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ABSTRACT - n
Herpes Simplex Virus DNA displays a number of unusual features which
have been the subject of intense scruﬁiny in a number of laboratories.
The gencee {s composed of two segments, each ‘of which 15 flaﬁked by

inverted repeats., These segments invert freely with respect to each

other generating equimolar gquantities of four different isomers. This

phenomenon, called segment inversion, was reputed to be the result of l///

site specific reconhination mechanisa operating an the ternindT’F;;;::,
the "a" JSequence, which is part of the inverted repeats flanking each

segaent. The “a" sequence was alsa'inplicated as the cleavage/packaging

signal utilized by the .virus to process viral DNA concateneré. The

underlying mechanism of this process was believed to be a double strand
break at a specific site between two "a* sequences. The models of. HSV
maturation were deficient, however, in explaining several phenamena,
namely the tendency af the "a" sequence to accumulate tandem iterations
o{—itself. the asymmetric distribution of these tandem iterations to one
end of the gencame, but not ta the other, and the ability of defective
genomes, which da Hot have tandemly iterated "a" sequences, at least
initially, to ‘be efficiently packaged. I have shawn that the *a*
sequence actually contains two signals for cleavage/packaging, nat ane,
that the cleavage occurs at specific distances from these signals, not
in specific sequences, and that the cleavage nechanisa results in a
duplicatian aof the gleavage signal and flanking DNA,” Furthermore, [ have
determined that‘ the "a" seduence is not a target for site specific

reccabination, and that there 15 better evidence to support the idea

(3iid



that segment inverssion is accomplished by a number of

independent mechanisas, including generalized recombinatian.
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IQTRUDUCTIDN
When Gregor Mendel's brilliant insights emerged from obscurity
at the beginning of this century, biology moved firmly 1into the
scientific realm. The mechanism of heredity could be seen as a praocess
that obeyed Newtonian-like laws, and could therefore be studied with
scientific approaches based on experimentation of cause and effect,

The, rapid expansion of knéﬁ]edée in the field of molecular
biaglogy ha; produced a éet of fairly flexible rules by which most
organisms segm éo conduct their inner affairs. 1 say flexible because
for every "rule" fhere are usualiy exceptions of one Ifnrm or another
(Nature is something ‘of ann gpportunist)., Indeed, even Mendel, whaose
experiments have b : anded too perfect by some (Whitehouse, 1977},

apparently failled to make observation of one basic feature af heredity
which méy eventually hold the key to an und;rstanding of larger
mysteries such as evolution. That feature is the ordered linkage aof
genes within a chromosome. It was discovered by gérly geneticists
attempting to repeat Mendel's experiments with other organisms ‘and
expanded libraries of “characters” or genes. Even after linkage was
established as a general feature of heredity, houeQer, exceptions again
were found to“the néw.“rule“. These were discovered to be the result of
a fairly ubiquitous process, knoWwn as recombination, in which alleles
of different genes appeared to move from one chromasome to anather.

This ability of genetic material to move around and sti1ll maintain

i
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arder has fascinated geneticists for decades. Ipr the process of
unravelling the mysteries of genetic recombination,s;.investigators have

P
discovered some amazing tricks devised, by nature to preserve and expand

genetic infprmation,

Reconbinatign J .

Mandel ‘s experfgénts measured the random assartment of unlinked
genes during sexual reproduction. Later work showed that the frequency
of co-segregation of two linkeq markers reflected (inversely) the
distance between them; close markers frequently segregated together,
while distant markers segregated separately, This property allowed
geneticists to arder, or map, different genes along a chromosome, Thus,
recombination became a tool as well as a phenomenon.

Sexually reproducing organisas ;ecombine their <chromosomes
during meiosis. This all&ws ‘even greater mining of genetic material
than that afforded by randcn assortaent of ch;omosomes, presuhably to
ensure vafiaéion within the population as a hedge against gengtic
catastrophe. Recombination is believed to occur at an early stage of
meiosis, after DNA replication. The chromasomes form a structure called
a "synaptonemal complex". chafacterized by the synapsis of homologous
chromasomes along - a polymeric protein backbone. Shortly after it 1is
formed, chiasmata can be observed at various sites along the paired
chromosomes. Chiasmata have been pgsitively correlated with chromosame
Cross~overs and with recombination frequency. For example, male

Drosophila and the anthers of Fritillaria japonica do not exhibit



chlssmata during meiostis and do not recombine their genes (Catches:ide,
1977; Hendersan, 1970},

Nature has kindly supplied geneticists with aonderful tools to
study recombination 1in the form of fungi and yéasts. These organisms
retain the property of independent growth of both haplaid and diploid
forms, although in some fungi the diploid stage is short and highly
specialized. Moreover, in some fungi, the meiotic products (the spores}
ha;e conveniently ordered in the - ascus according to the planes of
division of the waoriginal oprecursor cell. Many fﬁngi undergo a
past-meiotic mitosis, yielding 8 spores from.a. single d?ploid ceil. The
eight spares are thus analogous to the eight strands of DNA within the

interacting chromosomes at the diplotene stage of meiosis during which

chiasmata form, and, by deductive réﬁsoning,-dur:ng which recambination

takes place, This allows the investigator to follow the fate of all the
participating chromatids during meiosis (reviewed 1in Catcheside, 1@77;
Stahl, 1979), This is an impartant <concept in the study <of
recembinatian because it ensures an “unbiased" sampling of the
population. Analysis of ascaspores, referred to in the trade as tetrad
analysis, has provided biaolagy with some basic ground rules of the
behaviogur “of recambining chromosames. First, distant markers almost

always recombine reciprocally, 1ie. there is no net loss of genetic

material during recombination, only rearrangement. Second, this rule

does not apply to very clese markers. Tetrad analysis of ordered asci
from Neurospora crassa and Sordaria fimicola occasionally vyields
. ascospores with asymmetrically distributed genes. These are referred to

as  "6:2", "J3:3", and "aberrant 4:4" tetrads, and were ariginally



discovered during tetrad analysis of spores produced by a cross of two
different strains of Neurospora which differed at a locus defining
spare colour, Most ascospores contained 4 coloured (Wwild type - wt):4
colourless (mutant - m) spores, indicating that no rearrangement of the
spore colour gene with respect to the centromere occurred. Some con-
tained.Z wti2 m:2 wti2m spares, indicating that the spore colour gene
had been exchanged between the two internal chromatids. The beauty of
ordered asci is that the products reflect exchanges between individual
chromatids within the division plane, Thus, a 2:4:2 arrangement
reflects recombination between non-adjacent chreomatids within the
divisian plane, Rare ascopares with' 64:2 (or 2:6} and 5;3 {ar 3:3)
arrangements were alsa detected, These asci were ipterpreted as the
result of nonreciprocal exchange of genetic in;ormatiun within the
spore colour locus, The best mechanistic explanation of the ﬁhenumenon
so far is the repair of mismatlhed heteroduplexes formed during rdcom-
bination, aor, gene conversion,

The observatian of gene conversion during meicsis, and the
patterns exhibited by a}fferept organisms, allowed investigatars to
infer mechanisms of recombinatiaon which encompassed Ehis unusual. trait.
All of these models begin with the assumpt:on that gene conversion is a
consequence of the mechanism employed by the cell to recombine 1its

chromosomes. This interpretation is based on the observation that

approximately 50% of the time conversion is associated with recombin-

Models of recombinatian are themselves subject'to evolution . as

data from different organisms becomes avaitlable. The first widely known



model Was proposed by Holliday (19464)., He envisianed two nicks 10 the
equivalent DNA strands of homologous chromatids followed by strand
exchange and coincident migration of the two branches of heteroduplex
DNA. Such crogé strand structures, referred to _as chi structurés, have
been observed in electron micrographs of recombination intermediates
obtained fraom several rbacterial systems (reviewed in Potter and
Dressler, 4982), Repair synthesis of mismatchad bases would account for
gene conversion ifwthe repair was asymmetric. Far example, 1if both
heteroduplexes were repaired in the same directian with respect to the
chasen alleles, 6:2 tetrads would be generated, if one hetercdupiex Was
repaired while the gther wasﬁgbt. 3:3 tetrads wau}d be generaiZd, and
if neither heteroduplex was repa}red, ahgrrant 4:4 tetrads would be
generated. This did not fit well with the observation that same alleles
which exhibited certain behaviours failed to fulfill other predlctinn;
of the maodel; for example, a pref;rence far 5:3 segregation of con-
versian asci  should be accompanied by a similar preference for aberrant
4:4 asci, but is not in some organisms.‘ Moreover, analysis - of 5:3
conversion asci revealed the absence of asci w@th certain pFedicfed
genotypes if the original exchange was reciprocal, For example,
consider the cross (AbCD) «x {aBcd}, where C is the marker being scored,
and where B is a ;ery close marker, while A and D are more distant
m;fkers. Reciprocal exchanges across the C locus in which one hetero-
duplex is repaired and thé other is not will result in 5:%  asci.
|

Ignoring recombination of flanking markers, the genotypes of the asci

should be : (AWCD) (ABCD) (ABCD) (AbcD) (aBCd) (aBCd) (aBcd) (aBed) ,

where the underlined combimatians represent the reciprocal exchanges,



Analysis of 5:3 asci revealed the absence of reciprocal prnaucts, and
typically yielded genotypes : (AbCD) (AbCEH) (AbCD) (ABCD) (aBtd) (aBcd)
(aBcth {aBcd). This suggested that, instead of asymmetric repair of

recipracal exchanges, tha underlying reason far nonreciprocality of

conversion was the presence of a more extensive heteroduplex on one

. —

chromatid than on the other (reviewed in Catcheside, 1977; Whitehaguse,
1973; Stahl, 1979; Dressler and Patter, 1982)., This led to a madifi-
cation of Holliday's model, proposed by Heselson and. Radding (1975),
which is sometimes referred to as the Aviemare madel .

Meselson and Radding (1975) proposed that recambination proceeds

via a single strand invasion of gne DNA duplex following a single nick

s

in the homologous duplex, The displaced ‘strand is degradéd until 1t
detiges to i1nvade its neighbour further down the chromasone. The space
left by the origina? invading'strand is filled in by repair synthésis
until it reaches the rpadblack set up by Ehe tardy invading strand. In
addition to accounting for observed results from genetic studies of
fungi and vyeast, this model is singular in being supported by biaochem-
ical studies of recambining molecules in bacterial systems. Elegant
experiments, mainly from Radding's lab, performed in vitra with
various DNA substrates and RecA pratein from E. coli have indicated
that exchange appears to be directional, with the invading strand
proceeding in a 5'ta 3 directiaon (re#iewed ih Radding, 1982). This
would leave a 3' end behind at. the original nick, if one assumes that
the same directionality is exhibited in eucaryotes. DNA synthesis also

proceeds in a S5 to 3° direction; thus the 3' end left behind would

serve as a primer for repair synthesis.
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The double-strand-break 'model proposed by Szostak et a; tl?aé)
Wa5 a respaonse to results they obtained with yeast transformants. Yeast
ingestigators enjoy the happy fact that exagenous DNA c;n be introduced
into the cells and uili recombine at the homologous site in the yeast
gename, thus facilitating the constructian of mutants. Szostak and
co-workers found that transformation frequency could be increased by
several thousand fold if the J;Ggenuus DNA was first cleaved within the
region af homology. Moreover, if the input DNA contained a gap, the gap
was repaired during insertion of the exogenous DNA, The double-strand-
hreak répair model explain; this-serendipitous fact by proposing that
recambination in yeast is initiated by double strand breaks which are
expanded by exonuclease tﬁ form gaps. One of the 3' ends thus created
invades the homologue and begins repair ‘synthesis, creating a D-loop,
which will hybridize to the ather free end as soon as the gap is
traversed, This creates two Meselsan-Radding exchanges on either side
of the gap.

Recombination is not canfined to metotically dividing cells, and
may occur at reduced frequency in amitotic cells, probably in response

to DNA or chromosome damage (reviewed in Catcheside, 1977; Kunz and

!
‘Haynes. 1981). Mitotic recombination was first described in Drosaphila

in the 1930's as the underlying mechanism by which “twin spots" of
hamczygous tissue arose in heterozygous females (remember that male
Drosophila do not recombine their chromosomes) (Stern, 1934). The
trequency of tﬁis phenaomenon could be increased by irradiating the
insect, and in fact embryologists have empleyed this technique to

prepare fate maps of developing insect embryas (reviewed in Crick and
b J
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Lawrence, 1975). Analysisg of mitatic recombinatian is aggravated h; the
inabiiity to isolate individual products of a recombinatian event.,
Nevertheless, by wusing specially constructed strains of fungi and
-yeast, investigators have established ~ that aitotic recombinatian
pro;eeds most frequently by non reciprocal conversion without 4550C1-
ated exchange of flanking markers, although the latter is not strictly
excluded (Catcgeside, 19775 Jackson and Fink, 19B4; Klein, 1984; Klar
and Strath;fn, 1984}, This has led to the suggestion that nitotic

recambination eay not wutilize the same mechanisms as its meiotic

counterpart (Fink and Petes, 1984).

Bacterial organisms Have been a cantinual source af delight to
molecular biulnqist; Eecduse of their rapid growth, relatively simple
organization, and especially because of the ease with which mutants in
various genes can be isolated and analysed. S0 it is not surprising
that recombinational pathways in proda}yutes are auch better understood
than their counterparts in eucaryotes.

The first recoabinational pathway ta be characterized was that
employed by bacteria during caonjugation (reviewed 1in Lewin, 1977).
Bacterial cells can exchange genetic material by means of a unidirec-
tional process initiated in some cells harbouring a piece af DNA called
an F epfsume. The F episame may exist separately (F*), max Qe inte-
grated into the bacterial genome (Hfr), or may he separate but contain
Jbacterial sequences, preasumably picked up by successive integrat:on

into and excision from the bacterial genome (F'). The F DNA encades the



machinery required to make structures called F or sex pili, protein-
aceous tubes which connect the danor (F containing) cell with the
recipient (F-) cell. F DNA moves through the fﬁbe from the donor to the
recipient., If bacterijal sequences are attached, as théy are in Hfr and
F* cells, then they too are transferrqd. Transfer starts at a specific
site within F DNA. The proximit f the linked genes to this site has
been shown to reflect the £&ﬁﬁﬂ;::j/6;nd time of transfer, indicating
that it is a temparaily limited:event. Thisg latter property allougd
. investigators to use Hfr mediated transfer of marked "genes to map the
E.coli chromasonme.

The DNA being transferred thraough the F pilus was shown to be
single stranded, with a 5° leading end,. This DNA integrated at jts
homologous site in thé_recipient chromesome by displacing its equiva-
lent strand. The i&t;gration did not require DNA synthesis, but it did
require a number of . gene products defined by this property as rec

genes. Most prominent among these were rech, recB and recC. It is now

-

known that recB and rect encode the two subunits of the recBC nuclease,

exanuclease V, while . recA encodes a protéin which exerts pleiotropic
effects through two diffarent activities, a stoichiometric DNA binding
activity required by all of the_generaiized recombination pathways in
€. coli, and a protease activit? specific for certain repressors af the
S05 DNA repair kaat way J[Radding, 1982; Dressler and Potter, 1982;

Little and Mount, 1982). These are by ‘no means the only bacterial
genes, nar is recBC the only pathway, invélved in general recombin-

ation; however, it is the major pathway. The essential features of

general recombination in bacterial cells, determined from in vitro



1

studies with purifieé rech protein and other componentd (egf’éinqle
strand binding protein), is the.invasion of a dgpfex molecuie by a
single strand in a directed fashian, ie from S' to 3°. This fits well
with the mechanism_pf genetic transfer mediated by F factor DNA in
wﬁich single stranded DNA from the donor is recombinb& with the duplex
DNA of the recipient. The role played by recBC nuclease is not clear
although the suggestion has been made that it promaotes the formatian of
single stranded DNA, a requisite for recaombination in vitro. An unwind-
ing activity in the ﬁresence of ATP, double stranded DNA, - and single
stranded DNA binding profein has been assigned to [ggﬁg'nuclease iﬁx
vitro {Dressler and Potter, £982).
Site Specific Recombination .

The other bacterial recombiratian systems are specialized and
fall into two main classes:
1} integration of transposable elements, and
2) site specific recomb{anipn.
I will not‘ deal with transposable elements here in the iﬁterésts of
brevity, but refer the reader to an excellent collection of reviews in
a2 book edited by J. Shapiro (1983). “Site specific recombination has

best been studied for the integration of bacteriophage lambda into the

E.

n

eli chromosonme. 'Huuever, a number of other site specific recombin-

ation systems have been found which shareicertain similarities with the
>

lambda mechanism. These are the inversion of the &6 1loop in bacterio-
phage Mu {gin) (and its equivalent in bacteriophage Pi - cin), the
3

inversion af the H2 gene in Salmonella typhimurium (hin), and the

cointegrate resalution mechanisa of transposaon Tn3, TnpR (Campbell,



_bagterigl and phage genomes, These are designated BOB' and POP"

1983; Silverman and”Simon, 1783). An analugods site specific recombin-

._____’_\

ation system. has aisu been described for the yeastégﬁasmid 2 aicran

i

) circle, in which a région of the circular plasmid DNA which is bounded

by inverted repeats is “flipped" by the plasmid encoded FLP protein

(Broach et al, 1982).

Bacteriophage - lambda is a temperate phage which is capable of
\ -4

either 1lytic infection or lysogenic integration intao &pg bacterial
genome. The latter is accomplished by a site specific mechanism involy-

]
ing specific sites (frequently referred to as att sites) an both the

y res-

pectively. B, B',P .and P’ are all different from each other. The O

r

sequence is a 15 bp common core region. Integration is independent of

the bacterial recambination pathways which utilize rech, but. is depen-

dent on a phage protein encoded by the int gene. Int catalyzes two

staggered double strand breaks and religations within the 15 bp core O

. -

region of_ BOB'* and POP’, generating reciprocal recombinant sequentes
J : - )

.BOP' (att 1} and POB* (att .R) (Nash, 1981). Little 1if any branch

pigration of a transitory Hdlligay struc;ure occurs, Thi§,wa5 shawn to
be thé result of the concerted nature of iﬁg mediated recembination and
not due to the lack of sequence homology between B, B', P, and P’
(Echols and Green, 1979; Enquist et al, 1979).

The otherl haéferial site specific recombinatian systeks share
features in common with lambda int mediated recombination, mainly
rehuirements for cis acting signqls {the site of action) and trans

-

acting components which interact With the target sites in a concerted

fashian (Silverman and Simon, 1983}, The trans-acting components fron

#
f ' .

a
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the Salmonella hin and bacteriophage Mu gin systems were found to cross
react with the respective target sequences, which share some sequence

homoldqy, indicatding a possible evolutionary relationship. None of the

* ~

other site specific systems showed any fuﬁctinnal homology; however
~hin, gin, and TnpR proteins share 36% amino acid identity, suggesting a
common ancestry (Simon et al, 1980), All of these site specific recom-

bination systgms’are independent of rech.

. ‘ ~ . &
Bacteriophage Recombination Systenms
A number of bécteriqphage families wutilize recombination

- .
]

'mechanismsiduring thgir lytic grnwth'cyc{es which are part of the phage
geﬁetic haritage, I will discuss briefly the mechanisnms employed by
ahages lambda; T4, énd T7.

All  three of .these phages form concatemers during the final
stagesﬁwuf DﬁA replication from which unit length phaée- genomes are

4 .
vThe Cleavage/packaging mechanisms. will be

cleave and packaged.
' -~
discugsed later; at prég nt it is sufficient to say that phages lambda

-a;}ﬂ 7 £ontain 5geci¥ic termini, while phage T4 contains nan-specific,
fhb

-strategies. However, the recombinatian pathways in all three phages are

t redundant, termini, indicating some divergence in their mechanistic

jnvolved in the formation of the packaging intermediates, the concat-

[
.« .

emers., -

L]

N

‘Phage lambda can utilize any one of three recombination pathways
to form the requisite packaging intermediates, These are the rech
pathways af the host rell, the phage site specific int mediated path~

Way, and a third phage system designated red. If all three pathways are
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blecked, the phage 1s unable to package its DNA, and "dies",

The red system, ip conjunction with other phage gene products,
notably the gan gene product, is invulvef in the transition of DNA
replication from the theta tg the"sigma, or rolling circie, mode,
Lambda DNA is a linear duplex with single stranded complementary ends
which ligate together after infectian to form a circular duplex. The
circular lambda genonme replicates first in the theta mode, and then
switches to the sigma mode. Lambda red components include the products
of two genes - gX0 and beta (Lewin, 1977; Kornberg, 1974), The.beta
protein has an unknown tunction, but the X0 protein is a 5°'-3°' exonuc-
lease. Stahl (19793 env{(ions the theta to sigma switch as being the
result of branch migrat?in of a Holliday structure between tﬁo lambda
Circles across a nick in one strand, thus creating a réplication fork.
Chain extension is facilitated by continual exposure, mediated by the
red exonuclease, of single stranded templa;e at the opposite end which
i; subsequently hybridized to the displaced ssréndh The latter rolls

. - . :

around as it is displaced by DNA synthesis on one side and hybridized
to exposed template on the other. Re& exonuclease falls off as soon as
a8 nick (or break) in the Eemplate strand is en;ounterer. The end result
is a sigma structure. Still to be explained by this mechanism is the
%ormgtion of the initial'Hulliday structure in terms of recombination,

although as a replication intermediatg,_iﬁcompleiely replicated theta
structures may bhe the source.

Bacteriophage T7 possesses a linear duplex genonme which is

bounded by terminal repeats of approximately 140 bp., Replication is

initiated from a preferred origin at approximately 17% from the Imft

!



end of the genome and proceeds in a bidirectional manner. Linear ynit
length molecules then become incorporated inte branched concatemers by
aqﬁ or more recombination’ mechanisms which reduire the activities of
fuu¢ phage gene products - gene J (endanuclease), gene 4 lan RNA
palymerase associated pratein}, gene 5 _{DNA  polymerase), and gene &
(exonuclea%e). (reviewed in Kornberg, 1974; Hausmann, 1976;'Paw1ing and
Knippers, 1974; Lewin, 1977; Roéder and Sadowski, 1978;, Kruger and .

Schroeder, 1981). Roeder and Sadowski (1978) developed an in vitro
: recombinat{on system to test the activities of various combdnations of
the four gene products and concluded that gene 3 and gene & recombine
T7 DNA by separate; but not mutually exclusive pathways which they
termed the "endonucleigé" and  "exonuclease" pathways. The molecular
mechanisms by which these.p h;ays operate is not vyet clearr However,
the product of the reactions\ the concatemer of phage DNA, is knawn to
be an obligatory ,Precursor *for packaging ;f phage DNA into vira}
capsids, and the maturation of unit length .phage DNA from concatemers
- appeéars to be coupled -with packaging. Langman et al (1978) demanstrate&-
that conéatemers contain unit Jlength genomes arranged head-to-tail and
separated by a single copy of the terminal repeat., MWatsan ([972) had
proposed that incomplete replication of the termini, Epupled with a §°
exonuclease activity would expose -ccmplementary- 3'ends which could
ligate in a head;tn-tail fa%hinn'ka produce concatemers from which unit
length génumes could be cleaved. MHe saw the necessity far aych a
mechadism in order to account for the preservation uf T7 termini, which

. 4
would gradually be lost if the phage replicated its unit length genonmes

by a semiconservative scheme. He proposed further that the terminal



repeat, lost during farmation of the cancatemer, would be regenerated
during cleavage of the pfecursur by staggered nicks on either.side of
the repeat follaowed by repair synthesis in both directions across the
repeat. The first opart of his proposal now seems unlikely for several
reasons (ne circles have ever been found, for nxample);,however. while
there is no evidenée to support or deny the second part of ‘the
proposal, it remains the anly -explanation to be offered so far.
Bacteriophage T4 alsc possesses a linear gename with a terminal
redundancy. However, the latter can be derived from any sequence in the
genetic map and is substantially longer than that in T7. T4 thus has a
circulaély permuted genetic map and is diploid for the two ar three
genes encoded by the terminal repeat ({reviewed in Kernberg, 1974;
ércker and Doermann, 1975; Lewin, 1977; Stahl, 1979; Luder and Mosig,
1982). This is accomplished by head full packaging of a greater than
unit length genome into the phage capsid from a head-to-tail concat-
emer. Packaging may begin' at any point in the gename, hence the
circular p;rmutation of the genetic map. Since concatemers are an
essential precursaor’ for packaging, the mechanism which generates the
concatemer, recombination, is also essential. The phage encodes its own
re;dmbination machinery, which includes several nucleases {amang which
is endonuclease VII, an enzyme which cleaves Holliday structures in
vitro - Mizuuchi et al, 1982), DNA binding protein, DNA polymerase, and
DNA ligase. Luder and- Mosig (1982) demonstrated that T4 DNA synthesis
goes throtigh two phases. The first phase .requires host RNA polymerase

and ceincides with replication of unit length linear genomes, which,

like 77, employs one or nmare preferred sites or origins located close
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to or at strong pramoters of RNA synthesis. The secand phase, cainci-
dent with the appearance of concatemers, is independent o©f RNA polymer-
ase but dependent on recambination. These authoré proposed that recom-
bination between phage termini, which might b; this time be single
stranded from incomplete replication of 5' ends ar nuclease digestion
or both, and the humolcgnus‘ sequence in another genome would create a
repli;ation fork with a 3'-0H DNA strand as a primer. The genetic data
are entirely consistent with this proposal, as are the highly branched
concatemers nf’intracellular T4 DNA. Naote that this praposal requires
that the invading strand he a 3' end. Rec A amediated recombination
depends on the invasion af a §°' gnd fallowed by 3° to 3° branch

migratien of the heteroduplex. T4 recombination .appears tao wutilize

similar principles but different operational mechanisams.

Recumbinatihnal systems which are not fully understoad as vyet,
or which display features different from the <classical homologous or
site specific amechanisas. descrqbed above, are frequently classqf as
"special™. Falling into the former category are the phenomena of
immunaglaobulin gene rearrange;:§g\(ﬂlt, et al,‘l9é4; Alt apd Baltimore,
1982y, g;ypanusnme antigenic variation (Borst and Craoss, 1982), and
transposabie element movement (Toussaint and Resiboig} 1983; lida et
al, 1983; ‘Heffran, 1983; Klecknar, 1983; Reeder and Fink, 1983; Varmus,
1983), I[mmense volumes have been written on all three tapics, and I do

not propose to add to the list here. The best (and only?) example of

the latter category is mating type conversion in the yeast

N\



Yeast can grow vegetatively in either haplaoid or diploid states,
Thé latter is possidble as a result, usually, of perturbations in the

mating and sporulation mechanisms. Mating of haploid cells can only

s between two cells of opposite mating type. These have been

designated a and «, and two different alleles of a locus called MAT
determine the a or « phenotype. The exact phenotypic consequences of
the 2 and « genotypes are not ciearly understood at present, although
there is some evidence that the two alleles encode pleiotropic regula-
tory proteins that turn aon and off batteries of genes involved in
mating and sporulation (Strathern st al, 1981; Haber, 1983;.
Heterothallic strains - of yeast stably retain their.mating type
--phenatype, and their haplo;dy, until they are mated with éells of the
—
qpposite mating type. At this point, the a/x diploid progeny become
incapable of further mating, but may be induced to sporulate under
certain defined conditions (usually starvatian}. IAdividual spares from
a mating'betueen two heterathallic strains will themselves be hetero-
thallic. The stability of heterothallic strains was found to result
from a‘ recessive trait at an unlinked locus, ho, Homathallic strains,
which cantain the dominant allele, HO, at that locus are frequently
diploid as a result of constant mating betwéen haploid cells of
opposite mating type, which arise at equal fregquencies within a single
population. This was found tn.be the result of mating type switching at
the MAT lacus from a2 to % and vice versa (reviewed in Haber, 1983},
Intense analysis of the nmolecular wunderpinnings of this

L4
phencmenan revealed that the genetic information at MAT is duplicatac
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being displaced. -

The rather long preamble above an recombination mechanisms sets
the stage’ fur. understanding some of the phencmehﬁ associated with the
behaviour of Herpes Simplex Virus DNA, the subject of this thesis.

| The Herpesviruses camprise a ‘large famil} of DNA. viruses which
infect eukaryotes and Tause a wide variety of p;thugenic diseases
{reviewed in Haoness, 1984).*fhese havé been classified under three
broad 'categories determined mainly by their tissue specific patho-
genicity., Thus, alphaherpeéviruses (eé. Herpes Simplex Virus! infect”
epithelial cells .acutely,; end are capable of latent infectiun of
underlying nervous tissue, allawing periodic reactivatiaon of lytic
infections in the innervated epithelial tissue, Betaherpesviruses (eg.
Cytaﬁégalovirus)' cause persistent infections of a wid%f variety ' of
tiséues, includipg salivary glandsw and kidngys, and while they are
usually asyhptamatic in adults, tﬁey may cause generalized viremié in -

. .

newborns, Alphaherpesviruses may also cause persistent in%éctiuns in
adults and viremia in newborns. Gammaherpesviruses * (eg. Epstein-Barr
Virus) infect lymphabic tissues; and have been associated wrth
lymphaoproliferative diseases such as Burkitt's Lymphama,

‘The mﬁst intensively studied of the Herpesviruses 15. Herpes

Simplex’ Vi{ué, whose natural host is humans. The virion consists of a

" dense nucleoprotein core contained within an icosahedral nucleccapsid

- ) ™
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of 10Onm diameter, which 1s itselt surrounded by a protein “"tegument"
and a nmembrane envelope. The nucleocapsids are assembled in thé
nucleus, and enveloped on their way out of the nucleus.

The viral replication cycle 15 similar to those of many phage
and eukaryptiE viruses in that the viral genes, of which there are more
than 30, are classed accarding to their temporally regulated modes of
expression, R; gnon as the'vifal genagme is released in the nucleus,
five genes . Classed “"immediate early” are transcribed and translated.
One of these, ICP4, has bpen shawn to be.essential far‘the induction of

several of the second class of viral genes, the "delayed eariy" genes,

" Among this latter group is the gene encoding the viral thymidine kinase

gene, ane of saveral delayed early viral genes involved in DNA

‘metabolism and synthesis. The third class of viral genes are the "late"

genes, many of which encode structural components of the nuclevcapsid
and membrane glycopfoteins. DNA synthesi% is required fgr the enhanced
expression of these genes, suggesting‘ that the large quantities

produced may be a' function of genévamplificaticn. Detai}s of‘ the
control mechanisas involveq in the s.ztchesv fronm immedi?pe early tao

delayed fearlf to late gene exppessian are currently the subjects of

exciting research in many labi;//d/ .

7
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Structure of HSY pNa

The HSY genome is a linear duplex of approximately lDOxlbé
daltens, ar 150 -140 kbp, grranged in an unusual manner (Fig. 11. Two
segments an unique seqﬁéhEEsu designated U, and Ug ¢for Long and

Short), are each bracketed by substantial inverted repeats. The repeats



FIGURE 1
(R} Structure of HSY DNA. The tigure shows the locat&ons and orienta-
tions of repeated sequences in HSV DNA, and dia&rams the -heterageneity
arising from variable numbers of tandemly reiterated copies of the "a”
sequence at L-5 junctions and L termini. The leng arrows belaw the
figure represent the three additional relative orientations of the L
and 5 components of viral DNA. Solid bars represent "b" repeats and
stippled bars represent "¢" repeats.
(B} HSV-1 replicates as a concatemer..The Pigure outlines the current
model for the replication of HSY DNA. Following infection, end-to-end
ligation of the L.and § termini gives rise ta a circle, which then
generates head-to-tail concatemers, pE(haps by rolling circle replica-
tion. Unit length genaomes are then cleavea out o0f the concatemer by
cleava%e at L-3 junctions. Note that alternativE:fackaginq phases can
produce two aof the four isomers, in this_case P and ILé' A concatemer
of either [, or Ig genomes could praduce the che} twa isaomers in
this same fashiagn, .
1] Tand?mly reiterated "a" sequences share a single copy of DRI. The
single "a" sequence present on same L-5- junctions is f{anked by a 2¢ bp
repeat, DR!, whereas the tandemly reiterated "a": sequenfes present an
,nfﬁEFH’fjg—‘Lunctions share a single copy af DR{. The lower portiaon of
the figure cnmpares.thé structure of Jjunctions and termini, showing .
that the termini.appear to arise by a single cleavage event within a

copy of DRI separating two adjacent "a® sequences.
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flanking U, designated "b" and "b'“, are approximately- 8,000 bp
long, while the repeats ££ankinq Ug, designated "c" and “c‘J, are
approximately 65,500 Hp long. The gene for ICP4 is wholly encoded within
the "c" sequences. The termini of HSY bNA contatn a shart (250-550 bp)
direct repeat designated "a". Jﬂis same sequence also +flanks each
segment as an inverted repeat. The genome may thus he gepresented as
tollows: ab—UL-b‘a'c'-US-ca. v

The structure of HSY DNA was first intimated by Sheldrick and
Berthelot (1974, wﬁo found both circularized and bar-bell shaped
single strandeﬂ DNA mulecu!es.in electron micrographs of denatu:ed HSV
ONA. One of ‘'the loops in the latter structure was much larger than. the
other. These authors concluded that the genome .was composed of two
unique sequences, L (long) and S (shart), each of which.was bracketed
by its own set of inverted repeats, and that the genome was term;ngfly
redundant. They then proposed that inversion of the gene sequences in
the two unigue segments, L and S, could result frqm an odd number - of
recambinational events between the terminal and internal inverted

repeats,

3

Restriction endanuclease 'digestion of HSY DNA reyealed the
presence of several submolar tragments (Wilkie at al, 1974; Skare et
aly 1975; Hayward et al, 1975). Subsequent restriction mapping of the
viral genome indicated that the submolar tragments could bé}accounted

tor by heterageneous arrangements of HSY DNA similar to those proposed

by Sheldrick and Derthelot (1§74) (Wilkie, 1974; Skare and Summers,

1977). These results,  and those obtained from partial denaturation

maps, supported the idea that the genome existed in four equimol ar
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lLsomeric arrangementghtwadsworth et al, 1975,1974; Delius and Clements,
1976). It is now well established ‘that thé genome has the structure
represented - in Fig., !, and that the two segments, L‘ and 5, seem _to
invert freely ;f?ﬁ:uraspeci-to each other to generate the four arrange-

ments ~ P, I, linverted L), Ig finverted S), and ILg finverted L

and §}.

The terminal redundancy (referred to as the "a" sequence) hasg

been the subject af close scrutiny for several vyears, Exonuclease

digestion of the termini exposed an approximately 800 kp sequence .

capable of forming circular viral DNA upaon reannealing (Grafstrnm'et
al, .1974; MWadsworth et al, 1974), Since many' of Sheldrick and
Berthelat's bar-bells ccntained nd single stranded fails (some did),
the best interpretation was that the ;é“ sequence is repeated at the
junction between L and-§ in inverted-form. This has indeed turned out
to be the case. Fine structure mapping of the junction between L and §
revealed that the termini'overlap campletely with the juﬂction {Wagner
and Eummers, 1978}, These aqthors alsc_found that the most abundant L-5
junction; contained only oane copy of "a" (which is }80 bp lang in the
strain they analysed). However, they also discovered that fragments
from the L termini gand the L-S§ junction consisted of tamilies of
fragments which differed in size by multiples of 280 bp, the size of
the "a" sequence. The pattern displayed by restriction fragmepts
bearing these iterations was highly sterectyped, such that each
succeeding fragmgnt within a family or stepladder, in ascepding .size,
was less abundant than the preceding fragment. These were intgrpreted

as tandem iterations of “a" which aceumulated at the L-5 junction and
s

A
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at the L terminus, but oot at the 5 terminus., Detailed ‘sequence

analysis of L-5 junctions has since confirmed this idea., Moreaver, it
has revealed thét "a" itself is {lanked'by a 20 bp direct” répeat which
is present oanly once between tandem copies (see Fig. 1), (Davisan and
Wilkie, 1981; Mocarskij and_Réizman,'1982a).

'. The threg mysteridus features of HSY DNA, namely segment

-

inversion, tandem ‘iteration of "a", .and the.asymmefric distribution. of
"a" to one terminus anq the jurction, may re;ult from a concerted
mechanism invalved with HSV DNA replication rather than stachastic
fluctuations in the populatian. T;?b\Ls evident from 1) the non randam
pattern of "a" seguence amplification, 2) the asymmetric distributiPn
of iterated "a" sequences to the L terminus and the L=~§ juncfian, bht
nat the S terminus, and 3) the invariance o4 these patterns fram one

plaque isolate .to another, That is, the four isecmers will be equinmclar

in amgunt, and the distrtbution of tanden iterations of the *a"
o

sequence will .be identical ';rum stock to stock. Thus, any explanation

of HSV DNA replication and processing must account for these

r

observatians., That they are consequences of a replication @echanism is
given someﬁhat oblique support by the observation that many Herpes;
viruses, even distantly related ones, share some of these features
(reviewed in Roizman, 19}?; Honess, i?Bd).

The mechanism of HSY DNA replication is net fully understogd as
yvet, Qut there are sonme tantelizing clues. Large "tangles" of viral DNA
were observed in cells infected with HSY (Hirsch et al, 1977; Jacaob and

Roizman, 1977}, and Pseudarabies virus tBen-Parat, et al, 1974). These

were believed to be -concatemeric intermediates of replication. This
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idea was reinforced by restriction endonuclease' analysis of repficatlng
viral DNA; both pulse labelled and unlabelled viral DNA from the nuclei
of infected cells contained a auch larger proportian of L-§ junctlon
fragments than L or 35 terminal.Fr;gments (Hirsch et al, 1977; Roizman
et al, 1?78), This was interpreted as evidence that the viral DNA Was
probably arranged in head-to-tail.concatemers. Further. evidence con-
firming head-to-tail concatemers as the replicative intermediates came
fram studi%s of defective‘viral genomes., Undiiuted passage of HSV fre-
quently resuits in the accu%ulati%n of defective interfering particlaes
in the populaticn.‘.These virions are inéapable af independent growth,
and require the continued opresence of “helper", Qild type virus
{(Frenkel et al, 1975). Th: DNA in defective viruse; was found to bhe

unit length tandem iterations of shart, subgenamic regions af the wild

"type genome (Frenkel et al, 197&). These have been found to fall into

two classes depending on the sequences f;om the wild type genome which
are ampiified. Type I defectives are derijved campietely: from the §
terpinus, and éontaln mo%t or all of the "ca" 1nverted repeat, and may
contain some unique sequences’ from the § segment. Type [l defectives
contain  a small portion of.the § terminus covalently linked ta unique
sequences from .L at ‘:iﬁ\::erinates 2.35-0.42 (Locker and\Frenkel,
1979; Kaerner et al, 1979), Transfection of cells with monomer DNA fronm
naturally occurring def;:;ives, together with helper vir;1 DNA, has
been shown to result in production of defect{ve genomes consisting of

head-to-tail concatemers of the input Manomer units (Spaete and

Frenkel, 1982, Barnett, et al, 1983,

The problem associated Rith replicating linear molecules is the
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faithful generation of sequences at the ends within the confines of the
known biochemistry of DNA synthesis, specifically, the need for a 3'-~0H
primer to which nucleotides may be polymerized. Phages T7 and T4 ha;L
overcome this prablem by utilizing intermolecular recombination between

terminally redundant genomes, while bacteriophage lambda circularizes

its genome upon entry into the cell and replicates it as a circle,

either in the theta mode or as a rolling circle. In all three cases,

4

the end result is a concatemer from which unit length genomes are

cleaved and packaged, HSV has adapted a similar strategy to replicate

its ends. Not all viruses with linear genomes utilize this sort of

pathway. Adenovirus has evaolved a 'very different scheme in which a
viral  protein oprovides the missing primer functign at the 5'. ends
(Tooze, 1980), The major guestion still to be resoclved is how HSV
generates the concatemer, If the > genome ligates intramolecularly to
create a circle, the large tangles must be generated by an amplifi-
c;tion mechanism similar to the rolling ciréle of lambda phage. Inter-
molecular ligation ar g¥ecombinaffon of linear molecules, ar interpa-

lecular recombination of circular molecules, would be sufficient’ to

produce the tangles observed, However, there 1is same genetic evidence

which refutes the idea that ginear molecules ligate together, or
undergo intermolecular recombination hetween termini. Maness et al
(1980} found‘that some markers which map in kthe Ug or "c¢" regions
behave as if they are linked tg markers in U_. Frequent inter-

molecular interactions would be expected to generate such recombinants

at a frequency close to 304y since the markers would be essentiall{

unlinked. Roizman gt al (1978) also found evidence of linkage between



markers in the L' and S‘repeats, although the frequency of (genetic)
recambination was higher ‘than would be expected from the mclecylar
distance, The genetic data described in these studies is not incon-
sistent with a lower frequency of intermolecular ligaﬁjhn, or compart-
mentalizaginn of input DNA, or both, operating on HSY DNA.

Whatever mechanism HSV . utilizes to generate the concatemeric
precursor of viral DNA, it is evident from the fact that {he termini
are specific that a specific cleavage event cuts the uhit length
genomes from the concatemer. Analysis of defective genomes pravides the
best evidence that the cleavage signal nmust reside within terminal
sequences., Both type I and type LI defectives share the last {approxi-
mately) 500 bp af the % terminus, comprising part or all of the "a"

sequence (Locker and Frenkel, 1979; Kaerner et al, 1979), Moreaver, one

terminus from the defective gencme ends ‘in this sequence, ie the

integrity of the § terminal sequences is maintained. Recent experiments
have indicated that plasmi&s containing HSV sequences from either the §
or the L termini can be propogated as defective viral DNA, confirming
.

fﬁe fdea that the "a" sequence contains the cleavage signal (Stow et
al}‘ 1983). Engineered defectives also require the presence of HSV
sequences containing a viral arigih of DNA replxcation.- These can” be
derived from the "¢* region (Stow and McMonagle, 1983} or the UL
region (Vliazny and F nkel, 1982), suggesting ‘that natural defectives
arise by illegitimate amplification of HSY sequences containing the twao
signals - type I defectives contain the origin and cleavage: signals

:

from the "ca" sequences, and type Il defectives contain the origin in

U_ covalently attached tg the cleavage signal from the S terminus.
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~ Since defective genomes contain iteratxons- of the monamer with
the two cis reguirements, the virys must have a mechanisn which
distinguishes the internal cleavage signals from the ones that are
utilized in the generation of unit length genames. The 5implest
explanaéion is a spatial recognition of a spéci¥ic length aof DNa
coupled with a chemical recognition of the épecific cleavage signal.
'Tﬁe Same arguments apply to wild type viral DNA. Concatemers of full
length viral DNA consist of consecutive L ;nd'S segments separated by
inverted junctions which Enntain the cleavage signal (Fig. 1). The
inverted orientation of the juncgions' in the concatemer introducé a
biphasic organization of unitrlength genomes within the concatemer, If
beth phasas are_usea, then coacatemEfs af one isomer can- produce equal
Propartions aof genomes of two isomers; concatemers of P isomers will
produce bath P and I g lisonmers, and concatemers of I, ox Ig
isomers- will produce both of the latter (see Fig. 1}, Some other

mechanism, such as intramalecular recombination, nmust pe. Anvoked tao

2

derive IL or lg corcatemers from P or Iy concatemers; T Us, 4
simple maturation scheme would have one cleavage eventrat any junctian
followed by a measuriné mechanism such as head full] packaging, ending
With a _second cleayage at the next closest junction. ‘Hhife thisA
strategy accounts for the defective data, without invoking additional
events, it fails to account for the three invariant features af HSY DNA
discusseld above, namely production of four isomers from a single pfu,
“a" sequence amplification, and asymametric distribution of amplified

"a" sequences, +

¥ In spite of the obvious intellectual challenges, few



investigators have proposéd any models of HSY DONA replication and
cleavage. Only two _madels have been fo