman SW50.1 rotor. The band .
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of virus, in the phase of specific density 1.5, was dialysed
against 0.5 x T2 buffer. Bacteriophage DNA was prepared by

-

phenol extraction as described for HSV.

Estimation of DNA concentrations

Abﬁrdxima%e estimations of DNA concentrations were
obtained by visual comparison.of‘samples with known amounts
of DNA on ethidium~-stained agarose gels under UV illumination

(365 nz). DNA concentrations of RNA-free samples were LoOTe

_éccurately ;stimated by optical density measurement at

260 nm, assuming that an optical density of l.0 corresponds
to a DNA concentration of 40 mg/ml. DNA concentrations of
samples also containing RNA were estimated by the method

of Hill and Whatley (1975). A solution of mithramycin at
200 pg/ml was made in 0.3 M MgCl,. 15 pl was mixed with

0.3 mi.DNA solution and fluorescence measured at 550 nm upon
excitation at 440 nm. DNA of known concentration, either
lambda or calf thymus DﬁA, wes used %o construct a standard

curve in the range 0—16‘fg/ml.

Purification of restriction endonucleases

Several of the restriction enddnucléases used in the
initial stages of this work were prepared from bacterial
cell pastes (Table 8l.1). Brain-heart infusion (BHI) at
37 g/1 was used for bulk preparations, which were seeded at
a dilution of 1:50 or 1:100 and grown in a Gallenkamp
orbital incubator at 200-300 r.p.m. Bacteria were pelleted
at early statiomary phase by centrifugation in a 6 x 250 ml
MSE rotor at 8000 r.p.m. for 2 min. They were resuspended
in a small volume of BHI and frozen at -20°.

10-20 g of cell paste was homogenised in a Servall

Omnimixer blade homogeniser with an equal volume of acid-
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washed glass beads (150-200 um). lomogenisation was performed;f
on ice for 6 x 2 min periods at 10000 r.p.m. with 2 min §
intervals, and the extent of homogenisation was checked by
microscopic examination. The glass beads were pelleted by
centrifugation at 1000 r.p;m. for 5 min, and the supernatant
centrifuged at 40000 r.p.n. for 1 hr in a Beckman SW40Ti rotor.
The supernatant was made 1 M in NaCl, 10% vol/vol in glycerol
and imnediately subjected to column chro&atogfaphy.

The following column chromatographic procedures were

'employed.

a) Molecular sieve. Proteins were separated according to
molecular weight by passing the cell extract through a 2.5 x
100 cm column of Ultrogel AcA34 at 4°., The eluting buffer
(CB) was 0.02 W Tris-HCl pH 7.5, 0.001 M EDTA, 0.0l M
2-mercaptoethanol, 10% vol/vol glycerol, and an LKB fraction
collector was used wi%h & flow rate of 20-50 ml/ﬁ}. 5 pml
samples of alternate 6 ml fractions were'assayea for nuclease
activity as described below, and fractions containing

restriction endonuclease activity were podled and dialysed

against CB.

b) Ion exchange. Diaﬁinoefhyl cellulose (DES52) or Riorex
70 columns of 5=20 mi bed volume were pourea’in 20 ml-syringe
barrels and eQuilibrated with CB. Dialysed Ultrogel fractions
were applied, washed with CB, and eluted with KCl gradients
in CB. Gradients of 0-0.6 M KC1 were routinely used.

Again, 5 ml aliquots of alterﬁate 3 ml fractiors were assayed
for nuclease activity, and fractions containing restriction
endonuclease activity were dialysed against CB. Both types

of ion exchange column were used for most endonucleases

(Tfable 8l.2). fThe enzymes were coucenitrated by application.

-~
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to small Biorex columns (2-5 ml), elution with 10 ml of
1 M KCl in CB, and dlaly31s against 50% vol/vol glycerol in
CB. lﬂ wt/vol sterile bovine serum albumin was added to
the enzyme to a final concentration of 50 mg/ml, and storage

—

was at —200.

Restriction endonuclease digestion

Ail restriction digests weré carried out in 0,006 M
Tris-HC1 pH 7.5, 0,006 M MgCl,, 0.006 M 2-mercaptoethanol,
.0.02 M KCl; and 0,02 or 0.1% wt/vol sterile bovine serum
albumin. Restriction sites are given in Table El.4.

In the preparation of restriction endonucleases, 5 ml
aliquots of alternate fractions were incubated at 37° for
3 hr with O.S‘Mg lambda DNA in 50,“1 restriction buffer.
Purified endonucleases were titrated against 1 mg lambda
DNA in 50 ml for 3 hr at 37°, in order to determire the
amount of enzyme required for complete digestion of the DNA.
DNA, either unlabelled or nick translated, was incubated
ét lO—lOOlpg/ml for 1-3% hr at 37° with the required amount
of enzyme. TagI, BstNI and _g_I digestions were done at
65°. 0.15 ug lambda DNA was added to Testriction digests
containing small amounts of in vivo 22P-labelled HSV DNA
or restriction fragmenté isolated from nick translated HSV
DNA. | |

Restriction digests were terminated by the addition
of 10 ml of dye-Ficoll, which contained 10% wt/vol Ficoll
400, 0.1 M EDTA and 0.1: wt/vol bromophemol blue in 5 x E

buffer (see Eelow).

~

Agarose gel electrophoresis

Agardse gel concentrations between 0.4 and 2.0% wt/vol

were employed, in £ buffer (0.036 M Trizms, 0.036 M NaHoPOy,
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U.001 M EDTA, pH 7.8) containing V.5 pg/ml ethidium bromide.

The agaroée was dissolvea by boiling in a Tappan microwave

oven and cooled to about 50° before pouring. Horizontal

gels were routinely used, and DNA samples with added dye—-

Ficoll were subjected to electrophoresis at 2 V/cm for
16-20 hr at room temperature in E buffer contaiﬁing 0.5‘pg/ml

ethidium bromide. Gels were photographed under long waveléngth
(365 nm) UV irradiation using Polaroid type 105 or type 107C

film. Gels for autoradiography were dried on plain glass

plates in an oven at 60°.

Polyacrylamide gel electrophoresis

A stock solution of 29! wt/vol acrylamide and 1% wi/vol
NN'-me thylenebisacrylamide in water was dilwted to the
required concentration with the addition of 10 x TEE to a
final concentration of 1 x TBE (0.089 M Trizma, 0.089 M boric
acid, 0.0025