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SUMMARY

Ribonucleotide reductase (EC 1.17.4.1.) catalyses the
direct reduction of all four ribonucleotides to the
corresponding deoxyribonucleotides, this reaction being the
first unique step in the de novo pathway of DNA biosynthesis.
The herpes simplex virus type 1 (HSV-l)-induced enzyme is
composed of two non-identical subunits, termed large (RR1)
and small (RR2), which are dimers of the Vvmwl3é (RR1) and
vmw38 (RR2) polypeptides respectively. These polypeptides
are specified by two early, unspliced and 3' co-terminal
mRNAs with sizes of 5.0kb (RR1 mRNA) and 1.2kb (RR2 mRNA).
The work presented in this thesis has been primarily directed
at obtaining the predicted amino acid sequence of the HSV-1
RR1 polypeptide. The HSV-1] RR1 and RR2 amino acid sequences
were analysed for conserved structural and functional
features by comparisons to equivalent polypeptides of
herpesviral and cellular origin. Other studies have
identified the nucleotide changes in a portion of the RR1
gene of the HSV-1 temperature-sensitive (ts) mutant t£s1207
and have examined the transcriptional regulation of RR1 and

RR2 mRNA expression.

The Nucleotide and Predicted Amino Acid Sequence
of the HSV-1 RR1 Polypeptide.

The nucleotide sequence of the HSV-1 DNA region
encoding the RR1 polypeptide was obtained with the M13
dideoxy/chain termination method in combination with a
'shotgun' cloning approach. The sequencing data predicted
that the RR1 DNA coding region is an open reading frame (ORF)
of 3414 nucleotides which encodes a polypeptide of 1137 amino
acids in length. 1In contrast to the remainder of the RR1
polypeptide, the N-terminal region contains unique amino acid
composition features and seven sets of tandemly repeated
amino acid sequences. A hypothetical scheme of evolutionary
events leading to the formation of this region has been
postulated. Further, as this region appears not be directly

involved in enzymatic activity, a possible function has been



suggested on the basis of two potential nuclear localisation

signals.

Amino Acid Conservation between Herpesvirus

and Cellular Ribonucleotide Reductases.

Analysis of amino acid conservation between the HSV-1
RR1 and RR2 polypeptides with identified or proposed large
(RRL) and small (RRS) subunit polypeptides of herpesviral or
cellular origin was performed using computer programs.

a) Comparisons of the HSV-1 RR1 polypeptide with

homologue RRLrpolypeptides. Comparison of the HSV-1 RR1

polypeptide with the equivalent herpes simplex virus type 2
(HSV-2) polypeptide revealed that they are essentially
colinear with the exception of the N-terminal regions where a
number of insertions or deletions were predicted. Other
analyses revealed that the RR1 N-terminal region was absent
from other RR polypeptides while the colinear parts
exhibited clustered homology.

b) Comparisons of the HSV-1 RR2 polypeptide with

homologue herpesviral RR_. polypeptides. Comparisons of the

S

HSV-1 RR2 polypeptide with homologue herpesviral RRS

polypeptides revealed the existence of clustered homology.

The Escherichia coli (E. coli) tyrosine residue, on which the

(essential for function) stable free radical has been
localised, is conserved in all the RRS polypeptides examined.
These comparisons strongly indicate that the
herpesviral RRL and RRS polypeptides examined are the
constituents of the ribonucleotide reductase activities

specified by these viruses.

Conserved Structural and Potential Functional

Features of the Herpesviral and Cellular

Ribonucleotide Reductases.

To identify more precisely regions of clustered
homology and to determine potential functional features of
the RR and RRg polypeptide sequences, these were aligned
with the consensus template alignment program and secondary

structure predictions were obtained.



a) The RR alignment. The consensus secondary

structure predictions identified four RRL Regions. Region 1

is present only in the HSV-1 and HSV-2 RR1 polypeptides and

the majority of sequences within this region are representeq
by the RR1 N-terminal region. The remaining regions are
present in all the polypeptides and contain sixteen blocks of
clustered homology. A block in Region 4, with a sequence of
GxGxxG (where G=glycine, x=any amino acid) has a predicted
secondary structure of 5—strand/turn/x—helix. As this
structure approximates to the structure of nucleotide binding
sites, it is likely to represent the RR nucleotide binding
site. One of the blocks in Region 3 and an adjacent leucine
residue are proposed, on the basis of homology to the primary
and secondary structures of the adenylate kinase enzyme, to
participate in the formation of the Rnggggging site. Only
two homologous blocks are retained in a human cytomegalovirus
(HCMV) ORF which would correspond by genome location to HSV-1
RR1; the first of these contains a sequence similar to the

proposed RR, binding site.

L
b) The RR. alignment. This alignment demonstrated that

the E. coli tyrosine residue is conserved in all the RRg
polypeptides with the exception of a second HCMV ORF, which
corresponds by genome location to HSV-1 RR2. Six blocks of
clustered amino acid homology and a number of conserved
histidine, aspartic acid and glutamic acid residues where
identified; the latter could represent ligands of the
enzyme's non-heme iron atoms which stabilise the free

radical. None of the homologous blocks within RR except

sl
for three amino acids of a carboxy-terminal block, are
present in the HCMV ORF which would correspond by genome

location to HSV-1 RR2.

The Nucleotide Changes within an HSV-1 Mutant tsl1207 DNA
Fragment Encoding Part of the RR1 Polypeptide.

The HSV-1 mutant tsl1207 fails to specify any detectable
ribonucleotide reductase activity at the non-permissive
temperature because the RR1 and RR2 subunits fail to
associate., Marker rescue experiments demonstrated that the
£s1207 lesion lies within a DNA fragment encoding part of the



RR1 polypeptide. Sequencing studies within this fragment
identified two nucleotide changes from which the second
results in a change of a serine residue in the wild-type RR1l
to an asparagine residue in the mutant RR1l. The region where
the second mutation lies appears not to be directly involved

in subunit association.

The Transcriptional Regulation of the HSV-2
RR1 and RR2 Gene Expression.

The HSV-2 ribonucleotide reductase activity is
specified by two transcripts, termed RR1 and RR2 mRNA, which
are similarly arranged with their HSV-1 counterparts. To
study the transcriptional regulation of the RR1 and RR2 mRNAsS
a vector was constructed containing the HSV-2 DNA sequences
specifying these mRNAs. Transient expression assays
demonstrated that the constitutive RR1 mRNA levels were
readily detectable, whereas, after induction by HSV-1
infection or trans-activation with HSV-1 immediate early (IE)
polypeptides moderate increases were observed. Analysis of
the RR1 gene promoter (Pl) sequences identified a number of
potential cis-acting transcription elements one of which is
identical to the binding site of the 'octamer motif binding
factor'. It is proposed that, in the absence of HSV
trans-activating functions, the constitutive RR1 mRNA levels
are due to the interaction of cellular transcription factors
with the Pl sequences. The basal RR2 mRNA levels were barely
detectable, but in the presence of HSV-1l trans-activating
functions a significant increase was observed. These results
in conjunction with other data allow the proposal of a scheme
for the transcriptional regulation of the HSV ribonucleotide
reductase gene expression.
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INTRODUCTION




This thesis reports the study of the enzyme
ribonucleotide reductase specified by herpes simplex virus
(HSV), the objective being to elucidate its structure and
transcriptional regulation. The aim of this Introduction
is to provide a brief background to the biology of herpes
simplex virus type 1 (HSV-1), the virus upon which most of
this study was carried out. Particular reference will be
made to (i) the HSV-1 transcriptional program, (ii) the
enzyme functions specified by HSV-1, (iii) the structure and
function of the ribonucleotide reductases from prokaryotic,
eukaryotic and viral origin, with the aim of putting into
context (iv) a detailed account of the HSV-l-specified

ribonucleotide reductase.

SECTION A.

THE HERPESVIRUSES.

1. Classification of Herpesviruses.

The family of Herpetoviridae comprises at least 80
different members. Of these, six have been isolated from

humans and the remainder from a wide variety of eukaryotic
hosts (Roizman and Batterson, 1985). Membership of this
family is based on four morphological features of the
virion:

i) The core, which contains the double-stranded viral
DNA in the form of a ring-like structure. Passing through
the centre of this structure is a proteinaceous, fibrillar
spindle, thought to be embedded in the wall of the capsid
(Furlong et al., 1972; Nazerian, 1974).

ii) The capsid, which surrounds the core, is
icosahedral in shape and consists of 162 capsomeres

(12 pentamers and 150 hexamers; Wildy et al., 1960).
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iii) The tegument, which is a rather ill-defined
layer of proteinaceous material between the capsid and
the envelope of the virion (Roizman and Furlong, 1974).
The thickness of this layer varies considerably among the
herpesviruses (McCombs et al., 1971).

iv) The envelope, the outermost structure of the
virion (Wildy et al., 1960), which is derived by budding
through the inner nuclear membrane (Darlington and Moss,
1968). The envelope contains numerous protruding spikes,
estimated to be approximately 8nm in length (Wildy et al.,
1960).

Viruses within the family of Herpetoviridae can be

classified on the basis of their biology and their genome
structure. On the basis of their biology, they have been

divided into three subfamilies, the alpha-, beta-, and

gammaherpesvirinae, using the criteria of host range,

duration of reproductive cycle, cytopathology and
characteristics of latent infection (Roizman et al., 1978;
Roizman, 1978).

Certain Alphaherpesvirinae have a variable host range both

in vivo, in experimental animals, and in vitro. They have
a short reproductive cycle, spread rapidly during infection
and frequently establish latent infections in ganglia.

This group includes herpes simplex virus types 1 and 2,
equid herpesvirus type 1 (EHV-1l; Randall et al., 1953),
pseudorabies virus (PRV; Gustafsohn, 1970), bovine
mammilitis virus (BMV; Martin et al., 1966),
varicella-zoster virus (VZV; Weller, 1953) and

channel catfish virus (CCV; Wolf and Darlington, 1971;
Chousterman et al., 1979).

Betaherpesvirinae are typified by a narrow host range,

a long reproductive cycle, spread slowly in culture and may
become latent in secretory glands and lymphoreticular cells.
Murine cytomegalovirus (MCMV; Smith, 1954) and human
cytomegalovirus (HCMV; Smith, 1956) are members of this
group.

Gammaherpesvirinae, include Epstein-Barr virus (EBV;

Epstelin et al., 1965), Marek's disease virus (MDV;
Marek, 1907; Churchill and Biggs, 1967), herpesvirus saimiri
(HVS; Melendez et al., 1968) and herpesvirus ateles (HVA;
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Melendez et al., 1972). They vary in duration of
reproductive cycle and in cytopathology but have a host
range limited in vitro to lymphoblastoid cells, in which

they may also give rise to latent infection.

2. Biology and Pathogenicity of Herpesviruses.

Herpesviruses are known to infect numerous eukaryotic
orders, from fungi (Kazama and Schornstein, 1972) to man,
who is host to HSv-1, HSV-2, ViV, HCMV and EBV. Recently,
a novel herpesvirus, HHV-6, originally termed human B—lymphotrgpic

virus, has been isolated from immunocompromised patientsg_—i N
(Josephs et al., 1986; Salahuddin et al., 1986).

HSV-1 is the agent of 'cold sores', facial lesions
primarily around the mouth (Fiddian et al., 1983), but the
virus can infect many organs. Primary infection may be
asymptomatic or lead to development of a number of clinical
symptoms such as fever, sore throat, oedema, localised
lymphadenopathy and malaise (Whitley, 1985). Following
primary infection, the virus establishes a latent state in
the trigeminal ganglia and may be periodically reactivated
to produce recurrent disease. This is evidenced by the
identical restriction enzyme pattern of viral DNA isolated
from primary and recurrent lesions (Lonsdale et al., 1979).

HSV-2 is the primary cause of genital herpes,

a vener ally-transmitted disease (Kessler, 1977). HSV-2
genital infections exhibit periods of exacerbation and
remission due to reactivation of latent virus in the

sacral ganglia (Baringer, 1974). This virus has also been
assoclated with cervical carcinoma, however, HSV-2 DNA
sequences are present in only a small percentage of cervical
carcinomas (Park et al., 1983; Macnab et al., 1985),

whilst human papilloma virus DNA can be detected in up to
80% of cervical carcinomas examined (Macnab et al., 1986).

VZV is the causative agent of chickenpox (varicella)
in children. In common with HSV-1 and HSV-2, VZV can
establish a latent state and reactivate later in life to
cause shingles (herpes zoster; Weller, 1976).

HCMV usually infects salivary glands but may also be

found in other tissues, usually resulting in a mild or
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subclinical disease although congenital neonatal infection
can result in mental retardation (Alford and Britt, 1985).
Blood transfusions or organ transplants in immunosuppressed
individuals frequently result in outbreaks of HCMV infection
(Ho, 1982).

EBV is the causative agent of infectious mononucleosis
(glandular fever) and is involved in the aetiology of
Burkitt's lymphoma (Epstein et al., 1964) and in

nasopharyngeal carcinoma (zur Hausen et al., 1970).
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SECTION B.

STRUCTURE AND REPLICATION OF HSV-1 DNA.

3. Structure of the HSV-1l Genome.

a) Arrangement of DNA sequence elements.

HSV-1 strain 177 is the third virus with a genome
larger than 105 base pairs (bp) whose complete nucleotide
sequence has been determined (Davison and Wilkie, 1981;
Preston and McGeoch, 1981; Murchie and McGeoch, 1982;
Dalrymple et al., 1985; Quinn and McGeoch, 1985; McGeoch et
al., 1985; Davison and Scott, 1986a; McGeoch and Davison,
1986a and b; McGeoch et al., 1986a and b; Nikas et al.,
1986; Perry et al., 1986; McGeoch et al., 1988; Perry and
McGeoch, 1988). 1Its genome is a linear duplex DNA molecule
of 152,260bp and has a mean G+C content of 68.3% (McGeoch et
al., 1988). HSV DNA can be fragmented by treatment with
alkali or formamide suggesting that it contains
single-stranded nicks (Kieff et al., 1971; Wilkie, 1973;
Ecker and Hyman, 1981).

The HSV genome consists of two distinct segments,
designated Long (L) and Short (S), which are covalently
linked at the junction (Fig. 1; Sheldrick and Berthelot,
1974). Each segment consists of a unique region (UL and US)
which is flanked by a pair of inverted repeats (RL and RS).
The R and Ry sequences are distinct and, depending on
whether they are located at the genomic termini (T) or

internally (I) at the junction, they are designated TRL,

IR, and IRg and TR . The sizes of these regions in bp are:
UL' 107,943; US' 12,978; RL’ 9,215; RS' 6,676 (McGeoch et
al., 1988). The HSV genome possesses a direct

terminal repeat which 1s also present in one or more
inverted copies at the junction (see Page 6).
Preparations of HSV DNA contain approximately
equimolar amounts of four isomers which differ in the
relative orientation of the L and S segments about the

junction (Delius and Clements, 1976; Clements, 1976;






Figure 1. The genome structure of HSV-1 DNA. Boxed areas
represent repetitive sequences and single lines represent
the unigque segments. L, the Long segment; S, the Short

segment; U the long unique sequence; US' the short unique

Ll
sequence; TRL and IRL, the terminal and internal repeats of
the L segment; IRS and TRS, the internal and terminal

repeats of the S segment. The four possible isomers of the
HSV-1 genome are depicted below. P, prototype orientation;

I

inversion of the L segment; 1 inversion of the S

Ll
segment; I

SI

SL’ inversion of both the L and S segments.
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Wilkilie and Cortini, 1976; Cortini and Wilkie, 1978).

One of the four isomers, chosen arbitrarily, is designated
prototype (P) and the remainder are designated as I
1

SI
L and ISL (see Fig. 1; reviewed in Roizman, 1979).
In this thesis, genome representations are given in the

P orientation.

b) Organisation of HSV-1 genes.

It is estimated that the HSV-1 genome contains
72 genes which encode 70 distinct polypeptides (Fig. 2;
reviewed in McGeoch et al., 1988). Two genes, whose
products have been well characterised (see Page 17), map
entirely within the RL and RS repeats and are therefore each
represented twice. The UL region contains 56 genes,
designated ULl to UL56 and the US region contains 12 genes,
designated US1 to US12. 1In general, HSV-1 genes are densely
arranged and in certain cases, such as US10 and USl1ll1
or in the regions between UL5 and UL1l4 and between UL30 and
UL33, their coding regions overlap (Rixon and McGeoch, 1984;
McGeoch et al., 1988). Each gene has its own promoter,
and a feature of their arrangement is that they specify
families of overlapping and unspliced transcripts with

common 3' termini.

c) The a sequence.

The HSV molecule possesses a direct terminal
redundancy, termed the a sequence, which is present in the
inverted orientation at the L/S junction (Fig. 3; Grafstrom
et al., 1974 and 1975; Wadsworth et al., 1976; Wagner and
Summers, 1978). The a sequence comprises a direct terminal
repeat of 17bp to 21bp (DRl or reiteration I), adjacent to
which are two unique sequences (Ub and Uc). The latter are
separated by two direct repeat elements of 12bp and 37bp
(DR2 and DR4). Overall, the structure of the a sequence
can be represented by:

DR1 - Ub - (DRZ)n - (DR4)m - Uc - DR1
where n represents 1 to at least 22 copies and m represents
1l to 3 copies (Davison and Wilkie, 1981; Mocarski and

Roizman, 1981 and 1982a). The a sequences vary 1in length
both inter- and intra-strain (Wagner and Summers, 1978;
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Figure 2. The locations of HSV-1 genes, mapping within the

unigque UL and U_ sequences, which encode proteins with known

S
functions or properties. Arrowed lines above or below the
genome represent genes transcribed rightwards or leftwards
respectively. The three origins of viral DNA replication

(see text) are indicated ().

UL2, uracil-DNA glycosylase (J. Mullaney personal
communication); UL5, UL8, UL9, UL42, and UL52, DNA
replication (Wu et al., 1988; McGeoch et al., 1988); ULl2,
alkaline exonuclease (Preston and Cordingley, 1982; McGeoch
et al., 1986b); UL19, major capsid protein Vmwl55 (Costa
et al., 1984; Davison and Scott, 1986a); UL22, glycoprotein
H (McGeoch and Davison, 1986a); UL23, thymidine kinase
(McKnight, 1980; Wagner et al., 1981); UL27, glycoprotein B
(Bzik et al., 1984; Pellet et al., 1985); UL29, major
DNA-binding protein, DNA replication (Conley et al., 1981;
Quinn and McGeoch, 1985); UL30, DNA polymerase (Chartrand
et al., 1979; Quinn and McGeoch, 1985); UL39, large subunit
of ribonucleotide reductase (Preston, V.G. et al., 1984;
Nikas et al., 1986; this thesis); UL40, small subunit of
ribonucleotide reductase (McLauchlan and Clements, 1983a;
Preston, V.G. et al., 1988); UL41l, host virion shut-off
(Kwong and Frenkel, 1987; Kwong et al., 1988); UL44,
glycoprotein C (Frink et al., 1983); UL48, major tegument
protein Vmw65, transcriptional activator (Campbell et al.,
1984; Dalrymple et al., 1985); UL50, deoxyuridine
triphosphatase (Preston and Fischer, 1984); UL54, immediate
early protein (see Page 17; Everett, 1986).

US1l, immediate early protein (see Page 17; McGeoch
et al., 1985); US3, protein kinase (McGeoch and Davison,
1986b; Frame et al., 1987); US4, glycoprotein G (McGeoch
et al., 1985; Frame et al., 1986a); US6, glycoprotein D
(Watson et al., 1982); US7, glycoprotein I (McGeoch et al.,
1985); 0S8, glycoprotein E (McGeoch et al., 1985); UsSl2,
immediate early protein (see Page 17;Murchie and McGeoch,
1982).
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Davison and Wilkie, 1981). 1In HSV-1 strain 17° the
a sequence is approximately 400bp and contains one DR4,
whereas, in HSV-2 strain HG52 it is approximately 250bp and
contains one DR2 and one DR4 (Davison and Wilkie, 1981).
The a sequence is present as a single copy at the
S terminus, but at the L terminus and the L/S junction more
than one copy may be present (Wagner and Summers, 1978;
Locker and Frenkel, 1979). The DRl elements at the genomic
termini are incomplete; the L terminal DRl contains 18bp
and a single 3' nucleotide extension (total length 18.5bp)
while the S terminal DR1 contains the remaining 1.5bp
(Mocarski and Roizman, 1982a). Therefore, together these
partial sequences form a complete DR1 element.
The a sequences appear to play a significant role in

genome circularisation, inversion, cleavage and packaging.

i) Circularisation. After penetration of the infected

cell nucleus, HSV DNA circularises rapidly (Davison and
Wilkie, 1983; Poffenberger and Roizman, 1985). This process
appears to occur by direct ligation of the complementary

a sequences at the termini (Davison and Wilkie, 1983) rather
than by annealing of the exposed terminal single-stranded
ends (reviewed in Roizman, 1979). The former is supported
by the ability of HSV-1/HSV-2 intertypic recombinants to
circularise although they contain heterotypic a terminal
sequences (Davison and Wilkie, 1983). Circularisation takes
place in the absence of HSV protein synthesis indicating
that ligation of the termini is mediated either by a host
function or a virion factor (Poffenberger and Roizman,
1985).

ii) Inversion. Inversion of the L and S segments
of the HSV genome results in the generation of four HSV
genome isomers which, at least in tissue culture, appear
to be functionally equivalent (Jenkins and Roizman, 1986).
The necessary signal for this process appears to reside
within the a sequences; insertion of a fragment bearing the
a sequence into the thymidine kinase (TK) gene of HSV-1
promoted additional inversions resulting in the formation

of 12 isomers (Mocarski et al., 1980; Mocarski and Roizman,




ab bac ca
di &= -
|, - —{ T 1
L S
TRL IRL IRs TRS
DR1 (DRZ)n (DR4)m DR1

-] 1= oe

pac-1 pac-2

Figure 3. The location of the HSV-1 a sequence on the P
genomic arrangement. The a sequence is present as a direct
repeat at the genomic termini, and in inverted orientation
at the L/S junction. An expansion of the a sequence at the
L/S junction is shown below. Unigue and repeated sequence
elements within the a sequence are: DR1l, a 17-2lbp repeat
present as a direct repeat at the ends of the a sequence;
Ub, a unique sequence located toward the b sequnce; DR2, a
12bp repeat present as 1 to at least 22 copies; DR4, a 37bp
repeat present as 1 to 3 copies; Uc, a unigque sequence
located toward the ¢ sequence. The black boxes labelled

pac-1 and pac-2 indicate unique a DNA sequences conserved in
a number of herpesviruses.
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1982b). Inverting DNA fragments must be flanked by
homotypic and inverted a sequences relative to those at
the termini or the junction. Davison and Wilkie (1983)
demonstrated that an HSV-1l strain l7+ recombinant (RE4),
possessing an inverted HSV-2 a sequence at the junction,
failed to invert and was predominantly frozen in the IS
arrangement., Likewise, DNA fragments flanked by a sequences
in the same orientation failed to invert (Mocarski et al.,
1980; Mocarski and Roizman, 1981). Deletion analysis within
the a sequences demonstrated that only the DR2 and DR4
elements are required for genomic inversion (Chou and
Roizman, 1985).

Site-specific recombination need not be postulated for
the generation of the four genomic isomers. Genomic
inversion could result partly from the use of alternative
packaging phases of the precursor concatemer, which could
account for half of the genome isomerisation events, and
partly from the summed recombinational activity of sequences
primarily dispersed throughout R and Rg (Varmuza and
Smiley, 1985). The HSV genome contains short segments of
tandemly reiterated sequences which vary in length between
S5bp and 54bp and have a high G+C content (Rixon et al.,
1984; Whitton and Clements, 1984a and b; Perry et al.,
1986). These sequences could be highly recombinogenic and
homologous recombination could occur between any members
of the same sequence family (Rixon et al., 1984),.

Further supportive evidence that recombination leading
to segment inversion 1s not site-specific is obtained from a
number of reports. An HSV-1 mutant lacking the a sequences
at the junction and predominantly frozen in the I

S

arrangement generated a minor population of I L molecules

most probably due to recombination between thg remaining
b sequences of the junction (see Fig. 3; Longnecker and
Roizman, 1986). Likewise, an HSV-1l mutant containing a
second copy of a UL fragment inserted into the TK gene

induced inversion (Pogue-Geile and Spear, 1986) as did a
fragment from the c sequences albeit at a low frequency

(Varmuza and Smiley, 1985).
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iii) Cleavage and packaging. The a sequence is

involved in the cleavage of replicated concatemeric DNA into
unit length linear molecules and their subsequent packaging
into virus particles; although plasmid constructs contailning
an HSV-1 origin of replication are able to replicate they
are packaged, as defective particles or ‘'amplicons',

only when they contain an a sequence (Stow et al., 1983;
Deiss and Frenkel, 1986). The necessary signals for these
processes appear to reside within the Ub and Uc sequences
(see Fig. 3; Deiss et al., 1986). ‘'Amplicons' containing
deletions within the Uc region fail to become packaged while
those containing deletions within the Ub region are packaged
only when a wild-type a sequence is acquired from the helper
virus. The Ub region contains a 28bp sequence which is
highly conserved in HSV-1, HSV-2 (Davison and Wilkie, 1981),
VZzV and PRV (Davison and Rixon, 1985). Deiss and Frenkel
(1986) termed this sequence pac-1l and identified a less
homologous sequence, pac-2, within the Uc region (see

Fig. 3). Although the function of these conserved sequences
is at present unknown, these authors proposed that they

might play a role in the cleavage and packaging processes.

d) Proteins interacting with the a sequence.

The processes in which the a sequence is involved
appear to require the interaction of specific HSvV-induced
and/or host cell proteins. This is evidenced by the
requirement of at least one trans-acting viral component for
inversion (Mockarski and Roizman, 1982b) and the occurence
of genomic circularisation in the absence of de novo protein
synthesis (Poffenberger and Roizman, 1985). Dalziel and
Marsden (1984), using competition binding assays with HSV-1
DNA fragments containing the a sequence, identified two
polypeptides with sizes of 21,000 and 22,000 mol. wt.

(21K, 22K) which consistently interacted with these
fragments. 1t was therefore suggested that these
polypeptides bind to the a sequence either directly or
indirectly (Dalziel and Marsden, 1984). MacLean et _al.
(1987) demonstrated, by means of antisera raised against

. oligopeptides corresponding to regions of the predicted
primary structure of gene US11 (McGeoch et al., 1985), that
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the latter specified two polypeptides with sizes identical
to those interacting with the a sequence. Although these
authors were unable to isolate substantial quantities

of proteins interacting with a sequences to test with
anti-USll-peptide sera, they demonstrated that the

US1l gene products are DNA binding proteins. The a
sequence-interacting 21K and 22K proteins of Dalziel and
Marsden (1984) may therefore correspond to the products

of US11 (McLean et al., 1987). The relationship between
the 21K and 22K proteins is not clear.

Immune electron microscopy showed that the US1ll gene
products were localised in the nucleoli of infected cells
(MacLean et al., 1987). However, viral DNA is located in
the nucleoplasm and is specifically excluded from the
nucleoli (Rixon et al., 1983; Randall and Dinwoodie, 1986).
Therefore, it appears that these proteins may not be
involved in DNA replication and maturation in vivo. This
suggestion is supported by the viability in tissue culture
of HSV mutants, which lack the US1ll gene (Longnecker and
Roizman, 1986; Umene, 1986; Brown and Harland, 1987).
Recently, Meigner et al. (1988) reported that one of these

mutants was able to establish latency in mice.

4, HSV DNA Replication.

a) Cis-acting signals for DNA replication.

The mechanism by which HSV DNA replicates 1is largely
unknown., Jacob et al. (1979) proposed that after infection
HSV DNA circularises and replication proceeds by a rolling
circle mechanism. In support of this suggestion is the fact
that newly replicated viral DNA possessesfewer detectable
termini indicating that it consists of head-to-tail
concatemers (Jacob et al., 1979; Jongeneel and Bachenheimer,
1981). Furthermore, electron microscopic studies using
cells with replicating viral DNA detected circular unit
length genome molecules (Shlomai et al., 1976; Friedmann
et al., 1977; Jacob and Roizman, 1977).

Approximate locations for HSV origins of replication

were initially characterised using defective viral genomes
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obtained following passage at high multiplicities of
infection (m.o.1i.; Kaerner et al., 1979; Vlazny and Frenkel,
1981; Spaete and Frenkel, 1982). These defective genomes
consisted of tandem repetitions of sequences derived from
the standard genome and were divided into two classes. Both

classes contained sequences from the end of the TR, repeat.

Class 1 contained in addition sequences from the Sssegment
while class I1I contained sequences from near the centre of
the L segment. The ability of these defective genomes to
replicate and package in the presence of wild-type helper
virus indicated the presence of cis-acting signals for DNA
synthesis and processing. Thus, it was suggested that the
HSV genome contains i) two potential origins of replication,

one in each R termed ori, and present in class I defective

S’ S
genomes and ii) a potential origin of replication in UL’
termed oriL and present in class 11 defective genomes

(Vlazny and Frenkel, 1981; Spaete and Frenkel, 1982).

i) les. Stow (1982) developed an assay system for
determining functional origins of replication in which the
amplification of plasmid DNA sequences containing inserted
HSV fragments was estimated in the presence of HSV-1
functions supplied in trans. Using this assay system,
oriS was positioned in a 90bp Rg region (see Fig. 2),
located between the 5' termini of 1E mRNAs 3 and 4/5
(for a description of these mRNAs see Page 17; Rixon and
Clements, 1982). This region comprised a 45bp almost
perfect palindromic sequence, at the centre of which is
positioned an 18bp A+T-rich tract, and contained all the
necessary cis-acting sequences for replication (Fig. 4a;
Murchie and McGeoch, 1982; Stow and McMonagle, 1983).

The A+T-rich segment appears to be important for replication
since deletion of it completely abolished origin activity
(Stow, 1985).

Within the HSV-2 strain HG52 Rgy

(1984a) identified two copies of a sequence highly

Whitton and Clements

homologous to HSV-1 oris; this sequence is present as
a 137bp direct repeat and it is the proposed HSV-2 oris.

In VzV a functional orig was identified, cloned copies of
which could be activated by VzV replication functions
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Figure 4. Structure of the HSV-1 origins of replication.

a) The ori_. sequence. The arms of the palindrome are

S
indicated by (<) or (>) and the binding sites of the UL9

protein are indicated by (:).

b) The oriL sequence. Palindromic sequences are indicated

as above. Numbered arrowed lines indicate regions of

interrupted and inverted nucleotide repetitions.

c) Comparison of the oriS and oriL sequences. Asterisks

indicate conservation and dots indicate gaps introduced into
the sequences for optimal alignment. Dashed lines represent

the sequences essential for ori_ activity and the

S
palindromic sequences and binding sites of the UL9 protein

are indicated as above.
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supplied in trans (Stow and Davison, 1986); in addition,

the cloned VZV ori. could be activated by HSV-1 infection

although at a reduied efficiency (Stow and Davison, 1986).
The VZV oriS contains a tract of alternating A+T residues
located at the centre of an almost perfect palindrome of
45bp and displays limited homology to the HSV-1 equivalent.
ii) QEiL' The HSV oriL is positioned between the
5' termini of the mRNAs encoding the major DNA-binding
protein (MDBP) and the DNA polymerase (genes UL29 and UL30
respectively in Fig. 2), and its sequence has been
determined for HSV-1 strains l7+ (Quinn and McGeoch, 1985),
KOS (Weller et al., 1985) and the Angelotti class 11
defective of HSV-1 (Gray and Kaerner, 1984). OriL sequences
consist of an A+T-rich region positioned at the centre of a
perfect palindrome with arms each of 72bp; each arm contains
three regions of interrupted and inverted repetitions (Fig.
4b; Weller et al., 1985). Comparison between oriS and oriL
sequences revealed that the whole of the oriS palindrome 1is

quite similar to the central portion of the ori,  palindrome

(Fig. 4c). The latter was shown to be a functignal origin
and deletions within the palindrome abolished activity
(Weller et al., 1985).

HSV-2 contains a perfect palindrome of 136bp which

is highly homologous to that of HSV-1 ori, (Lockshon and

Galloway, 1986). On the contrary, ViV dogs not appear to

have an HSV-1 oriL homologue sequence, at least in the

equivalent HSV-1l genomic position (Stow and Davison, 1986).
Recently, i1t was shown that an HSV-1 deletion mutant

lacking most of the ori, sequences, and therefore rendering

oriL non-functional in the presence of helper virus, was
able to replicate in vitro (Polvino-Bodnar et al., 1987).
Further, an HSV-1l recombinant that contains oriL and a
single copy of oriS was viable in tissue culture (Longnecker
and Roizman, 1986). These observations demonstrate that

two out of three HSV origins are sufficient for replication,
and this raises the question of the role of a third origin.
It is possible that different origins are preferentially
used during different stages of lytic infection (reviewed

in McGeoch, 1987).
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b) HSV-1 genes required for replication.

A number of HSV-l-induced enzymes have been shown
by genetics to be essential for viral DNA replication
in cultured cells and these are described in Section D.
Recently, Challberg (1986) developed a method for
identifying viral genes required for DNA replication.
This method was based on the observation that transfected
HSV DNA could provide in trans the functions to support

amplification of an ori_-containing plasmid introduced

concurrently. Thus, itSwas shown that a set of plasmids
representing most of the HSV genome could substitute
efficiently for intact virus DNA in supplying replication
functions and that the DNA polymerase and MDBP genes were
essential components of this system. Subsequent subcloning
and inactivation by restriction endonuclease digestion
identified, in conjuction with DNA sequencing data, five
additional essential genes (Wu et al., 1988; McGeoch et al.,
1988); these are ULS5, UL8, UL9, UL42 and UL52 (see Fig. 2).
The products of genes UL9 and UL42 have been
characterised. Gene UL9 encodes a protein, identified
previously by Elias et al. (1986), which binds to oriS.
This protein is present in nuclear extracts of
HSV-1l-infected cells and generates a DNase I footprint
of 18bp which maps to the left of the palindrome centre
(Elias et al., 1986); however, it has recently been shown
that this protein has an additional binding site to the
right of the palindrome centre (see Fig. 4a; Olivo et al.,
1988; H. Weir, personal communication). It is notable that
the DNase 1 protected region to the left of the palindrome
centre includes an llbp sequence which is highly conserved
between HSV-1 oriL, oriS and VzV oriS
1986). Gene UL42 encodes the 65K DNA-binding protein
(65KDBP; Marsden et al., 1987; Parris et al., 1988).

This protein is the major species in high-salt eluates from

(Stow and Davison,

double-stranded DNA cellulose columns used to fractionate
nuclear extracts of HSV-l-infected cells (Marsden et al.,
1987). Recently, a temperature-sensitive (ts) HSV-1 mutant
with a mutation lying most probably in gene UL42 failed

to induce synthesis of viral DNA at the non-permissive
temperature (NPT) and was unable to replicate an
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oriS-containing plasmid (Marchetti et al., 1988). Further,
this mutant at the NPT failed to induce synthesis of the
true-late class of HSV-1 mRNAs (for a description of these
mRNAs see Page 17). The functions of the other three

essential genes are currently being investigated.
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SECTION C.

PROCESSES INVOLVED IN PRODUCTIVE HSV INFECTIONS.

5. Effects of HSV on Host Cell Metabolism.

Productive infection with HSV virus significantly
impairs several host functions. Following infection,
host DNA synthesis ceases (Aurelian and Roizman, 1964;
Roizman and Roane, 1964) and host RNA synthesis decreases
(Hay et al., 1966; Flanagan, 1967; Pizer and Beard, 1976).
However, certain host cell RNAs continue to be synthesised
at late times post infection (p.i.; Stringer et al., 1977)
and the promoters of cellular genes, integrated into
the genome of biochemically transformed cell lines,
are activated after HSV infection (Everett, 1985). The
steady-state levels of pre-existing host polyadenylated
mRNAs decrease by 4h p.i., probably due to deadenylation
(Nishioka and Silverstein, 1977 and 1978; Nakai et al.,
1982; Mayman and Nishioka, 1985).

Infection of cells with HSV results, also, in
inhibition of host protein synthesis with the exception
of the heat shock or stress proteins whose production is
increased (Notarianni and Preston, 1982; LaThangue et al.,
1984). Host protein shut-off appears to be more rapid and
efficient with HSV-2 than HSV-1, although HSV-2 strain HG52
appears to be an exception to this generalisation (Powell
and Courtney, 1975; Pereira et al., 1977). Host protein
shut-off has been divided into 'early' and 'delayed' stages.

The 'early' stage occurs after HSV infection and is
mediated by a virion component(s) as it can be achieved
either by UV-irradiated virus or in the presence of drugs
which inhibit incoming virus expression (Fenwick and Walker,
1978; Nishioka and Silverstein, 1978). This stage appears
to be associated with disaggregation of infected-cell
polyribosomes which reassemble to form new ones exhibiting
an altered size distribution (Sydiskis and Roizman, 1967 and
1968). The majority, but not all, of the mRNA associated
with new polyribosomes is virally-encoded (Stringer et al.,
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1977). Further, the 'early' shut-off appears to be
associated with host mRNA degradation and with a reduction
in the half-life of immediate-early and, possibly, early
and late HSV mRNAs (for a description of these HSV mRNAs
see below; Schek and Bachenheimer, 1985; Kwong and Frenkel,
1987; Strom and Frenkel, 1987; Kwong et al., 1988).

A number of HSV-1 mutants defective in virion-associated
host shut-off (vhs) have been isolated (Read and Frenkel,
1983). 1In one mutant, the mutation(s) affecting both
inhibition of host protein synthesis and stability of

host and viral mRNAs, most likely maps within gene UL41
(see Fig. 2; Kwong et al., 1988). In certain cell lines,
host cell mRNA degradation occurs during 'delayed' shut-off
of host polypeptide synthesis (Nishioka and Silverstein,
1978).

The 'delayed' stage of the shut-off process completes
the inhibition of host protein synthesis and requires viral
gene expression (Nishioka and Silverstein, 1978; Read and
Frenkel, 1983). The gene(s) involved in 'delayed' shut-off
can function in the absence of the virion component(s)
responsible for the 'early' shut-off (Read and Frenkel,
1983).

6. Temporal Regulation of HSV Gene Expression.

The HSV virion is uncoated in the cytoplasm of the
infected cell and subsequently the viral DNA is transported
to the nucleus (Hummeler et al., 1969). In the nucleus,
mRNA is transcribed from viral DNA by a process which
appears to involve cellular RNA polymerase 1I1; this is
evidenced by the sensitivity to x-amanitin (Alwine et al.,
1974; Ben-Zeev et al., 1976), a fungal toxin which
specifically inhibits RNA polymerase 11, and by the absence
of any novel RNA-polymerasing activity in HSV-l-infected
cells (Lowe, 1978). The sensitivity against the drug
persists throughout all stages of infection (Costanzo et
al., 1977). Subsequently, HSV mRNA 1is transported to the
cytoplasm where it becomes associated with polyribosomes,
and is translated (Wagner and Roizman, 1969). HSV gene
expression is temporally regulated and can be sub-divided
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into three broad stages, immediate early (IE), early (E)
and late (L) gene expression (Swanstrom and Wagner, 1974;

Clements et al., 1977; Jones and Roizman, 1979).

a) Immediate early gene expression.

i) Immediate early genes. IE or « genes are the

subset of genes which are transcribed by an unmodified
cellular RNA polymerase 11 (Costanzo et al., 1977) in the
absence of de novo protein synthesis (Kozak and Roizman,
1974; Roizman et al., 1974). 1IE mRNAsS are usually
detectable by 1h p.i. and their accumulation peaks at
2h to 3h p.i., although, some of them persist in the
cytoplasm at late times of infection (Harris-Hamilton
and Bachenheimer, 1985; Godowski and Knipe, 1986).

IE transcription is limited to restricted regions
of the genome (Fig. 5; Clements et al., 1977 and 1979;
Anderson et al., 1980; Easton and Clements, 1980). Five IE
genes have been identified, IE genes 1 to 5, which encode
polypeptides vmwll0 (ICPO), vmw63 (ICP27), Vmwl75 (ICP4),
Vmw68 (ICP22) and vmwl2 (ICP47) respectively (the 'Chicago'
nomenclature is given in brackets). The genome locations
and sizes of the IE mRNAs encoded by the IE genes have been
determined. 1IE mRNAs 1 and 3 map entirely within TRL/IRL
and IRS/TRS respectively, and are therefore encoded by
diploid genes (Rixon et al., 1982). IE mRNAs 4 and 5 span
the IRS/US and TRS/US regions and share identical promoter
and 5' untranslated leader sequences (Watson et al., 1981;
Rixon and Clements, 1982); these are encoded by genes US1l
and US12 respectively. Finally, IE mRNA 2 maps entirely
within UL (Whitton and Clements, 1983) and is encoded by
gene UL52. Three of the five IE transcripts, IE mRNAs 1, 4,
and 5, are spliced. 1IE mRNAs 4 and 5 have a single splice

located entirely within the R_. repeats (Watson et al.,

198la; Rixon and Clements, 1922; Whitton and Clements 1984Db)
and upstream of the polypeptide coding regions (Murchie

and McGeoch, 1982; Whitton and Clements, 1984b; Rixon and
McGeoch, 1984). HSV-1 IE mRNA 1 contains two introns with

sizes of 765 nucleotides (nuc) and 135nuc, both of which are
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Figure 5. A representation of the HSV-1 genome showing
the location and orientation of the five 1E genes. The
designation of the IE genes mapping in the UL or US
segments is given in brackets (see Fig. 2). The IE

genes are depicted as arrows and splices are indicated

as (A) and (V).
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located in the translated portion of the gene (Perry et al.,
1986).

ii) 1IE gene regqulatory sequences. The 5'-upstream

regions of HSV 1E genes contain sequence elements that
clearly differentiate them from the respective regions of

E and L genes. A chimeric gene comprising the upstream
control signals and 50bp of leader sequence from IE mRNA 3
when fused to an early HSV-1 TK gene, behaved as an IE gene
either when rescued into a TK virus or inserted into
biochemically transformed cell lines (Post et al., 1981).
Similar results were obtained when the TK gene was fused

to the upstream region of IE mRNA 2 (Mackem and Roizman,
1982a).

Deletion studies within the 1E gene 3 upstream region
identified a promoter region, spanning positions +26 to -108
(+1=mRNA start site), which is sufficient for transcription
initiation in the absence of upstream promoter sequences
(Mackem and Roizman, 1982a; Cordingley et al., 1983). This
region contains elements found in most eukaryotic promoters
such as the TATA box and two G+C-rich tracts separated by
an A+T-rich stretch; however, the 5'-CCAAT-3' homology,
which is usually present at position -80 relative to the
mRNA start site in many eukaryotic promoters (Benoist and
Chambon, 1980; Efstratiadis et al., 1980), is not present.
Further, they identified a regulatory region spanning
positions -174 to -331. 1In all IE genes examined so far
this region induces 1E gene transcription in a process
mediated by a virion component (see Page 19). Deletion
studies within the regulatory region (Cordingley et al.,
1983; Preston, C.M. et al., 1984; Bzik and Preston, 1986)
and DNA sequence comparisons of the upstream regions of IE
mRNA 5' termini (Mackem and Roizman, 1982b; Whitton and
Clements, 1984a) demonstrated that the target sequence for
the trans-inducing virion component is an A+T-rich sequence
with a core consensus of 5'-TAATGARAT-3' (R=purine).
Gaffney et al. (1985) demonstrated that when a 20bp
synthetic oligonucleotide, containing a TAATGARAT element,
was fused to a promoter driving the chloramphenicol
acetyltransferase (CAT) gene, it increased CAT activity
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after infection with the HSV-1 tsK mutant; the latter has
a mutation in IE gene 3 and does not synthesise E or L
gene products at the NPT (Preston, 1979). The observed
stimulation of expression was dependent on the number

of TAATGARAT copies, since increasing the copy number

had an additive effect (Gaffney et al., 1985). However,
it appears that flanking sequences, although not essential,
are important for full induction of IE gene transcription.
Bzik and Preston (1986) demonstrated that an adjacent
G+A-rich element is required for full activity which,
although it was unable to confer full activity on its own,
could activate an otherwise non-functional homologue of
TAATGARAT (Bzik and Preston, 1986).

The regulatory region of I1IE gene 3 has an
enhancer-like activity comparable to that of the Sv40
enhancer, since it can stimulate expression of target
promoters in an orientation-independent manner and at
a distance from the target promoter (Lang et al., 1984;
Preston and Tannahill, 1984). 1In contrast to a typical
enhancer, the HSV-1 IE gene 3 enhancer activity is abolished
when placed downstream from a gene and, also, 1is further
stimulated by a virion component (see below; Lang et al.,
1984; Preston and Tannahill, 1984). Deletion analysis
of the upstream regulatory region of HSV-1 IE gene 3
demonstrated that the enhancer-like activity and the
responsiveness to the trans-inducing virion component reside
in distinct sequence elements (Bzik and Preston, 1986).
Elements important for enhancer-like activity are: 1) two
copies of the hexanucleotide 5'-GGGCGG-3' which can bind the
mammalian Spl transcription factor (Jones and Tijan, 1985)
and, ii) a region containing both a 5'-GCGGAAAC-3' motif,
which resembles the simian virus 40 (SV40) enhancer core
(Weiher et al., 1983), and a 5'-CGGAAGCGGAA-3' motif, which
resembles the adenovirus ElA and polyoma virus enhancer

cores (Hearing and Shenk, 1983; Herbomel et al., 1984).

iii) Characterisation of the virion factor which

induces 1E gene expression. Experiments designed to

identify the mechanism by which IE gene expression is
induced demonstrated that a component of the virus particle
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could stimulate IE gene expression (Post et al., 1981;
Mackem and Roizman, 1982b; Cordingley et al., 1983; Preston,
C.M. et al., 1984). Campbell et al. (1984) identified the
virion component as the major tegument protein Vmw65, which

is distinct from the 65K (see Page 13), and its primary

structure was determinedDg§ Dalrymple et al. (1985).
DNA-binding studies with Vmw65 indicated that it did
not directly bind either calf thymus (Marsden et al., 1987)
or HSV DNA (Preston, C.M. et al., 1988). However, Vmw65 has
been shown to be the only viral constituent of a complex,
termed IEC, which contains cellular factors and binds
specifically to TAATGARAT motifs via one of the cellular
factors (Preston, C.M. et al., 1988). It has been proposed
that one of these factors is a protein related to nuclear
factor II1 (NF-II1; C. Ace, personal communication). NF-III
facilitates the binding of a complex, involved in initiation
of adenovirus 2 DNA replication, to core sequences of the
adenovirus 2 origin (Pruijn et al., 1986). The NF-III
binding site, 5'-TATGATAATGAG-3' (Pruijn et al., 1986), is
quite similar to the TAATGARAT motif. Interestingly, it has
been shown that both of these motifs are equally competitive
for binding of a cellular factor present in mock-infected

HeLa cell nuclear extracts (O'Hare and Goding, 1988).

iv) Control of HSV 1E gene expression. As discussed

previously, 1E gene transcription does not require de novo
protein synthesis. However, a number of HSV-l-induced
polypeptides appear to be involved in the control of IE gene
expression (Fig. 6). First, is the virion component Vmw65
which, as already mentioned, positively regulates 1E gene
transcription. Second, is Vmwl75 which is involved both

in positive and negative regulation of 1E gene expression.
Polypeptide profiles of HSV ts-vmwl75 mutant viruses
demonstrated that 1E gene products were overexpressed,

and blocking of IE mRNA translation with cycloheximide led
to production of large amounts of IE mRNAs (Preston, 1979;
Dixon and Schaffer, 1980; Watson and Clements, 1978 and
1980). The same results were obtained from transient
expression assays where increased amounts of Vmwl75 could
repress both the basal and activated levels of transcription
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Figure 6. The HSV-1 functions thought to be involved in the
regulation of immediate early (1E), early (E) and late (L)
gene expression, The solid lines represent positive
regulation and dashed lines indicate negative regulation.
The positive regulators include Vmw65, Vmwll0, vmwl75, Vmw63
and DNA replication (DNA REP). The negative regulators
include the virion-associated host shutoff (vhs) factor,
Vmwl75, and the major DNA-binding protein (MDBP). The
precise roles of Vmwl2 (O' Hare and Hayward, 1985a) and a

L function(s) (DeLuca et al., 1984) require further

investigation and this is depicted by (?).
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repress both the basal and activated levels of transcription
from 1E gene promoters (DeLuca and Schaffer, 1985; O'Hare
and Hayward, 1985a; Gelman and Silverstein, 1986 and 1987).
It appears that the only exception to this generalisation

is the HSV-1 1E gene 2 promoter which, in HeLa cells, was
active in the presence of increased amounts of Vmwl75
(Gelman and Silverstein, 1987). Reduced levels of vmwl75,
however, have been shown to activate IE gene promoters
(DeLuca and Schaffer, 1985; O'Hare and Hayward, 1985a;
Gelman and Silverstein, 1986 and 1987). Third, is VmwllO0
which has been shown to activate IE promoters in
transfection assays (O'Hare and Hayward, 1985a; Gelman

and Silverstein, 1986 and 1987). 1In addition to these
polypeptides, MDBP (Godowski and Knipe, 1986) and the
product of gene UL41 (Strom and Frenkel, 1987; Kwong et al.,
1988) appear to have a role in IE gene regulation since
mutations in these genes increase the half-life of HSV

IE mRNAs.

b) Early gene expression.

i) Early genes. E or [ genes are defined as that

subset of viral genes which are expressed in the presence
of functional IE gene products and prior to the onset of DNA
replication (Wagner, 1972; Swanstrom et al., 1975; Clements
et al., 1977). Early transcripts are detectable at 2h p.1i.
and reach their maximum levels at 4h to 6h p.i., after
which, the levels of individual transcripts either decrease
or remain unaltered (McLauchlan and Clements, 1982;
Harris-Hamilton and Bachenheimer, 1985). However, some
variation in their kinetics of appearance is observed.

For example, the polypeptide of the ribonucleotide

reductase large subunit (Vvmwl36), although classified as

an E polypeptide, can be detected under 1E conditions

(see Results and Discussion, Section E). On the other hand,
synthesis of glycoprotein D (gD) mRNA requires DNA
replication to reach maximum expression although moderately
high levels are detected early in infection (Gibson and
Spear, 1983). E transcripts have been shown to map across
the entire length of the genome (Clements et al., 1977).
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ii) E gene promoter sequences. Two HSV-1l E promoters,

those of the TK and gD genes, have been studied in detail.
The TK promoter region, which is positioned immediately
upstream from the TK mRNA start site, has been divided into
one proximal and two distal regions (dsl and dsll) by means
of linker scanning mutations (Fig. 7a; reviewed in McKnight
and Tjian, 1986). The proximal region contains the TATA box
which has been shown to be especially important for TK
transcription when present on the viral genome (Coen et al.,
1986). Each of the distal regions contains an Spl binding
site (see Page 19) and in addition, dsl contains an inverted
CCAAT homologue which binds the CBP/CTF transcription factor
(Jones et al., 1985). The gD promoter region has been
extensively studied by Everett (1983 and 1984a). Deletion
analysis indicated that the sequence requirements for
gD-regulated expression reside within an 83bp region located
upstream from the mRNA start site (Fig. 7b; Everett, 1983).
Further analysis of this region identified two G-rich
regions, termed Gl and G2, which are quite similar to an

Spl binding site in the human immunodeficiency virus long
terminal repeat (Jones, K.A., et al., 1986), and a
functiconal TATA box together with a cap site region

(Everett, 1984a). A CCAAT homologue was not identified.

iii) Control of HSV E gene expression. At least two

IE gene products, Vmwl75 and Vmwll0, appear to be important
for regulation of E gene expression (see Fig. 6). Transient
expression assays demonstrated that vmwl75 and VmwllO can
independently stimulate expression of E promoters whereas,
in combination, their effect is synergistic (Everett, 1984b
and 1986; O‘'Hare and Hayward, 1985b; Quinlan and Knipe,
1985; Gelman and Silverstein, 1986; see Results and
Discussion, Section E).

The requirement for a functional Vmwl75 for E gene
expression has also been observed during virus infection;
at the NPT, HSV-1 ts-vVvmwl75 mutants fail to induce E gene
expression and fall to repress IE gene expression (Marsden
et al., 1976; Preston, 1979; Dixon and Schaffer, 1980;
Watson and Clements, 1978 and 1980). In an attempt to
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Figure 7. Cis-acting transcription elements within E gene

promoters.

a) Elements within the TK promoter (reviewed in McKnight and
Tjian, 1986). The GC boxes represent the binding sites of
the Spl transcription factor and arrows above them indicate
the relative orientation of the sequences. The CCAAT box
indicates the binding site of the CTF/CBP transcription
factor. Both the Spl and CTF/CBP transcription factors are
depicted to interact with the promoter sequences by curved
arrows and the stronger affinity of the Spl site in dsllI is
depicted by two arrows. A binding factor is thought to
interact with the TATA box. The TK promoter sequences are
numbered from -120 to beyond the first TK mRNA cap site

at +1.

b) Elements within the gD promoter (Everett 1984a). The
open boxes labelled Gl and G2 represent the two G-rich
regions thought to be binding sites of the Spl transcription
factor. A binding factor is thought to interact with the
TATA box. The gD promoter sequences are numbered from -75
to the gD mRNA start site at +1.
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identify regions important for vmwl75 function, Paterson and
Everett (1988) constructed insertion and deletion mutants

in a plasmid-borne gene encoding Vmwl75. These authors
identified a region, between amino acids (aa) 275 and 490,
which is important for both E gene trans-activation and IE
gene repression, and a carboxy terminal (C-terminal) region
which is important primarily for E gene trans-activation.

The fact that HSV-1 ts-vmwl75 mutants fail to activate
E gene expression is an interesting finding in view of the
ability of vmwll0 to independently trans-activate E
promoters in transient expression assays. The reason for
this phenomenon appears to be the transdominance of the
mutant Vmwl75 protein at the NPT. This is evidenced by the
fact that certain ts-vmwl75 mutant polypeptides, which fail
to accumulate in the nucleus, impair nuclear localisation of
Vmwll0 (Knipe and Smith, 1986). Further, a different
ts-vmwl75 mutant, which localises in the nucleus and does
not interfere with nuclear localisation of vmwll0, inhibits
VmwllO0-mediated trans-activation of E promoters at the NPT
(Gelman and Silverstein, 1986). However, the transdominance
of mutant ts-Vmwl75 proteins may not be the only reason for
the inability of vmwll0 to induce E gene expression. 1t is
quite possible that the trans-activating function of VmwllO
is not strong enough and is therefore inhibited in the
presence of negative regulators of IE gene expression
such as MDBP (see Page 21; Godowski and Knipe, 1986).

The role of VmwllO0 in productive infection has been
studied in two HSV-1 recombinants with deletions in both
copies of IE gene 1 (Stow and Stow, 1986; Sacks and
Schaffer, 1987). Although the deleted genes had no
detectable stimulatory effect on E gene promoters in
transient expression assays (Perry et al., 1986; Sacks and
Schaffer, 1987), mutant viruses were able to grow in tissue
culture (Stow and Stow, 1986; Sacks and Schaffer, 1987).
Growth defects were apparent at low m.o.i., where the
plagquing efficiency of mutants was reduced, whereas at high
m.o.i. the amount of gene expression and DNA synthesis was
indistinguisable from wild-type infection (Stow and Stow,
1986; sSacks and Schaffer, 1987). Thus, it was suggested
that although vmwll0 is not absolutely essential for virus
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growth in tissue culture, it is required for normal virus
growth at low multiplicity infections. Everett (1987a and
1988) constructed insertion and deletion mutants in a
plasmid-borne gene encoding Vmwll(0, recombined them into the
viral genome, and studied their effects during recombinant
virus infection. The results showed that VmwllO is required
at early stages of low multiplicity infections where its
absence results in insufficient viral gene expression to
allow productive infection.

vmw68 and Vmw63 have no stimulatory function on E gene
transcription either independently or in combination with
other 1E polypeptides (O'Hare and Hayward, 1985b; Everett,
1986). By contrast, although Vmwl2 does not stimulate
E gene expression independently, 1t appears to augment the
synergistic effect of vmwl75 and vmwll0 (O'Hare and Hayward,
1985b).

iv) The mechanism of E gene trans-activation. The

mechanism by which Vmwl75 and Vmwll0 trans-activate E gene
promoters is unknown. 1t appears that, at least in the case
of Vvmwl75, this process requires the formation of a complex
between Vwml75 and cellular protein(s); a partially purified
vmwl 75 preparation failed to bind to DNA in the absence of
added cellular proteins, but did so in their presence
(Freeman and Powell, 1982). This complex subsequently
interacts with the promoter regions of E genes, via the
cellular proteins, and positively regulates initiation of
transcription. A partially purified nuclear Vmwl75
preparation, where Vmwl75 represented 5% of the total
protein mass, was able to bind to a region flanking the gD
mRNA start site and stimulated initiation of transcription
from this promoter in vitro (Beard et al., 1986). When this
Vmwl 75 preparation was incubated with an antibody specific
for vmwl75, initiation of transcription was significantly
impaired (Beard et al., 1986). Interestingly the same
preparation stimulated transcritpion from the L gC and VP5
promoters whereas it inhibited transcription from the IE
gene 4 promoter (Pizer et al., 1986).

Faber and Wilcox (1986) have identified two regions

in the pBR322 plasmid vector sequences and one in the
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gD promoter (between positions -111 to -81), which are
preferentially bound by a partially purified Vmwl75 nuclear
preparation. Alignment of the protected sequences revealed
a consensus of 5'-ATCGTCNNNNYCGRC-3' (where N=any
nucleotide, Y=pyrimidine and R=purine) which was suggested
to be the vmwl75/cellular factor(s) binding site (Faber and
Wilcox, 1986)., The relationship between this consensus with
E gene trans-activation or IE gene repression is unclear.
First, this consensus is not included in the 83bp promoter
region which is required for fully regulated transcription
of the gD gene (see Page 22; Everett, 1983 and 1984a).
Second, this consensus is not protected by the
Vmwl75/cellular protein(s) putative complex in the upstream
region of IE gene 2 while, the complete consensus or part

of it are protected in the promoter regions of IE genes 1
and 3 (Kristie and Roizman, 1986a and b; Muller, 1987).
Therefore, it appears that binding sites other than that
proposed by Faber and Wilcox (1986) might be involved in the
interaction between DNA and the putative Vmwl75/cellular

protein(s) complex.

c) Late gene expression,

L or ¥ gene expression requires the presence of
functional IE genes and, in addition, viral DNA replication
for maximal expression. L transcripts are first detectable
at 2h to 3h p.i. and their accumulation peaks at 10h to 16h
p.i. (Harris-Hamilton and Bachenheimer, 1985). Two groups
of late genes have been described, the leaky-late or ¥l and
the true-late or Y2 and these are distinguisable by the fact
that the former are readily detectable before the onset of
viral DNA replication whereas the latter are barely
detectable (Roizman and Batterson, 1985; reviewed in Wagner,
1985).

Johnson and Everett (1986a) demonstrated that a fusion
gene, consisting of the true-late US1l gene promoter linked
to a rabbit B-globin gene, was expressed, in the presence
of a functional oris, with kinetics similar to its viral
counterpart after infection with HSV-1l. Further, the
appearance of both the fusion and viral genes coincided with
the onset of viral replication. Expression of this fusion
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gene from plasmids lacking ori_, was detectable but severely

curtailed. These findings ind?cate that DNA replication,
although not an absolute requirement for activation of a
true-late promoter, is essential for abundant expression.
It is possible that L gene promoters are relatively weak
and therefore high copy numbers are required for abundant
expression. Alternatively, it is possible that DNA
replication somehow increases L gene expression by
alteration of the state of the template; however, such an
interpretation would not explain why only L gene products
become more abundant after DNA replication and not E gene
products.

1t appears that a functional TATA box and a cap site
are sufficient promoter elements for maximal US1ll expression
S (Johnson and Everett, 1986b).

Similar sequence requirements have been described for the

in the presence of ori

true-late gC gene promoter (Homa et al., 1986).

Activation of L promoters requires I1E gene products
Vmwl75 and Vmwll0 (see Fig. 6). HSV-1 ts-Vmwl75 mutant
viruses fail to induce late gene expression at the NPT
(Marsden et al., 1976; Preston, 1979; Dixon and Schaffer,
1980; Watson and Clements, 1978 and 1980). Similarly, two
different ts-vmwl75 mutants, which express IE and E genes
and induce viral DNA synthesis, do not express L gene
products at the NPT (DeLuca et al., 1984). 1n transient
expression assays both vmwl75 and Vmwll0 have been shown to
activate L promoters (Everett, 1986; Mavromara-Nazos et al.,
1986). However, Everett (1986) observed that, although a
combination of vmwl75 and Vvmwll0 gave slight activation of
the true-late VP5 gene promoter expression, addition of

vmw63 further increased activation.
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SECTION D.

HSV POLYPEPTIDE SYNTHESIS.

\

7. Number and Post-Translational Modifications of

HSV-Encoded Polypeptides.

Following infection of cells with HSV-1, about
50 novel polypeptides are induced as identified by
one-dimensional SDS-PAGE analysis (Honess and Roizman, 1973;
Marsden et al., 1976). However, two-dimensional
polyacrylamide gel analysis revealed the existence of some
230 virus induced polypeptide species a number of which most
probably are related forms of the same polypeptide (Haar and
Marsden, 1981). Virus-specific polypeptide synthesis can
be divided into IE (orx.), E (or[S) and L (or ) temporal
groups. The E polypeptides have been further subdivided
into groups Bl and B2 and in contrast to ﬁl, @2 synthesis
requires fully-functional IE gene products (Pereira et al.,
1977). The L polypeptides have been subdivided into groups
51 and 32 which are analogous to the early-late and
true-late mRNAs respectively (see Page 25; Powell and
Courtney, 1975). Although HSV infection is predominantly
regulated at the transcriptional level, there is evidence
that translational regulation also occurs. This is shown by
the persistence at early and late times p.i. of a relatively
large amount of HSV-1 IE mRNA 3 (Harris-Hamilton and
Bachenheimer, 1985) while at the same time Vmwl75 synthesis
is greatly reduced (Dixon and Schaffer, 1980). The observed
lack of correlation between mRNA levels and the rate of
protein synthesis could be due to translational regulation
although this possibility needs to be further examined
(Harris-Hamilton and Bachenheimer, 1985).

The failure of some in vitro synthesised HSV
polypeptides to comigrate with their in vivo counterparts
on SDS-polyacrylamide gels indicates that they undergo
certain modifications (Preston, 1977). Four main types
of modification occur: phosphorylation, glycosylation,
sulphation and cleavage (Marsden et al., 1982).
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i) Phosphorylation. This is a reaction by which

phosphate groups are esterified to a serine or a threonine
residue in the primary structure of the protein, and is
catalysed by the enzyme protein kinase (see Page 35).
Approximately 16 HSV-1 and 18 HSV-2 polypeptides are
phosphorylated (Pereira et al., 1977; Marsden et al., 1978).
In several of these phosphoproteins the phosphate can cycle
on and off (Wilcox et al., 1980). Vmwl75 1s present as
three species with different electrophoretic mobilities
termed a, b, and c; species a and c rapidly cycle between
the phosphorylated and the non-phosphorylated forms

while species b remains stably phosphorylated. Other
phosphoproteins in which the phosphate cycles on and off
include Vmw68, Vmw63 and vmwl36 (Wilcox et al., 1980).
Phosphorylation has also been shown to change the

affinity of certain polypeptides for double-stranded DNA;
for example, the affinity of vmwl36 is decreased after

phosphorylation (Wilcox et al., 1980).

ii) Glycosylation. Glycosylation is a process

by which oligosaccharides are covalently attached to

the polypeptide chain. At least seven HSV-l-induced
polypeptides are glycosylated (see Page 30). Studies with
the antibiotic tunicamycin, which blocks the synthesis of
glycoproteins, demonstrated that in HSV the mechanism of
oligosaccharide moiety addition to the polypeptide backbone
is analogous to that of the glycosylation of the VSV
glycoprotein G (Pizer et al., 1980; Hope and Marsden, 1983).
In VSV, oligosaccharide-peptide linkages are predominantly
N-glycosidic where the oligosaccharide core, which contains
N-acetylglucosamine and mannose, is linked to an asparagine
residue. However, O-glycosidic linkages between the core
and serine or threonine residues have also been reported
(Olofsson et al., 1981). Glycosylation appears to occur in
discrete steps (Haar and Marsden, 1981; Palfreyman et al.,
1983).

iii) Sulphation. At late times of infection,
inorganic sulphate is added to the major glycoprotein
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species (Hope et al., 1982; Hope and Marsden, 1983). In
most cases this 1s achieved by attachment of the sulphate to

N-linked oligosaccharide molieties (Hope and Marsden, 1983).

iv) Proteolytic cleavage. Proteolytic cleavage is

another form of HSV polypeptide modification although the
mechanism by which it occurs has been poorly investigated.
vmwl36 and the IE polypeptides Vmwl75, Vmwll0 and Vmw63
induced by the HSV-1 mutant tsK at the NPT are degraded to
lower mol. wt., products (McDonald, 1980). This degradation
appears to be specific as it does not occur in the presence
of protease inhibitors. The Vmwl36 polypeptide has been
shown, by tryptic peptide mapping, to give rise to products
of 100,000 mol. wt. and 90,000 mol. wt. which are found

in the nucleus of infected cells while the polypeptide

is itself predominantly cytoplasmic (McDonald, 1980).
Likewise, Ingemarson and Lankinnen (1987) reported that
Vmwl36 1is proteolytically digested to products with

mol. wts. of 110,000, 93,000 and 81,000. The maturation

of HSV glycoproteins also involves proteolytic cleavage.
Eisenberg et al. (1984) demonstrated that 25 amino acids
from the translation product of gD were missing from the
mature glycoprotein isolated from HSV-infected cells; the
missing stretch of amino acids, which includes the entire
amino terminal (N-terminal) hydrophobic domain, is thought
to constitute the signal sequence which is found at the

N-terminus of many transmembrane and secreted proteins.

8. Structural Polypeptides.

a) Virion polypeptides.

Approximately 33 HSV-1 polypeptides have been
designated as structural components of the virion (Spear
and Roizman, 1972; Marsden et al., 1976). The nucleocapsid
contains seven polypeptides ranging in mol. wt. from 12,000
to 155,000. Immune electron microscopy revealed that the
major capsid protein, vVmwl55, was distributed over the

entire capsid surface whereas polypeptide Vmw50 appeared
to be located at the capsid vertices (Vernon et al., 1981).
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It is guite possible that these two polypeptides bind within
the capsid structure with disulphide bonds. A third virion
polypeptide, Vmw40 or p40, also was located over the capsid
(Vernon et al., 1981), possibly at positions interior

to those of vmwl55, and this protein appears to form
disulphide-linked complexes, the constituents of which are
not resolved. Gibson and Roizman (1972) have suggested

that this protein could be involved in DNA encapsidation

and this was strengthened by the observation that p40 covers
the surface of DNA-containing capsids (full nucleocapsids)
but not of empty ones (Braun et al., 1984). However, recent
immune electron microscopy studies, using two different
monoclonal antibodies, have localised p40 on the surface

of partially-cored rather than full nucleocapsids (Rixon et
al., 1988).

Located in the tegument of the herpesvirion, of note
are a large polypeptide of 273,000 mol. wt. (Heine et al.,
1974), the function of which is unclear, and the Vmw65
protein which is responsible for the trans-induction of IE
gene transcription (see Page 19). 1In addition, the presence
of a protein kinase activity in capsid-tegument structures
has been described (Lemaster and Roizman, 1980), although,
similarities between this activity and the host casein
kinase 11 suggest that this enzyme may not be virus—-encoded
(Stevely et al., 1985).

b) Envelope polypeptides.

The virus particle has an external lipid envelope
(Wildy et al., 1960) which, although is normally acquired
by budding of the intranuclear particles through the host
cell inner nuclear membrane (Darlington and Moss, 1968),
is enriched for virus specific glycoproteins (Spear and
Roizman, 1972; Heine et al., 1972; Honess and Roizman,
1975). At least seven HSV-1 glycoproteins have been
identified, designated B, C, D, E, G, H, and 1 (reviewed
in Marsden, 1987; Longnecker et al., 1987; McGeoch et al.,
1987) all of which are present
in virions (Spear, 1976; Para et al., 1980; Buckmaster et
al., 1984; Frame et al., 1986a; Richman et al., 1986).
Immunoprecipitation studies using type common antibodies
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have shown that HSV-2 induces equivalent polypeptides to
gB, gC, gD, gE and gG (reviewed in Marsden, 1987).

9. HSV-Induced Enzymes.

HSV induces a number of enzyme activities which are
involved in nucleotide metabolism, and either directly or

indirectly in DNA replication.

a) Enzymes involved in DNA metabolism.

i) Ribonucleotide reductase. This enzyme catalyses

the reduction of ribonucleoside diphosphates to the
corresponding deoxyribonucleoside diphosphates and 1its

properties are described in Section E.

ii) Thymidine kinase. The cellular enzyme catalyses

the synthesis of deoxypyrimidine nucleotides from preformed
nucleosides, which are the products of cell death or
catabolic activity. Kit and Dubbs (1963) first described
such an HSV-induced activity with properties different from
those of the host cell enzyme. The HSV enzyme, originally
thought to phosphorylate only thymidine, was shown 1in
addition to phosphorylate deoxycytidine and was thus
characterised as a deoxypyrimidine kinase (Jamieson et al.,
1974; Jamieson and Subak-Sharpe, 1974). By contrast,
PRV and vaccinia virus (VV) specify only a thymidine
phosphorylating activity while equine abortion virus (EAV)
does not induce either activity (Jamieson et al., 1974).
The two HSV phosphorylating activities appear to be
catalysed by the same active site although they are guite
distinct in their biochemical behaviour (Jamieson and
Subak-Sharpe, 1974). Further, the HSV-induced enzyme
appears to be associated with a phosphotransferase activity
which can utilize AMP as phosphate donor to convert
thymidine to thymidylate (Jamieson et al., 1976).

The active enzyme is a dimer consisting of two
identical subunits of 42,000 mol. wt. (Honess and Watson,

1974; Jamieson and Subak-Sharpe, 1978). Jamieson et al.
(1974) demonstrated that it was indispensable for virus
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growth in serum-starved cells but not in actively growing
ones indicating that such an activity is required only when

the de novo metabolism of the host cell is low.

iii) Deoxyuridine triphosphatase (dUTPase). After

infection, HSV specifies a novel dUTPase activity (Wohlrab
and Franke, 1980) which is virus-encoded (Preston and
Fisher, 1984). This enzyme catalyses the reduction of 4UTP
to dUMP and pyrophosphate; in the host cell, the role of
this enzyme is to reduce the intracellular concentration

of AUTP by reducing it to dUMP. Subsequently, dUMP can be
methylated to dTMP by the enzyme thymidylate synthetase.

The HSV-1l-induced dUTPase has a mol. wt. of 53,000
(Williams, 1984) and has been shown not to be essential for
virus growth in cultured cells (Fisher and Preston, 1986).
Recently, William and Paris (1987) have reported that HSV-2
induces a dUTPase activity utilising dAUTP as a substrate

and that this activity differs biochemically from the
HSV-1-induced activity. It appears that HSV, as well as,
HCMV, PRV and EBV do not encode a thymidylate synthetase,
although HVS and VZV do (Davison and Scott, 1986b; Honess et
al., 1986; Thompson et al., 1987). This could be due to the
fact that both HVS and VZV have A+T-rich genomes which
indicates a possible greater requirement for thymidylate

synthesis.

iv) Uracil-DNA glycosylase. During replication

when a cytosine residue in DNA loses its amino group a
uracil:guanosine mispair occurs which can lead to a
guanosine:cytosine to adenine:thymine transition mutation.
The function of the cellular enzyme is the removal of
deaminated cytosine residues from DNA thus reducing
transition mutations. 1In HSV-~infected cells, this activity
appears to be virally encoded and differs biochemically from
the host cell enzyme (Caradonna and Cheng, 1981; Caradonna
et al., 1987). 1Initial mapping data suggested that it is
located at the left portion of U, (Caradonna et al., 1987)
and recent evidence strongly suggests that the gene encoding

the glycosylase is UL2 (see Fig. 2; J. Mullaney, personal
communication).
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b) Enzymes involved in DNA replication.

i) DNA polymerase. Keir and Gold (1963) demonstrated

that HSV-1 induced a DNA polymerase activity which was
stimulated by high salt concentration (Keir et al., 1966).
The viral enzyme is distinct from the host cell enzyme

not only immunologically (Keir et al., 1966), but also
biochemically by virtue of its 3' to 5' exonuclease activity
and by its sensitivity to low concentrations of
phosphonoacetic acid (PAA) a pyrophosphate analogue
(Rnopf, 1979; Leinbach et al., 1976). The HSV-1 enzyme
consists of a single polypeptide chain of 150,000 mol. wt.
(Powell and Purifoy, 1977) and in vitro it is active as a
monomer (Knopf et al., 1979). Mutations within this gene
have shown that it is essential for viral DNA replication
(Purifoy et al., 1977).

Purified preparations of the HSV-2 DNA polymerase
often contained a polypeptide of 54,000 mol. wt. designated
ICSP 34,35 (Powell and Purifoy, 1977; Knopf, 1979; Vaughan
et al., 1985). This polypeptide has been shown to be the

HSV-2 counterpart of the HSV-1 65KD described on Page 13

BP
(H.S. Marsden, personal communication).

ii) DNA primase. Recently, Holmes et al. (1988)

reported a novel HSV-1l primase activity which co-eluted with
a portion of the HSV-1 DNA polymerase from single-stranded
DNA agarose columns loaded with high-salt infected cell
extracts. This activity was biochemically distinct from
host HeLa cell DNA primase, did not cross-react with
polyclonal antibodies raised against the calf thymus DNA
polymerase/primase complex and appeared to be coupled with
the HSV-1 DNA polymerase. The approximate mol. wt. of this
novel activity is 40,000 (Holmes et al., 1988).

iii) Alkaline exonuclease (AE). A novel alkaline

exonuclease activity is induced following HSV-1 (Morrison

and Keir, 1968; Strobel-Fidler and Franke, 1980) and HSV-2

infection (Hay et al., 1971; Hoffmann and Cheng, 1979)
with properties different from those of cellular nucleases.
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This enzyme, in addition to its 5' and 3' exonuclease
activities, has been shown to possess an endonuclease
activity (Hoffmann and Cheng, 1979; Hoffmann, 1981).

Marker rescue experiments, using an HSV-2 ts-AE virus

(Moss et al., 1979), and in vitro translation in Xenopus
laevis oocytes (Preston and Cordingley, 1982) suggest that
this enzyme is virally encoded and corresponds to
polypeptide Vmw85 (Marsden et al., 1978). Moss (1986)
demonstrated that the AE activity is essential for virus
replication as a ts-AE mutant exhibited considerably reduced

levels of virus DNA synthesis and growth at the NPT.

iv) Topoisomerase. DNA topoisomerases are enzymes

that transiently break the phosphodiester backbone of

DNA and then rejoin the free DNA ends. To date, all
topoisomerases can be divided into two categories. Type 1
enzymes catalyse the breaking and rejoining of only one
strand of DNA at a time, whereas, type 11 enzymes appear

to introduce transient double-strand breaks (reviewed in
Gellert, 1981). Both classes relax supercoiled DNA although
the reaction mechanisms are clearly different (Brown and
Cozzarelli, 1981) and each enzyme class can be distinguished
by reaction cofactor requirements. Biswal et al., (1983)
first reported an HSV-induced topoisomerase activity which
copurified with the DNA polymerase through several
chromatographic steps. By contrast, Muller et al. (1985)
suggested that the HSV-1 topoisomerase activity, which these
authors classified as type 1, was a component of the virion
envelope or the tegument. Further studies with antibodies
specific for the cellular and putative viral topoisomerase
activities will be required to resolve the localisation of

the enzyme and its role in replication.

c) Interactions between HSV-1 enzymes involved in

DNA replication.

There is both biochemical and genetic evidence
that at least four virus-encoded polypeptides form a

functional complex which is involved in DNA replication.
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The constituents of this putative complex are DNA

polymerase, AE, 65K and MDBP. The latter is a virus

’
induced protein of ?55,000 mol. wt. and its in vitro
properties include the ability to dissociate double-stranded
DNA (Powell et al., 1981), to stimulate the activity of the
HSV-encoded DNA polymerase activity and to preferentially
bind single-stranded DNA (Ruyechan and Weir, 1984). The
MDBP has been shown to be essential for virus replication
(Weller et al., 1983). Vaughan et al. (1984) using

monoclonal antibodies against the MDBP, 65K and AE

DBP’
demonstrated the existence of: 1) two very strong binding
complexes, the first between MDBP and AE and the second

between DNA polymerase and 65K and ii) an intermediate

'
strength association between Mggi and 65KDBP.
The first genetic evidence of the existence of such a
functional complex in vivo involved studies with ts virus
mutants (Littler et al., 1983). These authors demonstrated
that two HSV-2 ts-MDBP mutant viruses severely restricted
DNA polymerase and AE induction in infected cells.
Furthermore, ts mutations in MDBP induced secondary
mutations within the DNA polymerase gene which altered its
sensitivity to PAA (Chiou et al., 1985). These secondary
mutations could possibly restore the functional interaction

between the DNA polymerase and the altered MDBP.

10. Other HSV-Induced Enzyme Activities.

During lytic infection of cells by HSV,

virus-induced protein kinase activities have been detected.

DNA sequencing studies revealed that the predicted primary
structure of the US3 gene product of both HSV serotypes
(McGeoch et al., 1985 and 1987) and the corresponding gene
of vzv (Davison, 1983) were clearly homologous to members
of the protein kinase family of eukaryotes (McGeoch and
Davison, 1986b). Frame et al. (1987) demonstrated,

by means of rabbit antisera raised against an octapeptide
corresponding to the eight C-terminal amino acids of the
predicted US3 gene seguence, that the product of this gene

is indeed a protein kinase.
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The substrate specificity of the HSV-induced enzyme
has been shown to be broadly similar to that of the
PRV-induced enzyme which phosphorylates serine and threonine
residues (Purves et al., 1986). The main conclusions
regarding the site specificity of the PRV enzyme, as deduced
by phosphorylation studies with oligopeptide substrates,
are: i) basic residues, preferably arginines, must be
present at the N-terminal side of the target residue and
ii) at least two basic N-terminal residues are required,
whereas, additional ones have a further positive effect.
Additional requirements for maximal phosphorylation include
the need for the N-terminal arginines to be displaced from
the target serine or threonine residue for optimal effect,
hydrophobic residues at the N-terminal side of the target
residue may cause a decrease in phosphorylation; finally,
proline residues adjacent to the target residue on the
N-terminal side increase phosphorylation, whereas, on the

C~terminal side they decrease it (Purves et al., 1986).
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SECTION E.

RIBONUCLEOTIDE REDUCTASES.

11. General Background.

a) Mechanism of the reaction.

Ribonucleotide reductase (EC 1.17.4.1) catalyses the
reduction of all four ribonucleotides to the corresponding
deoxyribonucleotides, the hydroxyl group at the 2' position
of the ribonucleotide ribose moiety being substituted with
a hydrogen, and NADPH being the ultimate hydrogen donor
(Fig. 8; Thelander and Reichard, 1979; Reichard and
Ehrenberg, 1983). This reaction is the first unique step

in the de novo pathway of DNA biosynthesis.

b) Hydrogen donor systems.

Efforts to identify the physiological hydrogen donor
in this reaction resulted in the discovery of two novel
types of hydrogen carrier systems, the thioredoxin and the

glutaredoxin systems.

i) The thioredoxin system. This system was originally

discovered in Escherichia coli (E. coli; Laurent et al.,

1964); it consists of two small proteins, thioredoxin and
thioredoxin reductase, and utilizes NADPH as a hydrogen
donor. The E. coli thioredoxin is an enzyme of 11,700 mol.
wt. and contains two redox-active cysteine residues
(Holmgren, 1968), located on a protrusion of the active
centre of the enzyme (Holmgren et al., 1975). The reduced
form of thioredoxin serves as an efficient hydrogen donor
for ribonucleotide reductase while the oxidised form is
reduced in the cell by the enzyme thioredoxin reductase at
the expense of NADPH. Thioredoxin reductase consists of
two, probably identical, subunits each of which has one
tightly bound FAD molecule and a redox-active disulphide in
its active centre (Thelander, 1968; Ronchi and Williams,
1972). oOverall, the function of this system involves a
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Figure 8. Reduction of a ribonucleotide to a
deoxyribonucleotide by ribonucletide reductase (RR). :
RR—(SH)2 and RR—S2 represent the reduced and oxidised formsﬁ
of ribonucleotide reductase respectively. P, denotes a
diphosphoryl or triphosphoryl nucleotide.
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shuttle transfer of electrons from NADPH to the substrate
via a system of redox-active disulphides as shgwn in Fig. 9
(reviewed in Thelander and Reichard, 1979)

Mammalian cells specify a thioredoxin system,
comprising a thioredoxin reductase and a thioredoxin,
similar to that of E. coli. Bacteriophage T4 encodes a
thioredoxin but not a thioredoxin reductase; oxidised T4
thioredoxin can be reduced by the host cell thioredoxin
reductase (Berglund et al., 1969; Berglund, 1969).
Further, T4-induced thioredoxin can also be reduced by the
glutathione system (see below) and thus appears to be a
functional hybrid between these two hydrogen donor systems
(Holmgren, 1978). Although the primary structure of the
T4-induced and E. coli thioredoxins are not homologous
(Sjoberg and Holmgren, 1972), their three-dimensional
structures display large similarities (Sodenberg et al.,
1978; Hoog et al., 1983). Attempts to identify the
principal hydrogen donor for the HSV-l-induced
ribonucleotide reductase resulted in the purification of
a protein, present in both infected and mock-infected
extracts, with similar physical characteristics to the
cellular thioredoxin (Darling, 1988); this result, in
conjunction with the lack of DNA sequence-evidence for the
existence of a virus-induced thioredoxin, suggests that

HSV-1 utilises the cellular enzyme as a hydrogen donor.

ii) The glutaredoxin system. This system was

identified in an E. coli mutant which was unable to
replicate bacteriophage T7 DNA, failed to express any
detectable level of thioredoxin and, at the same time,
displayed no decreased capacity to reduce ribonucleoside
diphosphates (NDPs) in vitro as compared to the wild-type
(Holmgren, 1976). The glutaredoxin system consists of
glutathione, glutaredoxin, and glutathione reductase
and utilizes NADPH as a hydrogen donor. The E. coli
glutaredoxin is an enzyme of 11,600 mol. wt. and contains
two redox-active cysteine residues (Holmgren, 1979a). This
system functions as shown in Fig. 10 (Holmgren, 1979b).
It is not known which of these two systems is

functional in vivo; it is possible that both systems
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Figure 10. Reduction of a ribonucleoside diphosphate (NDP)
to a deoxyribonucleoside diphosphate (dNDP) with the E. coli
glutaredoxin system. The diagram shows the involvement of
proteins, with oxidation-reduction active sulhydryl groups,
in the shuttle electron transfer from NADPH to the NDP. The
reactions catalysed by glutaredoxin reductase (GR),
glutaredoxin (G) and ribonucleotide reductase (RR) are
indicated above the diagram. The reduced forms of GR, G and
RR are indicated by GR—(SH)Z, G—(SH)2 and RR—(SH)2 while
the oxidised forms are indicated by GR—SZ, G-S, and RR-S

2 2
respectively.
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substitute for each other under different growth conditions.

c) Classification of ribonucleotide reductases.

Studies on ribonucleotide reductases of prokaryotic,
eukaryotic and viral origin have suggested that three
different classes of enzyme exist. Class I, which is

represented by the enzyme from Lactobacillus leichmannii,

is monomeric and is found in several prokaryotes and in

a few eukaryotes. Class II is represented by the E. coli
enzyme and consists of two non-identical homodimeric
subunits. This type is found in some prokaryotes, most
eukaryotes and animal viruses. Finally, class III enzymes
resemble those of class II in structure but differ from them
biochemically. This class is found in a number of gram
positive bacteria. The following part of Section E will
mainly describe class I and II enzymes which are the best
characterised.

12. Monomeric Ribonucleotide Reductases.

As already mentioned, the monomeric ribonucleotide

reductases are represented by the Lactobacillus leichmannii

enzyme which consists of a single polypeptide chain of
76,000 mol. wt. (Fig. 1l1; Panagou et al., 1972; Chen et al.,
1974). The enzyme has a single regulatory site which binds
the deoxyribonucleoside triphosphate (dNTP) allosteric
effectors (Singh et al., 1977). It is assumed that the
enzyme has a single catalytic site which binds the
ribonucleoside triphosphate (NTP) substrates. The exXistence
of the latter has not been shown using direct binding
studies with substrates; however, kinetic experiments showed
that the best substrate, GTP, binds with a Km as high as
0.24mM (Vitols et al., 1967). Chen et al. (1974)
demonstrated that the substrates are also able to bind to
the regulatory site although their affinity is 100 to 1,000
lower than that of the effectors.

The activity of this class of enzymes is absolutely
dependent on the presence of adenosylcobalamine (AdoCbl,

Bl2-coenzyme). AdoCbl binds directly to the polypeptide
chain and is dependent on effector binding to the regulatory
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Figure 11. A schematic representation of the proposed
structure of the Lactobacillus leichmannii ribonucleotide

reductase. The enzyme is depicted as a monomeric protein
(hatched reéion) with a single regulatory site (RS) which
binds the allosteric deoxyridonucleoside triphosphate
effectors (E) indicated. The enzyme's single catalytic site
(CS) contains the active sulphydryl groups (SH) and binds
the ribonucleoside triphosphate substrates (S) shown. The
CS is also depicted to bind adenosylcobalamine (AdoCbl).
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site (Singh et al., 1977). It is thought that AdoCbl
functions in a manner similar to that of the class 11 enzyme
subunit which contains the iron centre and the tyrosyl free
radical (see below; Ashley et al., 1986).

It is proposed that the enzyme's activity is only
positively regulated as no strong negative effectors have
been found (Goulian and Beck, 1966; Vitols et al., 1967;
Follman and Hogenkamp, 1971). Binding of the positive
effectors dATP, dCTP, 4ATTP and AGTP results in reduction
of the CTP, UTP, GTP, and ATP substrates respectively
(Vitols et al., 1967).

13. Oligomeric Ribonucleotide Reductases.

a) The E. coli enzyme.

The E. coli ribonucleotide reductase is a dimeric
enzyme consisting of two non-identical subunits, Bl and B2
(Fig. 12; Brown and Reichard, 1969a). The respective
polypeptides are encoded by the nrdA and nrdB genes
(Fuchs and Karlstrom, 1976) which are located at adjacent
regions on the E. coli chromosome (Bachmann et al., 1976;
Yamada et al., 1982). The active enzyme consists of the BL
and B2 subunits bound in a 1l:1 stoichiometry in the presence
of Mg2+ (Brown et al., 1967; Brown and Reichard, 1969a;
Thelander, 1973)., This binding is rather weak and the

two subunits easily dissociate during purification.

i) The Bl subunit. This subunit is a dimer of two
2) and has a mol. wt. of 160,000
(Thelander, 1973). Each Bl subunit contains two catalytic

identical polypeptides (a

sites which bind the NDP substrates (von Dobeln and
Reichard, 1976), and two types of different regulatory
sites, each type consisting of two sites, which bind the
allosteric effectors (Brown and Reichard, 1969b).

The catalytic sites. Binding studies with separated

Bl and B2 subunits showed that only Bl has the capacity

to bind substrates, indicating that the catalytic sites

are positioned on Bl (von Dobeln and Reichard, 1976).

In addition, these authors proposed that all four substrates
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Figure 12. A schematic representation of the proposed
structure of the E. coli ribonucleotide reductase. The
enzyme is depicted as a dimer of the Bl and B2 subunits,
each consisting of two identical polypeptides. The Bl
subunit contains two catalytic sites (CS) which contain the
active sulphydryl groups (SH),. and bind the ribonucleoside
diphosphate substrates. The regulatory sites (RS) bind the
allosteric effectors (E) shown, and are separated in low (1)
and high (h) dATP-affinity sites. The B2 subunit contains
the tyrosyl radical (e), which is depicted to conform to
half-site reactivity, and the iron centre (Fe3+—02~Fe3+).
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bind to the same site since they are equally competitive for
binding. However, as depicted in Fig. 12, the catalytic
site, in order to reduce substrates, requires the presence
of the active sulphydryl groups provided by two cysteine
residues which are located exclusively on Bl (Thelander,
1974). B2 alone cannot reduce the substrates even after
incubation with dithiothreitol to increase its sulphydryl
active content. Furthermore, reduction of substrates
requires the stable free radical which is provided by B2
(see below; Thelander, 1974; Ehrenberg and Reichard, 1972).
In conclusion, although substrate binding takes place in Bl,
the active catalytic site itself is composed by elements
from both subunits.

The allosteric sites. Brown and Reichard (1969b)

proposed that the allosteric sites can be separated into
two types on the basis of their affinity for dATP-effector
binding; the h sites with high affinity (Kd=0.03uM) and the
1l sites with low affinity for this effector (K4=0.1-0.5uM).
Competition experiments demonstrated that the h sites also
bind ATP, dTTP, and dGTP, while, the 1 sites bind only ATP
in addition to 4ATP (Brown and Reichard, 1969b).

ii) The B2 subunit. This subunit is a dimer of two

identical polypeptides (b2) and has a mol. wt. of 78,000
(Thelander, 1973). The B2 subunit has two important
elements namely, the iron binuclear centre and the stable

free radical.

The iron centre. The E. coli B2 subunit contains two

non-heme iron atoms which can be removed after prolonged
dialysis against 8-hydroxyquinoline (Brown et al., 1969).
These are in an antiferromagnetically coupled binuclear
complex and most possibly are liganded with an p-oxo-group
(Atkin et al., 1973; Petersson et al., 1980; Sjoberg et al.,
1980). Sjoberg et al., (1985) proposed that the E. coli
iron centre is of the same type as in h emerythrin, where
the two iron atoms are liganded by one glutamic acid, one
aspartic acid and five histidine residues (Stenkamp et al.,

1981).
The stable free radical. The E. coli B2 subunit

contains a stable free radical as part of its structure
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Figure 13. The proposed involvement of the E. coli
ribonucleotide reductase radical in the reduction of a
ribonucleotide to the corresponding deoxyribonucleotide
(see text). The diagram depicts the substitution of the
2' OH group of the substrate ribose moiety with a hydrogen
in the product. The balance of electrons (e) is shown and
the radical is depicted by (e). IMI and IMII indicate the
intermediate states I and II.
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(Ehrenberg and Reichard, 1972). The radical can be
destroyed after treatment with hydroxyurea or hydroxylamine
which are powerful radical scavengers; they most probably
act by donating an electron to the radical (Ehrenberg and
Reichard, 1972).

Isotope substitution experiments located the radical
to a tyrosine (Sjoberg et al., 1977) with its spin density
delocalised over the aromatic ring of the residue (Sjoberg
et al., 1978). This tyrosine was identified by site
directed mutagenesis (Larsson and Sjoberg, 1986);
substitution of it with a phenylalanine produced a mutant
B2 protein which showed an electron paramagnetic resonance
(EPR) spectrum identical to that of the host cell, and was
less than 2% active as compared to the wild-type B2.

Sjoberg et al., (1987) found a truncated form of B2 dimers

(b'z), lacking the 29 C-terminal amino acids, which resulted
from limited proteolysis of the normal B2(b,) dimers.
Although the B2(Db'

2
) subunit had normal tyrosyl radical

content and a normil iron centre, it had no enzymatic
activity as it failed to bind the Bl subunit (Sjoberg et
al., 1987). Further, by mixing B2(b2) and B2(b'2)
populations, these authors isolated a heterodimeric form of
B2 with a bb' structure which could weakly bind Bl and the
resulting Bl(az)BZ(bb') enzyme had low activity. Using this
mutant enzyme, they proposed that the tyrosyl radical is
randomly generated in either one or the other of the two
polypeptides in B2(bb'), thus conforming to half-site
reactivity.

The main involvement of the radical in the reaction is
the transient transfer of the unpaired electron from the
enzyme to the substrate. Sjoberg et al. (1983) proposed a
scheme for this reaction (Fig. 13). First, the radical
abstracts the hydrogen atom at the 3' position of the
substrate ribose moiety. The 3' electron is captured by the
radical and this results in the conversion of the
radical-containing tyrosine residue to a normal tyrosine
residue and in the formation of substrate intermediate state
I. Second, the presence of the radical at the 3' position
destabilises the ribose moiety which rapidly rearranges by
releasing the hydroxyl group from 2' position thus resulting
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in intermediate state I1. Third, donation of two electrouns
from the Bl subunit active sulphydryls and one electron from
the tyrosine results in formation of a deoxyribose moiety
and concomitant regeneration of the radical in the B2
tyrosine residue.

It is unusual to find a stable free radical as an
integral part of an enzyme. Atkin et al. (1973) proposed
that the iron centre appears to generate and stabilise
the radical since when it is chelated out of the protein
the radical is also lost. Recovery of the iron centre,
by addition of ferrous iron in the presence of oxygen,
regenerates the radical as well (Atkin et al., 1973).

In contrast, destruction of the tyrosyl radical with
hydroxyurea does not destroy the iron centre, and
reconstitution of the former requires chelation and
subsequent reconstitution of the iron centre. 1In
conclusion, the enzymatic activity of B2 depends upon the
presence of the radical which in turn depends upon the

presence of the iron centre.

iii) Allosteric regulation. Allosteric control of

the E. coli ribonucleotide reductase has been extensively
studied. The overall enzyme activity and substrate
specificity are regulated by the allosteric effectors
{Brown and Reichard, 1969b). As described above, there are
two types of binding sites the 1 and h. The 1 sites
regulate the level of overall activity of the enzyme since
binding of ATP activates the enzyme, whereas, binding of
dATP leads to inactivation which can be reversed by the
addition of ATP. dATP inhibition is accompanied by the
formation of complexes (dimers) which contain equimolar
amounts of the Bl and B2 subunits and have a sedimentation
coefficient of approximately 15.5S while the active enzyme
has a coefficient of 9.7S (Brown and Reichard, 196%a). The
h sites regulate the substrate specificity of the enzyme;
binding of any effector to these sites results in a
conformational change of the catalytic site which leads
to preferential binding of the appropriate substrate
(Brown and Reichard, 1969b).

In vitro binding studies, performed by Larsson and
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Figure 14. Allosteric control of the E. coli ribonucleotide
reductase. Substrates and reaction products are shown, with
the direction of reaction pathways indicated by
thick-arrowed lines. Reactions inhibited by the negative
efféctors are shown by open bars; dashed lines indicate
reactions stimulated by positive effectors.
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Reichard (1966a,b), demonstrated that in the absence of
effectors the enzyme activity is low whereas addition of low
concentrations of ATTP stimulates reduction of all four
substrates. Addition of ATP or low concentrations of dATP
selectively stimulates reduction of CDP and UDP, whereas,
the presence of AGTP stimulates reduction of ADP and, to a
lesser extent, GDP. These conditions refer to the situation
where the enzyme has only its h sites occupied; however, in
vivo, in all probability, the 1 sites are at the same time
occupied with either ATP or dATP and the ratio of their
concentrations determines the activity of the enzyme.
Therefore, it 1is proposed that in vivo three active and »ue
inactive enzyme states exist (reviewed in Thelander, 1969).
When ATP is bound to the 1 sites, binding of either ATP, or
dTTP, or dGTP to the h sites will respectively reduce CDP or
UDP, GDP (and ADP) and finally ADP (and GDP). When dATP is
bound to the 1 site, the enzyme is inactive irrecspective of
effector binding to the h site.

These findings can be summarised into the following
scheme that links ribonucleotide reduction to DNA synthesis
(Fig. 14; reviewed in Reichard, 1978). Deoxyribonucleotide
synthesis begins with the reduction of pyrimidine substrates
(CDP, UDP) by an ATP-activated enzyme. Subsequently, a
dTTP-activated enzyme reduces GDP and a dGTP-activated
enzyme reduces ADP. Accumulation of dTTP shuts off
pyrimidine substrate reduction whereas accumulation of 4GTP
shuts off both pyrimidine and GDP substrate reduction.
Finally, dATP shuts off reduction of all four substrates.

b) Bacteriophage-induced enzymes.

Infection of E. coli with bacteriophages T2, T4, T5,
and Té results in the appearance of a new ribonucleotide
reductase activity (Cohen and Barner, 1962; Biswas et al.,
1965; Berglund et al., 1969; Eriksson and Berglund, 1974).
In contrast T7 and P do not synthesise a novel enzyme
during infection (Eriksson and Berglund, 1974). The
T4-induced enzyme, which is the most well studied, has a
mol, wt. of 225,000 and is composed of two subunits called
T4AB1 and T4B2 (Fig. 15; Berglund, 1972a). In contrast to

the E. coli enzyme, the T4 subunits form a very tight
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complex (Berglund, 1972a).

i) The T4Bl subunit. This subunit is a dimer of two

identical polypeptides (« ) each of which has a mol. wt.

of 85,000 (Berglund 1972a %nd 1975). This subunit contains,
possibly, a single catalytic site which binds the NDP
substrates and, possibly, two types of allosteric sites, one
with low and one with high affinity for dATP; the latter
binds in addition ATP, dATTP, and dGTP (Berglund, 1972b).
Cook and Greenberg (1983) demonstrated that a T4Bl amber
mutant (nrdA67) lacking the C-terminal amino acid sequences,
encoded a truncated polypeptide of 50,000 mol. wt. which
failed to bind to dATP affinity columns. Therefore, these
authors suggested that either the C-terminus contains the
allosteric site or that it is essential for the tertiary
structure of that site which is located elsewhere along

the polypeptide backbone.

ii) The T4B2 subunit. This subunit is also a dimer

and consists of two identical polypeptides ([32) each of
which has a mol. wt. of 34,500 (Berglund, 1972a and 1975;
Cook and Greenberg, 1983). Sjoberg et al. (1986) sequenced
the region between 136.lkb and 137.8kb positions on the T4
genetic map and identified a putative open reading frame
(ORF) which exhibited 47% amino acid homology to the E. coli
nrdB gene product. On the basis of this homology, these
authors suggested that this ORF encoded the T4B2 subunit and
called it the T4nrdB gene. Further, they suggested that an
approximately 625 base intron divided the gene in two parts.
The proposed exon-intron boundary at the 5' splice donor
site ends with a TAA stop codon and the intron-exon boundary
of the 3' splice acceptor site has an ATG codon. These
intron boundaries were proposed on the basis of homology
with those of the well characterised intron of the adjacent
T4 thymidylate synthetase gene (td gene; Chu et al., 1984).
The T4B2 subunit contains two non-heme iron atoms per
molecule whose optical and EPR spectra are very similar to
those of the E. coli B2 iron centre (Berglund, 1972a and
1975). The iron atoms are essential for activity since
their removal results in loss of activity. This subunit
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Figure 15. A schematic representation of the proposed:
structure of the bacteriophage T4 ribonucleotide reductase.
The enzyme is depicted as a dimer of the T4Bl and T4B2
subunits. The T4Bl subunit contains two catalytic sites
(€S) which contain the active sulphydryl groups (SH) and
bind the ribonucleoside diphosphate (NDP) substrates. The
regulatory sites (RS) bind the allosteric effectors (E)
shown and are separated in low (1) and high (h)
daTP-affinity sites. The T4B2 subunit contains the tyrosyl
radical (e), which is depicted to conform to half-site
reactivity, and the iron centre (Fe3+—02—Fe3+).
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also contains a free radical which is located on a tyrosine
residue with its spin density delocalised over the aromatic
ring (Berglund, 1972a; Sahlin et al., 1982). The EPR
spectra profiles of the bacterial and bacteriophage radicals
are overall similar although small differences occur. These
have been attributed to the different geometry of the
radicals due to a different angle of the P—methylene group
relative to the plane of the aromatic ring. Again, in
analogy to the E. coli radical, the T4 radical is destroyed
.by hydroxyurea although it is ten times more sensitive to
the drug. Kjoller-Larsen et al. (1982) ascribed the
different suseptibility to the drug, to the different
topology of the active sites in the bacterial and phage

enzymes with the latter site being more exposed.

iii) Allosteric regulation. The allosteric properties

of the T4-induced ribonucleotide reductase are in many ways
similar to those of the E. coli enzyme (Berglund, 1972b).
ATP affects the reduction of CDP and UDP, ATTP affects the
reduction of GDP and AdGTP affects the reduction of ADP. 1In
contrast to the bacterial enzyme where high concentrations
of dATP (>107° M) inhibit enzyme activity, the same JdATP
concentrations positively regulate reduction of the
pyrimidine substrates by the T4 enzyme (Berglund, 1972b).
Further, S'-hydroxymethyl cytosine, which is essentialy
inert with the bacterial enzyme, stimulates pyrimidine
reduction by the T4-induced enzyme. The lack of any
negative effectors of the T4-induced enzymatic activity may
be related to the fact that T4 DNA synthesis is not turned
off during infection but continues until the T4-infected
cell lyses,

c) The mammalian enzyme.

Ribonucleotide reductase activity has been
demonstrated in a number of mammalian systems including rat
hepatoma (Moore, 1977), calf thymus (Engstrom et al., 1979;
Eriksson et al., 1979; Thelander et al., 1980) rabbit bone
marrow (Hopper, 1972 and 1978) and human tissue culture cell
lines (Chang and Cheng, 1979). Hopper (1972) demonstrated

that the mammalian enzyme's properties resemble those of
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Figure 16. A schematic representation of the proposed
structure of the mammalian ribonucleotide reductase. The
enzyme is depicted as a dimer of the M1 and M2 subunits,
each consisting of two identical polypeptides. The M1
subunit is shown to contain two regulatory sites (RS) which
bind the allosteric effectors (E) indicated. The catalytic
sites (CS) are shown to contain the active sulphydryl groups
(SH). The M2 subunit contains the tyrosyl radical (e), and
the iron centre (Fe3*_g2_pe3+, .
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E. coli rather than the Lactobacillus enzyme as it contains

easily separable subunits, it is inhibited by hydroxyurea,
does not require AdoCbl for activity, and con;ains iron.
The mammalian enzyme consists of two non-identical subunits

called Ml and M2 (Fig. 16; Thelander et al., 1980).

i) The M1 subunit. This subunit is composed of two

identical polypeptides, and its mol. wt. in calf thymus is
170,000 (Thelander et al., 1980). The M1 dimer contains
two catalytic sites which bind the NDP substrates and

two different types of allosteric effector binding sites.
In analogy to the E. coli enzyme, the first of the
allosteric effector binding sites binds ATP and dATP while
the second binds 4TTP and 4GTP in addition (Thelander et
al., 1980). However, two major differences appear to exist
between the bacterial and mammalian enzymes. First,
substrate binding studies indicated that the number of sites
in M1 is lower than that in Bl (Thelander et al., 1980).
Second, the Ml sites show equal affinity for dATP-binding
and therefore they cannot be classified as h or 1 sites as
the case is with the E. coli Bl (Thelander et al., 1980).

Both of these suggestions reguire further investigation.

ii) The M2 subunit. This subunit is a dimer composed

of two polypeptides; in mouse the M2 molecule has a mol. wt.
of 88,000 (Thelander et al., 1985). M2 contains a non-heme
iron centre and a tyrosine free radical. Light adsorption
spectra for the M2 and B2 subunits gave iron related bands
at almost similar wavelengths indicating that both proteins
should have the same type of iron centre (Thelander et al.,
1985). 1Isotope substitution studies demonstrated that the
free radical is located on a tyrosine residue and its spin
density is delocalised over the aromatic ring of this
tyrosine (Graslund et al., 1982). In analogy to the E. coli
radical, the M2 radical is inhibited by hydrokyurea
(Engstrom et al., 1979). However, the M2 radical can be
regenerated by the addition of dithiotreitol in the presence
of oxygen (Graslund et al., 1982) and this is in sharp
contrast to the bacterial radical where radical regeneration

requires chelation and subsequent re-introduction of the
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iron centre (see Page 43; Atkin et al., 1973). Comparison
of the EPR spectra profiles of the M2 and B2 radicals
revealed small differences which, as the case is for the T4
radical, are attributed to the slightly different angles of
the B—methylene group relative to the plane of the aromatic
ring of the tyrosine (Graslund et al., 1982). Another
property of the mammalian radical is that it is 75 times
more sensitive to hydroxyurea analogues than the bacterial
radical. Kjoller-Larsen et al. (1982) and Thelander et al.
(1985) suggested that this is due to different active site

topologies with the mammalian site being more exposed.

iii) Allosteric regulation. The mammalian enzyme has

been shown to be allosterically regulated in a similar
fashion to the E. coli enzyme (Eriksson et al., 1979). 1In
the absence of positive effectors, the enzyme is inactive
with any substrate. Reduction of pyrimidine substrates is
stimulated by ATP, reduction of GDP by dTTP and reduction of
ADP by 4dGTP. Reduction of purine substrates is further
stimulated by ATP but only in combination with 4dTTP and d4dGTP
respectively. Each of 4ATTP and dGTP inhibits reduction of
the other three substrates. Finally, dATP is a general
inhibitor but the dATP-mediated inhibition can be reversed
by high concentrations of ATP. Overall, the E. coli
allosteric regulation scheme (see Fig. 13) is also
applicable to the mammalian enzyme, although, allosteric

control of the latter enzyme is much more strict.

d) Viral-induced enzymes.

Several animal viruses including HSV-1 (Cohen, 1972),
HSV-2 (Cohen et al., 1974), PRV (Lankinen et al., 1982), EHV
serotypes 1 and 3 (Cohen et al., 1977; Allen et al., 1978)
EBV (Henry et al., 1978), VV (Slabaugh et al., 1984) and ViV
(Spector et al., 1987) have been reported to induce a novel
ribonucleotide reductase activity in infected cells which
differs from the host cell enzyme. However, direct evidence
that this activity is virus-encoded has been obtained only
for HSV-1. This part of Section E is mainly concerned with
the properties of the ribonucleotide reductase activity
induced by HSV-1, HSV-2, PRV, VZV and VV.
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i) Constituents and structure of the HSV-1l-induced

enzyme. Dutia (1983) demonstrated that the HSV-1 enzyme
‘is virus-encoded since the multiple HSV-1 mutant tsG

(Brown et al., 1973) expressed significantly reduced levels
of ribonucleotide reductase activity at the permissive
temperature (PT) while at the NPT no activity was observed.
The enzyme is composed of two non-identical subunits,
termed RR1 and RR2 (Frame et al., 1985; Cohen et al., 1985;
Bacchetti et al., 1986; Ingemarson and Lankinen, 1987).

The gene encoding RR1 has been shown to be UL39 by marker
rescue of the mutant HSV-1 virus tsl207 (see Results and
Discussion, Section D). The product of UL39, vmwl36 or RR1
polypeptide, has a mol. wt. of 136,000 (Marsden et al.,
1978).

Other studies have accumulated evidence that the RR1
polypeptide is not the only one involved in ribonucleotide
reductase activity. First, amino acid comparisons of the
predicted primary structure of the UL40 gene product,

Vmw38 or RR2 polypeptide, with that of the small subunit
polypeptide of E. coli exhibited high homology (Standart et
al., 1985; Sjoberg et al., 1985; McLauchlan 1986; Nikas et
al., 1986; see Results and Discussion, Section C). Second,
a monoclonal antibody specific for the RR1l polypeptide
precipitated along with RR1 a smaller protein species
(Preston, V.G. et al., 1984), which was shown to be RR2
(Frame et al., 1985). Conclusive evidence for the
involvement of the RR2 polypeptide in enzymatic activity was
obtained from the HSV-1 mutant ts1222 which has a lesion in
UL40 and induces negligible levels of ribonucleotide
reductase activity at both the PT and NPT (Preston, V.G. et
al., 1988). The studies with these ts mutants further
demonstrate that the viral enzyme consists of two
non-identical subunits. The sedimentation coefficient

of the active HSV-1 enzyme is 17S which approximately
corresponds to a mol. wt. of 370,000 (Ingemarson and
Lankinen, 1987). Given the predicted sizes of the RR1l and
RR2 polypeptides, these authors suggested that the active

enzyme is a homodimeric complex of the “2?2 structure. The
complex appears to be a very strong one as the two subunits
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fail to dissociate in columns containing antibodies specific
for each subunit nor do they sediment separately in glycerol
gradients (Frame et al., 1985; Ingemarson and Lankinen,
1987). This type of tight binding between the two subunits
is similar to that of the T4-induced enzyme subunits
(Berglund, 1972a).

ii) Physicochemical and binding properties of the

virus-induced enzymes. Unlike the bacterial and mammalian

enzymes, Mgz+ or ATP inhibit the viral enzyme (Averett et
al., 1983; Huszar and Bacchetti, 1981; Ponce de Leon et al.,
1977). At least for the HSV-1 and HSV-2 enzymes, the ‘
inhibition appears to be qualitatively similar, although
slight quantitative differences exist (Averett et al., 1984)
However, in the presence of a Mg-ATP complex this inhibition
is reduced most probably because the formation of the
complex lowers the concentration of free ligands in the
reaction mixture. The substrate binding properties of the
HSV-1 and HSV-2 enzymes are quite similar (Averett et al.,
1983 and 1984). Both enzymes have as substrates NDPs which
bind at a common catalytic site; competition binding studies
with CDP and ADP substrates indicated that both are mutual
competitors for binding (Averett et al., 1983). The
products of the reaction, deoxynucleoside diphosphates
(dNDPs), are inhibitors which compete with the substrates
(Averett et al., 1983). Both HSV enzymes are insensitive to
inhibition by dNTPs suggesting that they are not
allosterically regulated (Averett et al., 1983 and 1984).
The same suggestion can be applied to the PRV- (Lankinen et
al., 1983) and vzZv-induced activities (Spector et al.,
1987). Conversely, the VV-induced activity has been shown
to be inhibited by dATP and dTTP and has therefore been
proposed to be allosterically regulated (Slabaugh et al.,
1984).

PRV-infected cells display an EPR spectrum resembling
that of the tyrosyl radical of the M2 subunit (Lankinen et
al., 1982). Therefore, it is possible that the viral enzyme
also contains a free radical. This suggestion is reinforced
by the strong conservation of the tyrosine residue and the

flanking amino acid sequences of the polypeptides encoding
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the E. coli B2 and HSV-1 RR2 subunits (see Results and
Discussion, Section C); further it is reinforced by the
observed inhibition of the HSV and PRV enzymes by
hydroxyurea (Averett et al., 1983; Lankinen et al., 1982)
which, as reported above (see Page 43), acts as a radical

scavenger,

14. Ribonucleotide Reductase is Essential for Virus Growth.

HSV-1 ts1207 failed to induce any ribonucleotide
reductase activity at the NPT and its yield at that
temperature was 100-fold lower than that of wilthype virus
(Preston, V.G. et al., 1984). These results suggested that
the enzyme is essential for virus replication. In contrast,
subsequent reports raised questions as to the validity of
this proposal. First, Nutter et al., (1985) reported that
concentrations of hydroxyurea, which would otherwise inhibit
ribonucleotide reductase activity to undetectable levels,
reduced the HSV-2 virus yield in proliferating cells only by
six-fold. Second, Wu et al. (1988) demonstrated, by means
of the plasmid replication assay developed by Challberg
(1986), that a significant amount of DNA replication occured
in the absence of the ribonucleotide reductase genes.
Finally, third, Goldstein and Weller (1988a) reported that
the enzyme is dispensable in dividing cells at 34°C. These
authors reached this conclusion by studing the growth and
DNA replication of a mutant HSV-1 virus, hr3, which was
expressing the N-terminal RR1 434 amino acids fused to the
P-galactosidase (lacz) gene.

However, studies with the HSV-1 mutant virus tsl222
reconciled these apparently conflicting data and showed that
the enzyme is essential for virus replication. Preston,
V.G. et al. (1988) demonstrated that tsl1222 failed to grow
in resting cells at the PT thus indicating that the enzyme
is essential under these conditions. This is the case with
TK as well, although, the requirement for actively dividing
cells appears to be more stringent for ribonucleotide
reductase negative mutant viruses than in TK viruses.
Preston and co-workers further showed that, in exponentially
growing cells and at the PT, tsl222 is dependent on the
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cellular enzyme for replication, while, it was proposed that
at the NPT the mutant fails to replicate due to inactivation
of the cellular enzyme at this temperature. Similar
suggestions were reached by Goldstein and Weller (1988b),
using the HSV-1 mutant ICP6A which was expressing less than
10% of the RR1 DNA coding region; these authors showed that
growth and DNA replication of ICP6A were severely -
restricted in non-dividing cells or at 39.5°C.

Conclusive evidence that ribonucleotide reductase is
an essential HSV function have been obtained from studies on
the pathogenicity of the ts1207 and tsl222 mutants following
intracranial or intraperitoneal inoculation of albino
Charles River mice (Cameron et al., 1988). The virulence of
these mutants was reduced by about a million-fold when
compared with that of the parental virus (HSV-1 strain l7+);
further, the pathogenicity of a revertant of tsl222 (tsl222
revl) was restored to about 60- to 200-fold of that of the
parent virus. Similar evidence was obtained from
experiments involving HSV infection in epithelium cells of
hairless mice which were scarified on the flank (H.S.
Marsden, D.M. Ryan, personal communication). Mice infected
with HSV-1 strain l7+ gave rise to a zosteriform lesion, as
did tsl1222 revl, while infection at doses higher than 4x 102
plaque forming units (p.f.u.) per mouse caused death. In
contrast, infection with £s1222 did not give rise to
zosteriform lesions but instead to small blisters which
healed by 6 days p.i.

15. Ribonucleotide Reductase as a Target for Antiviral

Compounds.

The herpesvirus-encoded enzyme has been considered

as an attractive antiviral target for a number of reasons.
Firstly, as reported above, the enzyme is important for
pathogenicity in mice. Secondly, the herpesviral enzyme is
biochemically distinct from the mammalian enzyme. Thirdly,
the interaction between the RR1 and RR2 subunits may itself
be exploitable as a target for antiviral compounds.

Ef fort is currently being put in the identification of

a compound or a class of compounds that would inhibit the
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interaction of the two subunits. This approach resulted
from reconstitution experiments designed to show that both
subunits are necessary for activity (Dutia et al., 1986);
in these experiments an IgG from serum raised against a
synthetic octapeptide corresponding to the C-terminal seven
amino acids of RR2 successfully removed this subunit from

a crude extract of HSV-1 infected cells. Subsequently,

two different groups reported that the same octapeptide
inhibited ribonucleotide reductase activity and postulated
that this was achieved by dissociation of the RR1/RR2
subunit complex (Dutia et al., 1986; Cohen et al., 1986a).
McClements et al. (1988) demonstrated that indeed the
synthetic oligopeptide acted by dissociating the RR1 and RR2
subunits and that this resulted in inhibition of the
ribonucleotide reductase activity.

Recently, Huang et al. (1988) and Darling et al.
(1988) demonstrated that the enzymatic activity can be
restored by reassociation of the two subunits both in vivo
and in vitro and that no other HSV proteins are required for
the formation and activity of the reconstituted enzyme.
Furthermore, Darling and co-workers demonstrated that the
two subunits exist in a dynamic equilibrium between the
associated and dissociated states of the enzyme (A.J.
Darling, personal communication). These observations will
prove valuable in the further characterisation of the enzyme

and in studies with antiviral compounds.

16. Regulation of Ribonucleotide Reductase Synthesis.

As already mentioned, the prokaryotic and eukaryotic
enzymes are allosterically requlated by NTPs and dNTPs.
However, additional types of regulation exist at the
transcriptional, translational or post-translational level.

The E. coli genes encoding the bacterial enzyme are
arranged in one operon and are coordinately regulated (Hanke
and Fuchs, 1983a). The enzyme appears to be synthesised
only once during the cell cycle at a time that coincides
with the onset of DNA replication. It appears that subunit
synthesis is primarily controlled at the transcriptional

level as inhibition of DNA synthesis by thymine starvation
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results in an increased rate of transcription in
ribonucleotide reductase genes (Hanke and Fuchs, 1983b).

It appears that this increase is mediated by a positive
regulatory protein(s) which accumulates during inhibition of
DNA replication and acts to induce ribonucleotide reductase
transcription (Hanke and Fuchs, 1984). Another type of
regulation of the E. coli enzyme appears to be at the
post-transcriptional level; as reported above (see Page 42),
Sjoberg et al. (1987) encountered a truncated form of B2
which resulted from limited proteolysis of normal B2 by a
serine protease and which inactivated the enzyme.

Synthesis of the mouse enzyme is regulated in a cell
cycle-dependent fashion. Activity measurements of the two
subunits in cells separated in Gl, S and G2 phases of the
cell-cycle indicated that the M1l catalytic activity was
constant throughout these phases whereas the M2 activity
was substantially decreased in Gl as compared to S and G2
(Eriksson and Martin, 1981; Engstrom et al., 1985). The
reduced M2 activity in Gl could be explained either by the
existence of a latent M2 protein pool, which was activated
at the start of the S phase, or by the de novo synthesis of
M2 protein. Eriksson et al., (1984) demonstrated that the
latter is correct, since a 3- to 7-fold increase in M2
radical content is observed when cells are passed from the
Gl to the S phase. Moreover, these authors proposed that
this type of M2 regulation primarily occurs at the
transcriptional level.

In analogy to the mouse enzyme regulation, both
sea urchin and surf clam oocyte enzymes are regulated at
the level of M2, although, in the latter the control of
M2 synthesis appears to be at the translational level.
Standart et al. (1985) demonstrated that the small subunit
is expressed after fertilisation of the embryo and that the
mRNA encoding this subunit is one of the stored maternal
mRNAs whose translation is induced by fertilisation.

On the other hand, the large subunit is already present

as a polypeptide in the embryo (Standart et al., 1986).
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SECTION A.

MATERIALS.

1. Viruses.
HSV-2 strain HG52 (Timbury, 1971) and HSV-1 Glasgow

strain 177 (Brown et al., 1973) were used during the course
of this work.

2. Cells.

Baby hamster kidney cells (BHK-Cl3; MacPherson and
Stoker, 1962) were used for growth and assay of virus. Hela
cells (obtained from Dr J. McLauchlan) were used for

transient expression assays of plasmid constructions.

3. Bacterial Strains.

E. coli K12 strain DHl (recAl, F , endAl, gyrA9e,
thi-1, supE44, recAl; Hanahan, 1983) was used as host in all
recombinant plasmid experiments. E. coli K12 strain JM101
(A (lac;pro), supE, thi, F'traD36, proAB, lach, Z /> M15;
Messing et al., 1981), which harbours an F factor essential
for the transmittance of the male specific phage, was used

as host strain of M13 bacteriophage recombinants.

4. Tissue Culture Media.

BHK-C13 cells were grown in Glasgow Modified Eagle's
medium (Busby et al., 1964) supplemented with 100ug/ml
streptomycin, 100units/ml penicillin, 0.2ug/ml amphotericin,
0.002% (w/v) phenol red. The growth medium used (ETC10)
consisted of 80% Eagle's, 10% tryptose phosphate and 10%
calf serum.

HeLa cells were grown in Dulbecco's medium
(Flow Laboratories), a modified version of Eagle's mediunm,
supplemented with 20mM glutamine, 100units/ml of
streptomycin, 100units/ml penicillin and 0.2ug/ml (w/v)
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amphotericin. In addition to the above ingredients, growth
medium contained 2.5% calf serum and 2.5% foetal calf serum
(Gibco Ltd).

For washing and removal of cell monolayers the
following media were used:

i) PBS, which contained 170mM NaCl, 3.4mM KCl, 10mM
Na,HPO,, 2mM KH,PO, (pH 7.2)

ii) Versene, which consisted of PBS containing
0.6mM EDTA and 0.0015% (w/v) phenol red and,

iii) Trypsin, which comprised 25% (w/v) Difco trypsin
dissolved in Tris-saline. The constituents of Tris-saline
were 140mM NaCl, 30mM KCl, 280mM Na,HPO,, lmg/ml dextrose,
25mM Tris HCl (pH 7.4), 0.005% (w/v) phenol red supplemented
with 100units/ml penicillin and 100ug/ml streptomycin.

5. Bacterial Culture Media.

DH1 bacteria were propagated in L-broth which
consisted of 177mM NacCl, 10g/l1 Difco Bactotryptone and 5g/1
yeast extract (pH 7.5 prior to sterilisation). Solid medium
for the growth of colonies was agar which contained 1.5%
(w/v) agar in L-broth. These media were supplemented, where
appropriate, with ampicillin or chloramphenicol, both at a
final concentration of 100ug/ml. JM10l were grown in 2YT
broth which comprised 85mM NaCl, 16g/1 Difco Bactotryptone,
10g/1 yeast extract (pH 7.5 prior to sterilisation).

6. Frequently Used Buffers and Solutions.

TE 10mM Tris HCl (pH 7.5), 1lmM EDTA

TBE 90mM Tris, 90mM boric acid, 1mM EDTA (pH 9.3)

TAE 40mM Tris HAc (pH 8.0), 2mM EDTA

STET 50mM Tris HCl1l (pH 8.0), 50mM EDTA, 8% (w/v) sucrose,

5% (v/v) Triton X100
5x LB 100mM Tris HClL (pH 7.5), 20mM MgClz, 20mM DTT
SSC 150mM NaCl, 15mM sodium citrate (pH 7.5)
50x DHB 1% (w/v) Ficoll, 1% (w/v) polyvinylpyrrolidone,
1% (w/v) bovine serum albumin (BSA)
(Denhardt, 1966)
10x AB 100mM Tris HCl (pH 8.5), 100mM MgCl2
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TGM 150 ml 40% polyacrylamide (acrylamide/bisacrylamide

20:1), 50ml 10x TBE, 5409 urea, made up to 11 with

distilled H20

BGM 150 ml 40% polyacrylamide (acrylamide/bisacrylamide
20:1), 62.5ml1l 40x TBE, 540g urea, 50g sucrose,
10ml 1% bromophenol blue, made up to 11 with
deionized H,.O

EB 100mM NH4AC? 10mM MgAc, 0.1% (w/v) SDS, 1lmM EDTA

TE(P) 1lmM Tris HC1 (pH 7.5), 0.05mM EDTA

HBS 140mM NaCl, 50mM HEPES (pH 7.12), 1l.5mM Na2HP04

I1LB 150mM NacCl, 1.5mM MgClZ, 10mM Tris HCl (pH 7.8),
0.65% (v/v) nonidet p40.

PEB 7.0M urea, 350mM NaCl, 10mM EDTA, 10mM Tris HC1l

(pH 7.9), 1% (w/v) SDS
5 SP6 200mM Tris HCl (pH 7.5), 30mM MgClz,
2x PK 100mM Tris HC1l (pH 8.0), 20mM EDTA, 20mM NacCl,
0.4% (w/v) SDS
5 M13 3.75M NacCl, 250mM HEPES (pH 6.95), 5mM EDTA
HNE 200mM NaCl, 10mM HEPES (pH 7.9), 1lmM EDTA

10mM spermidine

7. Enzymes.

The majority of restriction enzymes were obtained from
New England Biolabs or Bethesda Research Laboratories (BRL).
The Klenow fragment of E. coli polymerase was supplied by
Boer inger Corporation Ltd or provided by Dr A. Davison,
ribonuclease T2 was supplied by Calbiochem Ltd, and lysozyme
and proteinase K, were supplied by Sigma Chemical Company.
Unless otherwise stated, enzyme digests were performed in Ix
core buffer (50mM Tris HCl, pH 8.0, 10mM MgCl 50mM NacCl),
supplied by BRL.

2’

8. Radiochemicals.

Radioisotopes were supplied by Amersham International
PLC at the following specific activities:
5' [ 6—32P] adenosine triphosphate, 5000Ci/mmol
5! [o<-32P] deoxynucleoside triphosphates, 3000Ci/mmol
5" [96—32P] uridine triphosphate, 800Ci/mmol.
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9. Chemicals and Miscellaneous Reagents.

Most chemicals of analytical grade were supplied
by BDH Chemicals UK or Sigma Chemical Company. Koch-Light
laboratories supplied acrylamide, bisacrylamide, boric acid
and caesium chloride; Biorad laboratories supplied
ammonium:persulphate (APS), and TEMED (N',N',N',N'
~tetramethylethylene diamine). The sequencing primer
(5'-GTAAAACGACGGCCAGT-3"') was obtained from New England
Biolabs. Other primers or oligonucleotide probes used
during the course of this work were constructed by Dr
J. McLauchlan using a Biosearch 8600 DNA Synthesizer.
Dideoxynucleoside triphosphates (ddNTPs) and dNTPs, used
in sequencing reactions, were bought from P-L Biochemicals.
Ribonucleoside triphosphates, used for the production of RNA
probes, were obtained from Promega Biotec. Tissue culture

materials were supplied by Sterilin Ltd. and Nunc.

10. Cloning Vectors.

Most of the constructs made during the course of
this study used plasmids pUC8 and pUCi2 as cloning vectors
(Vieira and Messing, 1982).

Bacteriophage M13 was used for subcloning of DNA
fragments for sequencing (Messing and Vieira, 1982). The
double-stranded DNA replicative form (RF) of this phage can
be manipulated as a plasmid for subloning of DNA fragments
into the multiple cloning site (MCS). The infectious phage
particle contains single-stranded DNA awd s secreted,
in high titres, from the host cell inisthe culture medium.

The <. Dyacan be used as a template for sequencing reactions.
Throughout this study the M13mp8 RF bacteriophage was used
(obtained from New England Biolabs).

RNA probes used in transient expression experiments
were produced with the use of the pGEM-2 Riboprobe Gemini
transcription plasmid supplied by Promega Biotec (Fig. 17).
This vector comprises part of the pBR322 vector sequences
and the bacteriophage SP6 and T7 promoters wh;ch are cloned
in opposite transcriptional directions and are separated

by a short piece of DNA containing an MCS (Melton et al.,
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Figure 17. The pGEM-2 Riboprobe Gemini transcription
plasmid. Black boxes indicate the SP6 and T7 promoters

and arrowed lines above them indicate their respective
transcriptional directions. The multiple cloning site (MCS)
is expanded above the plasmid to show the restriction
endonuclease cleavage sites. The location and orientation
of the ampicillin resistance gene (ampr) and the pBR322

origin of replication (ori) are also indicated.
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1984). The pGEM-2 plasmid carries the pBR322 origin of
replication and the gene conferring resistance to

ampicillin.

11. Recombinant Plasmids.

All recombinant plasmids used during the course of
this work were constructed by the author with the exception
of: pHindK, pBamE and pBamT, obtained from Dr J. McLauchlan,
pBamHIo, obtained from Dr V.G. Preston and plll and pl75
obtained from Dr R.D. Everett.



60

SECTION B.

METHODS.

12. vVirus Growth and Assay.
BHK-Cl3 cells, maintained in 850cm
were infected with HSV-2 strain HG52 at a multiplicity of

2 roller bottles,

1 p.f.u. per 350 cells. The infected cells were incubated
in 20ml of ETC10 for 3 to 4 days at 31°C until they could be
readily harvested by gentle shaking; subsequently, they were
pelleted by centrifugation in the cold at 1,500rpm for
10min. The supernatant was removed and centrifuged at
12,000rpm for 2h. The resultant pellet was resuspended in
5ml of ETCl0 and stored in -70°C as cell released virus
(CRV). The pellet from the initial centrifugation was
resuspended in an equal volumgigglETClO and sonicated
briefly. After centrifugation at 3,000rpm for 15min, the
supernatant was recovered and stored at -70°C as cell
associated virus (CAV). The CRV and CAV fractions were
titrated as described in Brown et al. (1973).

13. Standard Techniques.

a) Restriction enzyme digests.

Restriction digests were performed at 37°¢ or,
in certain cases, at 65°C (for example, BstE 11 digests).
Plasmid DNA and restriction enzymes were incubated for 1lh
to 4h in 1x core buffer, with the exception of Smal digests
where, instead of NaCl, 20mM KCl was used. For diagnostic
purposes, digests were carried out in 15ul of 1lx core buffer
using 0.5ug of plasmid DNA and lunit of enzyme for 2h at
37OC, unless the reaction conditions specified by the
supplier differed radically. For subcloning of DNA
fragments, the enzyme units and the incubation time varied

according to the size and amount of the DNA fragment.
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b) Ligation of DNA fragments.

DNA fragments, produced by cleavage with restriction
enzymes, were ligated to cleaved plasmid vector which
contained termini compatible with those of the fragment.
The vector and fragment were mixed in a 1:10 ratio in 5x
ligation buffer (LB), 0.4mM ATP and 2units of T4 DNA ligase
and incubated overnight at 15°c.

DNA fragments excised from low melting point agarose
gels (see below) were not removed from gel slices for
ligation purposes. The DNA-containing gel slices were
mixed, an approximately equal volume of distilled HZO was
added, and the mixture was heated at 65°C until the agarose
melted. At that point, the sample was incubated at 37°¢
and vector DNA, 5x LB and T4 DNA ligase were rapidly added.
The ligation mixture was then incubated overnight at 15°%c.

In order to prevent reannealing of linearised M13mp8
RF DNA with Sma I, which gives 'blunt-ends', the
bacteriophage DNA was treated with 25units of bacterial
alkaline phosphatase in 50mM Tris HCl (pH 8.5) at 37°¢
for 3h.

c) Gel electrophoresis.

i) Non-denaturing agarose gels. These gels were used

to analyse DNA digested with restriction enzymes.
Horizontal slab gels (260mm x 160mm) comprising 200ml of
0.5% to 1.5% (w/v) agarose in 1lx TBE buffer were run at up
to 12V/cm submerged in 1lx TBE; both the gel and the buffer
contained 0.2ug/ml of ethidium bromide. Samples were
applied in 1x TBE, 10% (w/v) sucrose, 0.02% (w/v)

bromophenol blue and xylene cyanol.

ii) Low melting point agarose gels. These gels were

used for the isolation of DNA fragments, of at least 500bp
in length, for subcloning purposes; they comprised 200ml of
1% (w/v) agaroée in 1x TAE buffer and were electrophoresed
in 1x TAE at up to 7.5V/cm.
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iii) Non-denaturing polyacrylamide gels. These

gels were prepared as described by Maniatis et al. (1975)
and were used for analysis of DNA fragments of less

than lkbp. Acrylamide stock of 30% (w/v) acrylamide
(acrylamide:bisacrylamide 29:1, stored at 4°C) was diluted
to the required concentration (4% to 10%) in 75ml of 1x TBE
buffer. To this, 0.5ml of 10% (w/v) APS and 50ul TEMED were
added to intiate polymerisation. The mixture was poured
quickly into the gel mould and allowed to stand for at least
45min prior to electrophoresis. Samples were prepared as in
non-denaturing agarose gels (see Page 61) and gels (260mm
x160mm X lmm) were run in vertical kits up to a maximum
voltage of 16V/cm. DNA was visualised by ethidium bromide

staining or by autoradiography.

iv) Denaturing polyacrylamide gels. This type of

gel was used to analyse the products of ribonuclease T2
digestion and were prepared as described by Maxam and
Gilbert (1980). A stock of 20% acrylamide
(acrylamide:bisacrylamide 19:1, stored at 4°C) was diluted
to 8% in 1x TBE buffer containing 7M urea. The solution
was filtered, degassed, polymerised and gels (450mm x 230mm
x 0.35mm) were pre-run for 30min at 40W. Lyophilised
samples were resuspended in 5ul to 10ul of 90% (v/v)
formamide, 0.1% (w/v) bromophenol blue and xylene cyanol,
denatured at 90°C for 3min and chilled rapidly in ice

prior to electrophoresis. Gels were run at 40W for 2h
approximately. Radiolabelled RNA was deteced by
autoradiography. Where appropriate, the amount of
radioactive product was quantified by densitometry of
autoradiographs using a Joyce-Loebl scanning densitometer.
Then areas under the peaks of the densitometer tracing were
measured by a DEC PDP 11/44 ccwputer linked to a digitising
tablet.

vi) Gradient polyacrylamide gels (Sequencing gels).

This type of gel was used for the analysis of sequencing
reaction products. The gradient of potential difference is
constructed by using two different ionic strength buffers,

the top buffer (TGM), containing a low concentration of TBE,
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and the bottom buffer (BGM), containing a high concentration
of TBE (Biggin et al., 1983).

Two gel plates, one plain and one notched (430mm x
400mm x 0.35mm), were thoroughly cleansed with ethanol.
The inside surface of the plain plate was treated with lml
of Wackersilicone solution (10ml ethanol, 0.3ml 10% acetic
acid, 50ul Wackersilicone) and the inside surface of the
notched plate was treated with 1lml of 'Repelcote' (a 2%
solution of dimethylchlorosilane in 1,1,1-tricloroethane).
The Wackersilicone solution allows the formation of a
firm bond between the glass surface and the gel while
the 'Repelcote' facilitates plate separation after
electrophoresis. The TGM solution contained 0.5x TBE and
was polymerised by adding 80ul each of 25% APS and TEMED to
80ml of TGM. The BGM solution contained 2.5x TBE and was
polymerised by adding 15ul each of 25% APS and TEMED to 15ml
of BGM. 10ml of TGM and 14ml of BGM were mixed in a 50ml
syringe and then the mixture was carefully injected into the
gel mould. The remaining TGM solution was subsequently
injected into the mould, moving the flow from one side
to the other in order not to skew the BGM to one side;
the gel was allowed to stand for at least 45min prior to
electrophoresis and was run for approximately 2h at 40W with
0.5x TBE in both top and bottom reservoirs. Lyophilised
DNA samples were taken up in 2ul of formamide dyes (100ml
formamide, 0.1g xylene cyanol, 0.1g bromophenol blue and
2ml of 500mM EDTA), heated at 95°C for 1lmin and qguenched

in ice prior to electrophoresis.

14. Large Scale Preparation of Plasmid DNA.

A loop of bacteria or a bacterial colony was used
to inoculate 10ml of L-broth supplemented with 100ug/ml
ampicillin and incubated overnight at 37OC. 5ml of this
culture was then diluted in 800ml of L-broth containing
ampicillin and the culture was shaken vigorously for 6h
at 37OC; then, plasmid DNA was amplified by the addition
of chloramphenicol to 50ug/ml and the culture was shaken
overnight at 37°cC.

Isolation of plasmid DNA was essentially performed
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with the method of Holmes and Quigley (1981). Bacteria were
recovered by centrifugation at 8,000rpm for 10min and
resuspended in 60ml of STET followed by the addition of
8ml of freshly-prepared ice-cold lysozyme (10mg/ml). The
suspension was boiled for 40sec, chilled on ice for 2 to
3min and centrifuged for 1h at 15,000rpm. The nucleic acid
in the supernatant was precipitated by adding an equal
volume of isopropanol and pelleted by centrifugation at
3,000rpm for 20min. 1In order to isolate plasmid DNA, the
pellet was resuspended in 10.5ml of distilled HZO followed
by the addition of 11g of caesium chloride and 0.5ml of
ethidium bromide (10mg/ml). DNA was banded at 40,000rpm for
72h. Supercoiled plasmid DNA was visualised under a long
wave UV light and recovered by a syringe. The ethidium
bromide was removed by multiple extractions with
TE-saturated butan-2-ol followed by overnight dialysis
against deionised H20. The dialysed DNA was then treated
with 50ug/ml RNase A for lh at 65°C and then with 50ug/ml
proteinase K and 0.1% (w/v) SDS for 1lh at 37°C. The DNA was
phenol/chloroform extracted twice and then precipitated with
ethanol. Lyophilised DNA was finaly resuspended in TE such
that the final concentration was lug/ml as estimated by

spectrophotometry (OD2 1.0=50ug of DNA/ml).

60

15. Small Scale Preparation of Plasmid DNA ('Miniprep').

20ml bottles containing 3ml of L-broth supplemented
with ampicillin (100ug/ml) were inoculated with single
plasmid-transformed bacterial colonies and shaken at 37OC
overnight. Half of the bacterial culture was stored at 4°c
and the remainder was poured into an 1.5ml reaction vial and
centrifuged for 15sec in a MSE microfuge. The bacterial
pellet was resuspended in 200ul of STET and 5ul of lysozyme
(10mg/ml), heated in a boiling waterbath for 45sec and
centrifuged for 10min. An egual volume of isopropanol was
added to the supernatant and precipitated nucleic acids were
centrifuged for Smin, washed in 70% ethanol and lyophilised.

Finally, the pellet was resuspended in 20ul of distilled H,O

2
and stored at 4°C. When DNA from 'minipreps' was digested

with restriction enzymes, 0.2ul of lmg/ml ribonuclease A
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(RNase A) was added to remove RNA and this facilitated

visualisation of bands following gel electrophoresis.

16. Transformation and Transfection of E. coli.

a) Preparation of competent bacteria.
100ml of L-Broth or 100ml of 2YT were inoculated
with 2ml of an overnight culture of DH1 or JM101l bacteria,

respectively, and shaken at 37°C until the OD reached

0.3. The culture was chilled on ice for lOmig6gnd bacteria
were pelleted by centrifugation at 8,000rpm for 10min. The
pellets were resuspended in a total of 40ml of ice-cold

100mM CaCl2 and incubated on ice for 40min. The cells were
then harvested again by centrifugation and resuspended in a
total of 2ml of ice-cold 100mM CaCl,. Competent cells were

2
used within 24h.

b) Transformation by plasmid.

10ul of plasmid DNA, usually a ligation mix, were
mixed with 100ul to 200ul of competent DHl1 bacteria in an
1.5ml reaction vial by gentle shaking and the mixture was
then placed on ice for 45min. After incubation at 42°¢c
for 3min, 70ul aliquots were spread on L-broth agar plates
containing ampicillin and these were incubated overnight
at 37°c. Prior to spreading the transformation mixture,
plates were spread with 50ul 5-bromo 4-chloro 3-indonyl ? D
galactopyranoside (Xgal; 25mg/ml in dimethylformamide),
in order to select, on the basis of colour, for
insert-containing plasmid vectors.

In the case of ligations performed in low melting
point agarose, CaCl2 was added to the ligation mixture to a
final concentration of 50mM prior to mixing with competent

bacteria.

c) Transformation by M13mp8 RF.
10ul of M13mp8 RF/insert ligation mix (see Page 67)

was added to 200ul of competent JM10l1 and incubated on ice
for 40min. After this, the transformation mixture was

incubated at 420¢ for 2min and then added to a 5ml glass
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bottle, maintained at 42°C, which contained: 3ml of

molten top agar, 25ul each of isopropyl-D-thiogalactoside
(IPTG; 25mg/ml in distilled H20) and Xgal (25mg/ml in
dimethylformamide) and 200ul of a JM101l overnight culture.
The final mixture was gently shaken and spread on L-broth
agar plates which were pre-warmed at room temperature.

The top agar was allowed to set for 5min at room temperature
and plates were incubated at 37°% overnight.

17. DNA Sequencing.

The dideoxy/chain termination method was used for
the nucleotide sequence determination of the
coding region of RR1 and the identification of the
nucleotide changes in an RR1 coding region of the HSV-1
£s1207 mutant (see Results and Discussion, Sections A and D
respectively). This method was combined in the former study
with a 'shotgun' cloning strategy while, in the latter
study, a different approach was followed which is described
on Page 108.

The principle behind the 'shotgun' cloning strategy
is the generation of a bank of single-stranded M13 clones
containing random fragments of the DNA region to be
sequenced. These can then be sequenced by the dideoxy/chain
termination method. A universal synthetic oligonucleotide
primer is annealed to the M13 recombinant clones and is then
used as a substrate for elongation by the Klenow fragment of
the E. coli DNA polymerase. Four separate reactions are set
up each containing a combination of four ddNTPs together
with dANTPs, one of which is radiolabelled (w-[32P]dATP).
Incorporation of a dAdNTP in the elongating chain results in
termination of elongation; thus, the four reactions result
in a set of radiolabelled chains which extend from the
primer and randomly terminate at A, T, C and G residues.
These chains are subsequently electrophoresed side by side
on gradient polyacrylamide gels (see Page 62) and the
sequence can then be directly read from the autoradiograph.
This procedure generates a series of overlapping sequences
which can then be collated computer%analysis (see Materials

and Methods, Section C) thus producing a contiguous sequence
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that spans the DNA region of interest in both the prototype

and complementary orientations.

a) DNA cloning into M13mp8 RF by the 'shotgun' method.

20ug of plasmid containing the DNA fragment to be
sequenced were dissolved in TE and sonicated as described
in Deininger (1983) to give rise to random subfragments.
These were subseguently end-repaired using 8units of T4 DNA
polymerase, in a reaction 2mM for all four ANTPs in 1lx T4
DNA polymerase buffer (100mM Tris HCL (pH 7.9), 100mM MgCl
100mM DTT). The reaction was incubated for 1lh at 37°C and

DNA was phenol/chloroform extracted and ethanol

2’

precipitated.

The end-repaired products of sonication were
size-fractionated prior to cloning. The DNA was run on a
1.5% agarose gel alongside Hinf I digested pATl153 vector DNA
as marker (fragment sizes in bp: 1651, 517, 396, 298, 221,
220, 154, 145 and 75). A trough was cut in the sample track
just ahead of the 221bp/220bp bands and was filled with
buffer. Electrophoresis was continued and the buffer in the
trough was collected and replaced at lmin intervals until
the majority of 250bp to 500bp fragments were isolated. DNA
was subsequently phenol extracted and ethanol precipitated.
Finally, the pellet was taken up in TE buffer to a final
concentration of 50 to 500ng/ul.

10ng of Smal linearised M13mp8 RF was ligated to 10 to
500ng of sonicated, end-repaired and size-fractionated DNA
fragments with 2units of T4 DNA ligase in 1lx LB buffer for
15h at 15°C (Sanger et al., 1980). Competent JM10l bacteria
were transfected with the ligation mixture as described on

Page 65,

b) Preparation of single-stranded templates for
sequencing.
lml of an overnight JM101l culture was added to 100ml
of 2YT broth and 1.5ml aliquots were placed in 20ml glass

bottles. A white M13 plaque was transferred into each
bottle and shaken for about 6h at 37°Cc. The phage cultures
were decanted into 1.5ml vials and bacteria were pelleted by

centrifugation for 2min in a MSE microfuge. The supernatant
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was transfered into a new vial and mixed thoroughly with
150ul of 2.5M NaCl, 20% (v/v) polyethylene glycol 6000.

The mixture was left to stand for 30min at room temperature,
the bacteriophage were pelleted for 5min in an MSE microfuge
and the supernatant was carefully removed. The pellet was
taken up in 100ul of 10mM Tris HCL (pH 8.0), 0.1lmM EDTA,
phenol extracted and ethanol precipitated. Phage DNA was
pelleted, lyophilised and dissolved in 30ul TE.

c) Selection of insert-containing recombinant M13 phages.

To select for recombinant phages containing insert
HSV DNA fragments, Southern hybridisations were performed.
lul of single-stranded M13 recombinant DNA was blotted onto
duplicate Schleicher and Schuell nitrocellulose filters and
these were baked in a vacuum oven for 2h. The filters were
then shaken at 70°C with a hybridisation mix, comprising
4ml of 1M Tris HCl (pH 7.5), 60ml of 20x SSC, 40ml of 50x
Denhardt's buffer (DHB), 0.8ml of 250mM EDTA, 5ml of 20%
(w/v) SDS and 1lml of 10mg/ml salmon sperm single-stranded
DNA. After 2h the hybridisation mix was replaced with fresh
mix which in addition contained a specific probe for each
filter. The first filter, which represented the positive
control, was probed with the DNA fragment to be sequenced.
The second filter, which represented the negative control,
was probed with vector plasmid DNA digested at a unique
32P]dNTPs as

described on Page 67, dissolved in 0.7ml of deionised

site. Both probes were end-labelled with [o-

formamide and heated at 95°C for 5min prior to adding to the
hybridisation mix. The filters were then incubated at 70°C
overnight, washed three times with 300ml of a mixture
containing lOml‘NaH2PO4 (pd 7.5), 100ml of 20x SSC and 10ml
of 20% (w/v) SDS and autoradiographed. Clones containing

HSV DNA were retained for sequencing.

d) DNA sequencing reactions.

Typically 16 to 18 clones were sequenced at the same
time. 1lul of template DNA was added to a vial containing

lul of oligonucleotide primer (2.5ng), lul of 10x AB and 7ul

of distillied Hzo and the reaction was incubated for 30min

at 370¢c. At the end of the incubation lul of Klenow



TABLE I

NUCLEOTIDE CONCENTRATIONS USED IN DNA SEQUENCING REACTIONS

dNTP Mixes

dG mix dA mix dt mix dC mix
0.5mM 4T 200 200 10 200
0.5mM dC 200 200 200 10
0.5mM dG 10 200 200 200
dNTP-mix buffer 50 50 50 50

dNTP-mix buffer = 0.05m Tris-HCl (pH8.0), lmm EDTA

ddNTP Mixes

0.2mM 70uM 0.3mM 70uM
- daGTP ddaTpP ddATP ddacTp
5mM ddG 40 - - -
5mM dda - 14 - -
SmM dd4T - - 60 -
SmM ddcC - - - 14
H20 960 986 940 986
dNTP:ddANTP Mix
‘Sequencing Mix"' dNTP danTP H,0
G 400 50 350
A 400 100 300
T 400 200 200
C 400 50 350




69

polymerase (lunit/ul) was added to each annealing reaction
and mixed thoroughly; 2ul of that mixture was transfered to
each of four 0.75ml reaction vials, labelled A, T, C and G.
Meanwhile, four vials labelled A, T, C, and G were set
up each containing 36ul of A, T, C or G 'sequencing mix'
respectively (see Table 1). To each of these, 5ul of a mix
containing 3ul of [x->2P]dATP and 18ul of 12mM dATP was
added. 2ul of each of these mixtures were added to the
corresponding 0.75ml vials mentioned above. The elongation
reactions were allowed to stand for 20min at room
temperature and then were incubated with 2ul of 'chase mix',
which contained 0.25mM of each ANTP, for a further 30min
at room temperature., Finally, samples were electrophoresed

as described on Page 62.

18. Transient Expression Experiments.

a) Transfection of DNA into tissue culture.

DNA transfections into HelLa cells were performed with
the calcium-phosphate transfection procedure as described
by Wigler et al. (1978) and Corsalo and Pearson (1981).

HelLa cells were seeded at 30% to 40% confluence on
90mm petri dishes 12h to 24h prior to transfection. 10ug
to 30ug of plasmid DNA was dissolved in TE(P) buffer to a
final volume of 420ul. Then, 60ul of 2M CaCl2 was added
dropwise to the DNA/TE(P) solution with constant agitation.
The DNA/CaCl2 solution was added dropwise with constant
agitation to 480ul of 2x HBS and the precipitate was allowed
to form at room temperature for 30min. This solution was
then applied dropwise to the cell monolayers and swirled
into the medium (15ml per 90mm petri dish). After 24h
the medium was replaced with fresh medium and cells were
incubated at 37°C for a further 24h. When cells were
infected with virus the medium was removed after the first
24h incubation and virus added in 5ml of fresh medium.
Following adsorption at 37OC for 1h, a further 10ml of fresh

medium was added and cells were harvested at lé6h p.i.
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b) Preparation of cytoplasmic RNA.

HeLa cell cytoplasmic RNA was prepared from tissue
culture cells grown on 90mm petri dishes. All solutions and
vessels used up to the phenol/chloroform extraction steps
were cooled on ice. Following removal of the medium, cells
were washed with PBS and then harvested in 4ml of PBS.
Cells were centrifuged in the cold at 2,000rpm for lmin,
washed in PBS and re-pelleted. Following resuspension in
0.3ml of ILB, cells were left on ice for 3min and the
cytoplasmic fraction was separated from nuclei by
centrifugation at 3,000rpm for 5min. The supernatant
(cytoplasmic fraction) was added to an equal volume of
phenol extraction buffer (PEB) and extracted three times
with phenol/chloroform and once with chloroform. RNA was
precipitated twice with ethanol, washed with 70% ethanol,

lyophilised and resuspended in 20ul of distillied H,O.

2
Concentration of cytoplasmic RNA was determined by

spectrophotometry (OD 1.0=40ug RNA/ml).

260

c) Production of RNA probes.

Detection of cytoplasmic RNAs was achieved using
probes produced by the pGEM-2 transcription vector (see
Page 58). The principle behind this system is that in vitro
transcription of a DNA fragment, spanning the 5' end of the
RNA-specifying DNA region, will produce a transcript which
can then be used as a probe for the detection of this RNA.
The DNA fragment is inserted into the MCS of pGEM-2 in such
an orientation so that the produced transcript is
complementary to the RNA of interest. As mentioned on Page
58, pGEM-2 contains two promoters one of which was used for
the production of probes (SP6 in this study); in order to
obtain run-off transcripts of appropriate length, the
PGEM2/insert plasmid is linearised at a restriction enzyme
site located doownstream form the insert. The linearised
construct is then incubated in a cell-free transcription
system which comprised: an SP6 RNA polymerase, a mixture of
NTPs and 32P—UTP and a capped dinucleotide which is added
to the 5' end of the transcript and is required for its
stabilisation. After the completion of the reaction, the

mixture is incubated in the presence of an RNase-free DNase
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which degrades the template, and RNA transcripts are
electrophoresed on polyacrylamide gels and then isolated.

The main advantage of pGEM-2-produced RNA probes as
compared to single-stranded DNA probes, usually used for RNA
mapping, is the high counts per minute (c.p.m.)/ug ratio
which allows the detection of very low amounts of RNA.
Further, the RNA probes are specific for the RNA of
interest, whereas, after separation of double-stranded DNA
on denaturing polyacrylamide gels, single-stranded DNA
probes have to be tested for complementarity to the RNA of
interest.

lul of linearised pGEM2/insert plasmid DNA (lug/ul)
was added to lul of 2.5mg/ml BSA, 5ul of 5x SP6 buffer,
1.25ul of 0.2M DTT, 2.5ul of 10x NTPs (1lmM each of A, U, C
and G), 7ul of [x->2p]uTP, 1.25ul of 10mM G(5')ppP(5' )Gy,
lul of RNasin, lul of SP6 DNA polymerase (lOunits/ul) and
4ul of distilled HZO‘ The reaction was incubated at 37°C for
1lh and then for a further 10min in the presence of 2.5ul of
RNase-free DNase (lunit/ul). The reaction was stopped with
175ul of 2x PK buffer and the mixture was phenol/chloroform
and chloroform extracted. RNA transcripts were precipitated
with 20ul of &M NH4Ac, 600ul of ethanol and 2ul of tRNA
(20ug/ul) and pelleted by centrifugation for 10min in a MSE
microfuge. The pellet was resuspended in 50ul of TE and the
suspension was electrophoresed on an 8% denaturing
polyacrylamide gel (see Page 62) in order to isolate
full-length transcripts. A gel slice containing the
transcript was excised from the gel, and RNA was eluted by
incubating with 1ml of elution buffer (EB) at 37°C
overnight. Following ethanol precipitation the RNA was
taken up in 50ul of distilled H,0.

d) Hybridisations and ribonuclease T2 digestions.

Typically, 0.5ug or 4ug of cytoplasmic RNA was added
to approximately 200ng of pGEM2-produced probe (approximate
specific activity 2x 108 c.p.m./ug), the mixture was
lyophilised, and the pellet was resuspended in 15ul of 1x
M13 buffer. The solution was heated at 95°C for 10min and
then incubated at 50°C overnight.

Following hybridisation, samples were treated with
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200ul of HNE buffer and 5units of ribonuclease T2 and
incubated at 30°C for 30min. The hybrids were then mixed
with 50ug of proteinase K and 40ug of tRNA, incubated as
above, phenol/chloroform and chloroform extracted,
precipitated and lyophilised. The pellets were taken up in
5ul of formamide dyes, heated for 5min at 950C, quenched on
ice and then loaded on an 8% denaturing polyacrylamide gel.
pAT153 plasmid DNA digested with Hpa 11 was used as DNA size
markers (fragment sizes in bp: 622, 492, 404, 242, 238, 217,
201, 190, 160, 160, 147, 122, 110, 90, 76, 67, 34, 26, 26,
15, 9, 9).
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SECTION C.

COMPUTER ANALYSIS.

DNA sequencing data were handled and analysed using
the Institue of Virology Digital Research computer operating
under the RSX-11M operating system. In this Section
computer programs utilised throughout this work will be

briefly described.

19. Accumulation and Processing of Gel Readings.

Gel autoradiographs were read using the DPAD program
of Dr P. Taylor. This program allows gels to be read on a
digitising tablet from which the data «si entered and stored
directly into the computer in a form which can be read by
the Staden programs (see below).

The compilation of the individual gel readings entered
into the database was achieved using a group of programs
designated BATCH, based on the DBAUTO system of Staden
(1982). This program compares a 'file of files', which
comprises several individual gel readings, with sequences
held in the existing database. Gel readings showing
homology to the consensus of the database are entered into
the database in the appropriate region. Where necessary the
program will insert padding characters into either the newly
entered gel or in the consensus sequence thus enabling the
sequences to be correctly aligned. Gel readings exhibiting
no homology to any sequence in the database are held as
separate contigs. Initially the number of contigs
approximates the number of gel readings, particularly in a
large project; however, as the gaps between gel readings are
filled by new overlapping sequences, the number of contigs
is reduced. Finally, one contig is achieved within which
all gel readings overlap. Joining of the individual contigs
can be achieved with the DBUTIL program of Staden (1980).
This program can further monitor the state of the database

by providing lists of all the entered gel readings, details
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on their location, length and orientation.

1

20. Interpretation of Data in the Database.

Analysis of the completed sequence was achieved with
a number of programs most of which were designed and/or

modified by Dr P. Taylor.

BASES, estimates the frequency of occurence of each
base in a nucleotide sequence at a specified position
(for example every third base) or in a whole sequence and

outputs a table of values.

CINTHOM, compares two nucleotide or amino acid sequences
and displays the results in a matrix plot (Pustell and
Kafatos, 1982). This program was designed to score for
identical amino acids, however, it has been modified by
Dr P. Taylor to score in addition for conservative amino
acid changes as evaluated by Dayhoff (1983). The sequences
are aligned on the X-axis and on the Y-axis. Areas of
conserved sequences are represented by a diagonal on the
plot while insertions or deletions are represented by
diagonals which, when extrapolated, cross the X and Y axis
at different points. Homologous sequences are displayed as
uppercase or lowercase letters of the alphabet, with A
representing the the highest homology (100%) and z the
lowest. The parameters of this program are set by the

operator.

CHOUFAS predicts the secondary structure of a protein
(Chou and Fasman, 1978).

CHOP deletes strings of nucleotide or amino acid

sequences from a file.

DENS measures the areas under the peaks of densitometer

tracing.

DSPLAY searches a nucleotide sequence for ORFs which can
either be displayed or filed to be printed; the minimum
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length of the ORFs is defined by the operator.

FRMSCAN (Staden and McLachlan, 1982) identifies potential
protein coding regions by evaluating the codon usage of all
three reading frames in a DNA sequence using as reference
the codon usage of a 'standard' gene; in the case of HSV-1

the codon usage of the TK gene was used as reference.

HOMOL (Taylor, 1984) optimally aligns two nucleotide
or amino acid sequences by scoring for identical residues.

The parameters are set by the operator.

MWCALC calculates the molecular weight and amino acid
composition of an amino acid sequence. .

PROFIL produces a graphic display of the hydropathicity
profile (Kyte and Doolittle, 1982) of an amino acid

sequence.

PTRANS (Taylor, P., 1986) predicts the amino acid
sequence from a nucleotide sequence. In addition this
program estimates the mol. wt. of the translated sequence
and outputs an amino acid content and codon usage table.
The positions where translation starts or ends are set by

the operator.

SEARCH searches for specified strings of characters in a

nucleotide or amino acid sequence.

WORDSEARCH (Dereveux et al., 1984) searches the National
Biomedical Research Foundation (NBRF) protein sequence
database for homologous seguences. This program was
implemented on a VAX computer at the Edinburgh Regional

Computing Centre.

21. Structural Analysis of Amino Acid Sequences.

Amino acid sequences of the polypeptides encoding the
large and small subunit polypeptides of ribonucleotide

reductase from eukaryotic, prokaryotic and viral origin were
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aligned with the program of Dr W.R. Taylor (see Results and
Discussion, Section C). This program can align a number of
polypeptide sequences on the basis of identical amino acids
and, in addition, on the basis of amino acids sharing
similar physico-chemical properties. For the latter reason
amino acids have been classified in the form of a Venn

diagram.

a) The Venn diagram of amino acid classification.

This diagram shows the classification in groups (sets)
of the twenty naturally occuring amino acids to a selection
of physico-chemical properties which are important for the
determination of the secondary structure of a protein
(Fig. 18; Taylor, W.R., 1986a). The two most prominent sets
are the 'polar' and 'hydrophobic' ones; the former comprises
amino acids which have a polar group in their side-chain and
the latter, which is less rigorously defined, comprises
amino acids which are hydrophobic. These two sets overlap,
and the amino acids found in the region between them are
considered as ambivalent to H,0. A third major set of amino
acids, 'small', contains amino acids with side-chain volume
less than 60 A. This set contains a subset of amino acids
with side-chain volume less than 35 A and this is designated
as 'tiny'. The location of cysteine in this diagram is not
well defined as the reduced form (cy) of this residue
contains a polarisable sulphur which suggests similarity

with the serine residue, while the oxidised form (C_..) lacks

this property and appears to be more similar to val?ie.

The remaining sets are defined on the basis of obvious
properties such as 'aromatic', with ring-containing
side-chains, 'aliphatic', with a branded aliphatic
side-chain, and 'charged', which are normally fully ionised.
Proline is generally associated with turns or loops on the
protein surface due to the structure of its side-chain and
therefore, despite its very hydrophobic nature, is not

included in the 'hydrophobic' set of amino acids.

b) Protein homology by consensus template alignment.

The consensus template alignment (Fig. 19; Taylor,

W.R., 1986b) is a program which can align a number of amino
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aliphatic

aromatic

hydrophobic

charged

Fiqure 18. The Venn diagram of amino acid classification
showing the relationship of the 20 naturally occuring amino

acids to a selection of physicochemical properties
(reprinted from Taylor, W.R., 1986a).
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acid sequences. The alignment is obtained with the SETEM
and FITEM programs and 1is based on the use of consensus
templates. The templates are essentially the core amino
acid sequences from conserved regions of related proteins
with known three-dimensional structure, which have been
aligned to related sequences of unknown structure in order
to become more representative (alignment templates).

The program begins with the tentative alignment of
sections from a few of the amino acid sequences to be
aligned with the use of the alignment templates. Then the
SETEM program will process the aligned sections in order to
make the alignment templates more representative. Depending
on the aligned amino acids at a given template position, the
SETEM will assign a property on the basis of the Venn
diagram. For example, if at a given template position three
polypeptides sequences have R, K, and H residues
respectively, then the program will assign the 'POSITIVE'
property. Each of the properties is allocated a score
ranging from 1 to 20. A score of 1 is given when the same
amino acid occurs at a given template position in all
sequences, and 20 when the amino acids at that position are
classified in totally different sets in the Venn diagram.
The SETEM-produced alignment templates are then fitted by
FITEM to a non-aligned sequence. If the complete set of
templates fits the new sequence then it joins the alignment.
The SETEM-FITEM alternating cycles continue until the
existing alignment cannot be further altered.

Once the alignment is completed, then the program will
predict the secondary structure for each aligned amino acid
with the GARNIER algorithm (Garnier et al., 1978), and from
the combination of the individual predictions it will derive

a consensus,.
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Figure 19. A printout of the consensus template alignment
program of Taylor, W.R. (1986b). The aligned polypeptide
amino acid sequences (AA SEQ) are shown to run vertically,
starting at the initiation codons (IC) and stoping at the
termination codons (TC). The secondary structure GARNIER
predictions for each polypeptide (1SSGP) are indicated. The
consensus secondary GARNIER prediction for each aligned
amino acid position (CSSGP) is shown. P -strand
conformation is indicated by (E), o« -helix conformation by
(H), unstructured or turn conformation by (T) and (-) awa (D
indicate that the consensus prediction for the given
position is unknown. The hydropathicity values (HP)} are
indicated by asterisks (*). The printout also shows the
scores (Sd assigned by the SETEM program for each aligned
position, and the property (P) of the aligned amino acids as
deduced from the Venn diagram of amino acid classification
(see Fig. 18).
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SECTION A.

1. DNA Sequencing Studies Within the Hind III k Fragment
of HSV-1.

The HSV-1 strain 177 ribonucleotide reductase locus
between 0.54 and 0.60 map units (Fig. 20) specifies a family
of four nested mRNAs which are comprised of two L and two E
transcripts (Anderson et al., 1980; McLauchlan and Clements,
1982 and 1983a; McLauchlan, 1986). The L mRNAs, which are
presumed to be 5' coterminal, have sizes of 7.0kb and 1.9kb
and encode the same 54,000 mol. wt. polypeptide (Vmw54;
McLauchlan, 1986). The E mRNAs, which are encoded by genes
UL39 and UL40 are unspliced and have sizes of 5.0kb and
1.2kb, respectively. The 5.0kb mRNA specifies the RR1l
polypeptide and the 1.2kb mRNA specifies the RR2
polypeptide. The 5' end of the 5.0kb mRNA is located 194nuc
upstream from a Xho I site at 0.561 map units and the 5' end
of the 1.2kb mRNA lies 290nuc upstream from a Hind III site
at 0.587 map units (McLauchlan and Clements, 1983a). The E
mRNAs and the 7.0kb mRNA share a common 3' terminus
positioned 770nuc to the right of the Hind III site at 0.587
map units (McLauchlan and Clements, 1982).

Previous partial sequencing studies predicted that
the entire coding region of RR1 and the N-terminal portion
of RR2 lie within the Hind III k fragment (McLauchlan and
Clements, 1982 and 1983a; McLauchlan, 1986). A possible ATG
start codon for RR1 was located 34nuc downstream from the
Xho I site at 0.561 map units (see Fig. 20). Within the 5'
portion of the 1.2kb mRNA two ATG codons were identified,
but an in-frame TGA stop codon was positioned 1l2nuc
downstream from the first ATG (McLauchlan and Clements,
1983a). It was proposed that the TGA codon was the
C-terminus of RR1 while the second ATG codon represented
the initiation methionine at the N-terminus of RR2. The
prediction of the latter was based on two reasons
(McLauchlan and Clements, 1983a and b; McLauchlan, 1986):
first, the first ATG codon was absent from the leader of the

equivalent HSV-2 1.2kb mRNA and, second, the nucleotides
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Figure 20. The HSV-1 strain 17* ribonucleotide reductase
locus. This diagram shows the location of restriction
endonuclease cleavage sites and the arrangement of mRNAsS
between 0.54 and 0.60 map units on the viral genome. The
transcripts specified by this locus are shown as arrowed
lines and their sizes in kb are indicated above each line.
Open boxes denote the polypeptide coding regions of the
transcripts and their designation is given in parentheses

below each box.
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flanking the second ATG of the HSV-1 1.2kb mRNA were
identical to those flanking the ATG of the HSV-2 1.2kb mRNA
and, furthermore, they resemble those at other functional
initiation codons (Kozak, 1981). In conclusion, although
the coding regions of the RR1 and RR2 polypeptides do not
overlap, the upstream transcription initiation signals and
part of the untranslated leader of the 1.2kb mRNA map
entirely within the genome region specifying the C-terminus
of the RR1l polypeptide.

To determine the nucleotide sequence of the RR1 coding
region, a Xho I1/Hind 111 fragment (0.561 to 0.587 map units)
was isolated from a cloned Hind III k fragment (obtained
from Dr J. McLauchlan), and was subcloned into a Sal I/Hind
I1I digested pUC8 vector (Fig. 21). Therefore, the
resultant plasmid, pYNl, contained the entire proposed
coding region of RR1 and part of the RR2 coding region.
Sequencing data was obtained using the M13 dideoxy chain
termination method in combination with a 'shotgun' cloning
approach and was subsequently collated by computer programs
as described in Materials and Methods (see Page 73).

Manipulation of the sequencing data resulted in the
formation of the HINDKK database which consisted of 186
independent gel readings (Fig. 22). There were 34,286
characters, which produced a final contiguous length of
3564bp (Fig. 23). For each contig character an average

of 9.62 characters were read from gels.

2. Computer Assisted Analysis of the HINDKK Database.

Analysis of the obtained sequence for potential ORFs
and potential coding regions was performed with the DSPLAY
and FRMSCAN programs, respectively (see Materials and
Methods, Pages 74 and 75). The DSPLAY program identified
in the left-to-right stand a single ORF (frame 1 in Fig. 24)
starting with the ATG triplet at position 34 and terminating
with the TGA stop codon at position 3447. The other two
reading frames on this strand (frames 2 and 3 in Fig. 24)
are punctuated by stop codons and the longest potential ORF
is approximately 600 nucleotides long. Analysis of the

complementary strand sequence identified a frame containing
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Figure 21. Construction of plasmid pYNl. The pHind k
plasmid (obtained from Dr J. McLauchlan) was digested with
Xho 1/Hind I1I11. The fragment which contains the DNA region
encoding the RR1l polypeptide and the N-terminus of the RR2
polypeptide (dark area) was ligated into the multiple
cloning site (MCS) of a Sal I/Hind III digested pUC8 vector.
The location and orientation of the ampicillin resistance

(amp”) and fB-galactosidase (lacZ) genes is indicated.




Figure 22. A sorted list (CONTIG LINES) of the gel readings
obtained after sequencing the recbmbinant M13mp8 clones
which contained subfragments of the RR1 polypeptide coding
region. The column termed GEL LINES represents the name of
the clone given by the author. The columns headed A to E
are assigned by the DBUTIL program (see Materials and
Methods, Page 73) and represent:

A Gel reading database number.

B Position of the left-most base of the gel reading in
the contig.

C Length of the gel reading. (-) indicates that the gel
reading overlaps on the opposite strand.

D Number of the gel reading overlapping to the left.

E Number of the gel reading overlapping to the right.




CONTI1G LINES

499
GEL LINES A
112.G4 1
146.G4 2
149.G4 3
150.G4 4
154.G4 5
155.G4 6
163.G4 7
144.G4 8
164.G4 9
356.G5 10
358.G5 11
361.G5 12
362.G5 13
365.G5 14
412.G6 15
384.G7 16
322.G8 17
338.G9 18
343.G9 19
345.G9 20
303.G10 21
295.G11 22
296.Gl1 23
300.G11 24
255.G12 25
256.Gl2 26
260.Gl2 27
264.Gl2 28
266.Gl2 29
274.Gl2 30
276.Gl2 31
238.G13 32
254.G13 33
233.Gl4 34
218.Gl4 35
363.G5 36
372.G5 37
423.G6 38
382.G7 39
323.G8 40
329.G8 41
330.G8 42
336.G9 43
335.G9 44
344.G9 45
352.G9 46
298.Gl11 47
244 .G13 48
251.G13 49
227.Gl4 50
228.Gl4 51
231.Gl4 52
235.Gl4 53
214.Gl4 54
393.G6 55
212.Gl4 56
223.Gl4 57
249.G13 58
243.Gl3 59
316.Gl0 60
334.G15 61
108.G15 62
111.G15 63
114.G15 64
127.G15 65
538.G16 66

167.Gl5 67

3564

2869
361
2574
212
2908
200
814
3388
3201
1609
3098
1836
1113
2402
2986
29
2456
2164
2733
2038
200
1090
2924
1004
1094
394
3197
392
2960
3350
697
2267
694
114
1952
350
2372
436
2888
793
3186
493
2431
1105
2467
3447
1952
2878
3139
594
2002
594
2989
1845
2619
716
2600
3044
2501
161l
2932
2616
1771
971
1844
1386
171

176
172
-179
180
-159
-193
186
177
-162
142
-246
213
246
206
221
-150
-239
-143
-179
160
-178
193
-188
191
212
193
-141
-197
-171
-156
179
205
-201
-208
-201
181
-165
-220
-170
~-200
197
183
180
-205
178
118
199
189
-203
-215
-197
211
227
214
-216
~-163
-195
178
202
188
203
184
187
191
-208
196
197

138

117
36
77

176
21
84

137

168
112
152

178
183
185
140
130
180

51

90
144

167
22
28
41
86

147

33
134
91
111
47
108

78
74
107
146
38
104
155
17

95
72
131
52
69
87
1s
65
62
31

97
161
10
23
83
145
165
12
126
34

46

71
86
57
79
23

165
46
30
60

131
65

151

104
53
96
45

175

117

139

25
61
81
103
78

26
183
137

56
118

31

67
123

122
42
176
84
27

127
13
94

35
74
146
115
20
50
97
113
85
120
83
150
77
116
147
55
133
153
54
163
30



207.G15
539.Glé6
115.G15
118.G15
134.G15
540.Gl6
552.G1l6
559.Gl6
563.G18
567.Gl8
561.G18
553.G16
566.G18
569.Gl8
473.G18
465.G18
113.G02
116.G02
480.G18
463.Gl8
468.Gl18
184.G15
482.Gl8
105.G15
558.Glé
550.Glé6
557.Gl6
237.G13
110.G01
122.G02
125.G02
129.G02
141.G02
HI61
H163
HA4
169.G19
210.G19
539.G19
140.G19
173.G19
222.G19
129.G19
556.G19
560.G19
130.G20
177.G20
181.G20
117.G20
119.G20
125.G20
178.G20
192.G20
200.G20
195.G20
291.G21
301.G21
442.G21
601.G22
608.G22
281.G21
284.G21
G20.180
741.G23
745.G23
753.G23
621.G24
622.G24
623.G24
624.G24
629.G24
630.G24
631.G24
642.G24
658.G25

68
69
70
71
72
73

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
g5
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

1889
1996
274
2870
2871
2651
2882
1495
1391
2531
423
243
2332
1026
1137
2609
809
2643
373
533
1517
1702
194
618
1991
1185
2474
1831
29
3041
2308
284
1348

1098
2410
1509
1925
756
329
274
277
113
3048
1874

601
1672
2836
2271
1448

752
1049
2378
1953

617
1989
1382
2431

308
2320
2155
3112

77
1780
2235
1784
1232
3383

2092
2435

99
1913

-198
-155
-191
-191
-192
-143
-183
16l
250
-224
-239
-195
242
-241
-252
-266
176
201
-226
211
~226
182
-211
181
209
181
-180
209
-309
-175
~204
-196
-182
121
25
-155
200
-208
-226
236
212
-151
-204
-214
230
187
25
-165
212
-198
-241
190
161
207
159
219
187
-176
126
-185
-167
-172
200
-195
-153
183
154
-113
227
-178
-55
-188
-102
-195
-207

169
92
109

71
160
48
174
163
59
26

129
24
151

40
55

42
105
116

67
124
125

82

45
106

16

53
118
110
170

25
14
75
142
120
128
173
70
141
150
54

50
60
19
32
154
56
81
37
35
115
123
143
43
182
98
157
11
96
63
175
133
149
30

20
127
184

68

142
51
110
72
48
181
39
105
159

38
173
37
121
93
62

160
28
52

168

171
21
33
69

149

161
47

132
58

129

182

143

155
43
88
95
40
36
70
99
34
11

172

124
89

98
174
107
144
178
125

91

92

66
140
108

80

18

49
184
135

32
152
179

186
162

17
111
106




664.G25
666.G2S
667.G25
668.G25
671.G25
673.G25
682.G26
686.G26
689.G26
695.G26
696.G26
698.G26
706.G27
707.G27
722.G27
724.G27
729.G27
730.G27
733.G27
735.G27
737.G27
738.G27
634.G24
638.G24
639.G24
657.G25
683.G26
684.G26
692.G26
694.G26
704.G27
711.G27
721.G27
448.G21
486.G21
728.G27
434.G21
678.G25
604.G22
610.G22
613.G22
751.G23
G7.138

602.G22

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
lel
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

1376
1082
1737
3180
2947

1221
3045
1135
1815

985
14490
1102

2119
22
1397
2648
2497
2103
1388
2107
841
1315
997
1546
1887
1348
1706
1886
273
1474
2201
2899
2714
2382
1282
2716
2657
308
2985
78

1

182
194
171
-190
-118
155
130
173
-176
147
167
105
-183
182
179
125
112
153
-172
193
-181
189
-186
219
-129
228
174
-159
-166
-196
188
-204
206
-221
241
191
~-202
193
143
-129
~118
-l64
-170
-88

100
121
171
49
61

93
58
13
135
64
159
103

l64
156
76
85
94
139

162

179
153
88
172
166
89
113
79
119
18
39
181
122
136
177

73

99
29
132
186

138

126
22
63
41
29

136
112
82
12
167
119
44
158
130
1]
154
73
59
l64
76
157
64
170
24
10
68
100
145
169
109
75
134

180
14
166
19
177
128
15
141
16
185




Figure 23. The HINDKK database. This printout shows all
the gel readings in the HINDKK database which are numbered
(down the let+ - side of the seguences) as in column A of
Fig. 22. Computer inserted characters into the gel readings
entering the contig database are indicated by (*) and those

inserted by the author are indicated by (X), (/) and (-).
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TCAAATGGCCAGCCGCXCACCCCCATCCT “TCCCC TCXAAGCGCGGGCCCC GTTGGGGGA CAG* AGGX CXGCGGCCCCAGCGCAGCCACT
XGAAATGGCCAXCCGCCCAGCCGCATCCTCTCCCG TCGAAGCGCGGGCCCC* GTXXXXGGA CAG* AGGX CXGOGGCCX XAXXXCAXCCAX X
CCCCGGTTCGGGCA CAGGAGGX CXGCGGCCCCAGCGCAGCCACC

CCCXGTTGGGGGA CAGGAGGCCGECGGCCCCAGCGCAGCCACC

XXGCGGCCCCAGCGCAGCA**C

CAGCXAXX

AGCCA*C
TCGAGCCCGCCCGAAACCCCCCECGTCTGTTCAAATCGCCAGCOGCCCAGOCGCA TCCTCTCCCGTCGAAGCGCGGGCCCCGGTTGGGGGA CAGGA GGCCGGCGGCCCCAGCGCAGCCACE

130 140 150 160 170 180 190 200 210 220
CAGGGGGAGGCOGCCGLGGCCCCTCTCGCCCACGGCCACCACCTGTACTGCCAGCGAG

CAGGGG* AGXCOGCOGGGGCCCCTCTCCCCCACGGCCACCACGTGTACTGCCAGCGAG

XXXGGG* AGTCCGIXXGCGEXXCCTCTCGCCX ACGGLXACXACX TXTACTGCCAGCGAGTCAATGX CGTGA TXGTGCTTTCCGACAAGACGCCCGGGTCCX XGTCCTACCGUATCAGCGAT

CAGGGGGAGGCCGCCGGGGCCCCT T * * CCACGCCCACCACGTGTACTGCCAGCGAGTCAATGGCGTGA TGCTGCTTTCCCA CAAGA CCCCCEEETCCGCGTCUTACC
CAGGGGGAGGCCGLCGGGGCCCCTCTUGCCCACGGCCACCACGTGTACTGCCAGCGAGTCAATGGCGTGA TGGTGCTTTCCCACAAGACGCCCGGGTCCGCGTCCTACC: * ¢ * CAGCGAT
CAGGGG* AG® CCGC* * CGGCCCCTCTUG CCACCCCCACCALGTGTACTGCCAGCCAGTCAATGGCGTCA TG TGCTTTCCCACAAGA CGCLCCCCGTCCGCGTCCTACCGCATCAGCGAT
CAGGCGCAGCCCX CXXGGGLCCCTCTCUUX XACCG(XACCACGTGTACTGCCAGCGAGTCAATCCLCGTGATXGTGCTTTCCGA CAAGA CGLCCGLGTCCCCGTCCTACCGCUATCAGCGAT
CAGGGG* AGGLCGCLGGGLLCCCCTCT® * * CCACCGCCAGCACGTGTACTGCCAGCGAGTCAATGGCGTGATGGTGCTTTCCGACAAGAC* * COGGGTCCGCGTCCTACCGCATCAGCGAT
CCAG* GAGTCAATGGCGTGATGGTGCTTTCCGACAAGA CGCCCGGGTCCGCGTCCTACCGCATCAGCGAT
TGCTTTCCGA CAAXACGCCXGGX TCC/ CGTCCTACCGCATCAGCXAT
CCGACAAGACGCCCGG* TCCGCGTCCTACCGCATCAGCGAT
CCGACAA*ACGCCCGGGTCC CGTCCTACCGCATCAGCGAT

CCCGGTCCGCGTCCTACCGCATCAGCGAT
CAGGGGGAGGOOGOOGGLGCCCCTCTCGCCCACGGCCA CCACGTGTACTGCCAGOGAGTCAATGGCGTCA TGGTGCTTTCCGACAAGA CGCCOGGGTCCGCGTCCTACCGCATCAGCGAT

230 240

250 260 270 280 290 300 310 320 330 340 350 360
AGCAACTTTGTCOCAATGTCGTTCCAACTGCACCA TGA TCA TCCA CGXAGA CGTGGTXCGCGGX CGCCCCX AGGA CCCGGGGGCCX X GGCATCCCCCG
A
AGCAACTTTGTCCAATGTGGTTCCAAC® GCACCATGATCATCOGACG* AGACGT .
AGCAACTTTCTCCAATGTGGTTOCAACTGCACCA TGA TCATCGA CGGAGA CGTCGTX X X GGG CGCCCCTX XGGX CH
AG*4 ¢ CTTTGTCCAATCTGGT TCCAACTCCACCA TGA TCA TOGA CGGACAOGTGGT* CGCGGGLG* CCCCAGGACC* CCGG
A**AACTTTCTCCAA AACTCCA CCA TGATCA TCGA CCGAGA CGTGGTGCGCGGGOG* CCCCAGG™* * COGGGGGCCGOGGCATCCCCX GCT* CCTT* GTTGCGGTGACAA C
AGCAACTTTGTCXAAT/ TGGTTCCAACTGCACCA TGA TCA TCGA CGX A/ ACX TG/ TGCGCGGGCECCOCX AGGA OCCGEGGGOCGOGGCA TCOCCXGCTCCCTTCX TTGCGGTGACAAAC
AGCAACTTTGTCCAATGTGGTTCCAACTGCA CCATCGA TCA TCGA CGX AGA CGTGGTGCGCGGECGCCCCTCA GGA CCCGGGGGCCGCGGCA TCOCCCGCTCCCTTCGTTGCGGTCACAAA
AGCAACTTTGTCCAAT® TCGTTCCAACTGCA CCATCA TCA TCGA COXAGA CGTGGTGCGCGGTCGCCCCCA GGA CCCGGGGGOCG* ¢ GCA TOCCCCGCTCCCT TCGTTGCGGTGACAAAC
ACGAACTTTGTCCAATGTCGTTCCAACTGCA CCA TGA TCA TCCA CGGAGA CGTCSTGOGCEG * GGCCCCAGGACCCGEGGGOCGCGGCA TCCCT* GCT* CCTTCGTTGCGGTGACAA® C
CAXCTXXGTCXXATXTCXX TCXAACTGX ACXA TGA TCA TCGA CGX AXACGTGX TX CGCGGX CGX X CCCAXGA CCCGEGGGCCGCGGCA TCCOX GCTCUCTTCGTTGOGGTGA CAAAC
CATXATCATCCA CGCACA CCTCGTCOCCCCG X COCCX A CGA COCGEGGGOCGOCGCA TCOOCCGCTCCCTTOGT TGCGGTGACAAAC
AXGATCA TCOCA CGXAGA CGTEX TCCGLX CCOGCOCCXAGGA CCX GGG GX X XGCX GCATCCCOCGCTOCCT TOX TTCCGGTGACAAAC
ATGATGA TCCA COXAXACCTEX TCOGCEGGLCX X CCCAGX A OCX XGGGGCCEX XGCA TOCOOX GCTOCCT TCX TTGCGGTGACAAAC
ATCATCCACGXAGA X TXGTX CX CX CGCGCOCCX AXGA COCCGGGGCCGOGECA TOCCX GCTCOCT TCX TTGCGGTGACAAAC
AXCXAXACX TCX TXCX CCGGX CCCCCA GXACCX X G GGG COGLGECATOCOX GCTOOCTTCGTTXCGGTGACAAAC
CCCAGGA CCOGGGGGCCGH * GCAT* COCCGCTCCCTTCCTTGCGGTGACAAAC
CCCAXGA COCGGCRX COXX XGCATCOX XGCTCCCTTCGTTGOGGTGACAAAC
CATCCOXXGCTCCCTTCGTTGCGGTGACAAAC

CGGTGACAAAC
AGCAACTTTGTCCAATGTCGTTCCAACT GCA CCA TGA TCA TCGA CGGAGA CGTGG TG CCCGGGCGCCCOCA GGA CCOGEEGCCCGCGGCA TCCCOOGCT CCCT TCGTTGCGGTGACAAAC

370 380 390 400 410 420 430 440 4s0 460 470 480
ATCGGAG
ATOGXAGCOGGCAGCGACGGCGGGA CCGCCGTCGTGGCATTX GG
“T**GAGCCGGCAGCXX
ATC* GAGCOGGCAGCGACGGCGGGA CCGCCGG
ATCGGAGCOGGCA

ATCGXAGCCGGCAGCGA CGGCGGCA CCGCCGTCGTGGCATTCGGGGX AACCCCA CETCGCTCGGCGGCCACGTCTAC
ATCGGAGCCGGCAGCGACGGCGGGA CCGCCGTX X TGXCA TTXGGGGGAACX X X ACGTCGCTCGGUGEX XACGT CTAX CGGTACCX AXAXGGCCGAX X TCX
ATCCGAGCOGGCAGCGA OGGCCGGA CCGCCGTCGTGGCATTOGGGGX AACCCX A CGTCGCTCGG
ATCGXAGCCGGCAGCGA CCGCGGCA CCGOCGTCCTGGCA TTCGGGGX AACCCCA CGTCGCTCCGCGCLEGA CGTCTACOGG TACCCAGA CGGUCGA CGTCOX XAC
ATOGXAGCCGGCX GOGA CCGOGCTA CCCCCGTCGT GCCA TTCGGGEX AACCCCACGT CGCTUGCLGCLGACCTCTACCGG TACCCAGA CGGCCGA OGTCUCCA COCAX X X XX TTGGGGX €
ATC‘:KAGCCGGQGCGACGGCGCGACCGCCGTCGTCGQTTCGGGG AACCCCACGTCGCTCGGCGGGX ACGTCTACCG2 X ACCCAGA CGGCCGACGTCCCX ACCGAGX XXX TTGGCGG
Afmcmamocccccmcmcccrmmmmmmr GCTCCGCGCGCGACGTCTA
ATCGGAGCOGGCAGCGACGGOGGGA CCGCCGTCGTGX X ATTCGGCGX AACCCX ACGTCGCTCCGCGGEX A CGTCTACCGX TA CCX AGA CGGCOCGA CGTCOCX ACCGAGGOX TT
AtmmcwccxccxXACCQ(XXTO(TXCQTTCCGCGGAACUKACGTCCCA‘X XXCCGGGA CGTCTACCOGGTACCXAGA CGGCCGA CGTCCCCACCCAGGCCCTTOX XX XC
Ammmmwccccmatmmcax ACGTXXCTCGGCGEX XACGTCTACXGGTACCXAGAXXGGOGACGTOOXX ACXGAGGCCX TTGGGX X X
AWCCCGCCAGCGACGGCCCCACCCCCCCGXGCXXTTCGGGOCXXCGXACGTC‘ * TCCGCGGGCGA CCTCTACCCGTACCCAGA CGGCCGACGTCCC * COGAGGCCCTTG * 4 X ¢
AGOGACGGCCGGA COGCCGTCX TEXCATTOGGGX XAACCCX A CUTIX CTOCX CCGX XACX TCTACCX GTA CCX X GA COX CCGA CCGTCCCCACCGAGGOCCTTGCGGCC
TCXTXGCATTCCGEX X AACCX XACXTCCCX XX XXX XGCACX TCTACKXGTACCXAGACCCX XCAXGTCOX ACCXAGX COX TTGGX X XC
XXGGXXTTCGGGXXAACCX XACUTCGCTCG® ¢ GGGGA CGTCTACCGGTACC® AGA CGGCCGA CGCCOCCA CCGAGGCCCTTGGGGXC
CXCCCXXACXTCTACXXGTACCXAXACGX CCGACGTCCCX ACCXAGXXCCTTGGGGXC
AXXCGTACTXAGACGXXXXACXXCCXXACCX AGXCCX TTGXXXXG
ATCQGACCCGOCAG&ACGCCGGCACCGCCGTCCTCG(‘ATTCGGCGCAACCCO\ CGTCGCTCGGOGGGGACCTCTACCGGTACCCAGACGGCCGA CGTCCCCA CCGAGGCCCTTGGGGGL

430 500 510 520 $30 540 550 560 570 580 590 600
Cﬂmmcmucamrxcccccmrfcnxmmxaucc
TOXTCXXCGX TTXAXXCTGXGTXCCUX X TGX TGTX XCTX TXG
S&\xta‘rcx'rccc(cm'ucot TGG* TXGC* GCTGTTGTTCX TGTCCAG
T T QUK G CTTCA CCCTUCUT GE LG GETG TTETTOCTGTCCLUGA CA CA CUULGCIX CTCTGCUGTATTX K GGUUGCA GUGUX A TCK AX TCGGCOCCLLUX AX THCX TCT
T T LT CCO0GETTEA CCCTEOX TECCEGCETETTETTOCTETUGCGA CACA CGGUEX (X CTCTGUGGTA TTCUCCCLGCAGECCEA TCCAGTX GGLX X XG LU
“&umﬂlﬂmcmCCCT\ZCQT‘KGLWCNWHTGT(.TCCCGX XXXXXXCCULCX TCTCOCLTATTXCCGGEGEA GGOX GA TX XX X TCGC LU U
P OCTCCT O COTTCA COCTECX TX GX G GOTEX XGTTOCTETCECCA CA CA CUX XGX CUCTCTCCGUTATTUCCGGUGEA LGGGGA TCLAGTUGGCUUCGUGGAGT TOUTX K CG
TCXTCX TCOX CCTX X ACCX TCGGTX GOGX CTGTX GTX CCTGTCGOGA CACA CGGCGGCCX TCTGOGX TATTCX GGGGGGA GGGGGA TCCAGTCGGCCCOGCTGAGTTUGTCTCX
COXXGCTTXACCX TGEX TX GOGGCTX TTGTTCX TGTCOGLCTGA CA CACCECGCCCCTCTGOGE TA TTXGCGGGLGAGGGCCA TCX AGTCGCCOX GCGGAGTTUGTCTCG
XXXXXXXXXXCCGCXCXXXXXXATTXGCUCCGGGA GGGGGA TOXAGTXGGOCCOGCCCAGTTOCTCTXG

CXTCTTC

CCTCTXX

mmmuOCCTGGGTGCCCGCTCTTCTTCCTCTCQOCAQmamCLVGQTmAmmmmmmmmt

XA €L0 620 630 640 €50 660 €10 680 €90 100 710 720
Mgmmﬁmmmmamc@ammmm

:mmmcaﬁdmcrmmcncuccamxmxﬁxacaccmctcnc«xcotrxcrxc

&anmcmmmmaxmmmaccmaxcotrxcrxccaocrcrccoccccccaAccnoc.\cchcxccmacrctcu

GACCAOXXGTOETOOGA ACGTACGACGA CGCCCTTGA
TTCXGA CTCGXATX ACTCOGXAGGA CACGGA CTCGGAGA CGCTGTCACACGCCTCCT OGGA CX TETCOGX CGGGG X CTCCGAT
CACBACC* CTOGTCCCA TICCGA CTIS GA TCA CTC® GAGGACA CGGA CTOGCA CA CGCTGTCACA CGOCTCCTCEGA CGTGTCC GCGGGGCCA CGTACGA CGACGCCCTTGACTOCGAT
ATTC* mmmmwammmmummmwmu@w&cfcmw CGAT
cA GA OGCTGTCACACGCCTXCTCGGA CGTCTCCGGCGGGGCOCA CGTACGA OGA OX 3 CCTTGACTXCGAT
TTCXGACTXGGATCACTOGCAGGA CAXGGACTCGGA PN caT
TACGACGACGCXCTTGACTCCGAT

CCXAT
G‘Wmcctcmoccaﬁcccncrecmmmwammumummmmww&mmmr
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130 740 150 160 170 780 790 800 810 820 830 840
TXGTCATXGGAGAACTXCCTGCA
FOXTCATOGGATGACTCOCTGCAGA TAGA TGGCCCCGTGTGT CGCCCETGGAGCAATGA CACX GCGCCCCXGGA TG TTTXCCCC
TCGTCATCGGA TGACTOOCTGCAGA TAGA TCCCCCCCTGTGTOGCCOGTCCAGCA ATGA CACCGCGOCCCTGGA TGT TTCCOXXGGGA
TCCTCATOG* ATCACTCCCTGCAGA TAGA TGGCCCCGTGTGTCOGC
TCCTCATOGGATGACT® CCTGCACA TACA TGGCCUCGTGTGTCGCCG * * GAGCAATGA CAC® GCGCCC® T* GATGTTTGCCC
TCCTCATOCCATCACTXCCTCCACATACATXGCCCCOCTCTCTCX XCCGXGCAGCAATCACAXCGCGX XCCTXGATGTT .
TOXXCATCGXATGA CTCCCTGCAX ATAX ATCGOCCCGTGTYXCGCCOGTCX AGCAATCA CACCECGCCCCTOX ATETTTCCCX GGX A CCCCCGGCCOGGECECCTCA CGCCGGTEGTCCC
TCGTCATOGGATCA CTCCX TGCA GA TAGA TGGCCCCGTGTGTCGCCOCGTGGAGCA A TGA CACX G CGCCCCTGCA TG TTTGCCCCGGGA COCCCGGCCOGGGCGCCGACGX CGETGGTCCC
TXGTCATCGXATGA CTOCCTGCA GA TAGA TCCCCCCE TG TG T CGCOCGTCGAGCAA TGA CA CCGCGCCCCTGX A TG TTTGCCCCCGGA COCCOGGCCOGGGOGC0GA CGCCGGTGGTOCC
- COCCOGTGTGTCGCCOGTGEAGCAA TGA CA CX G CEX CCCTGEA TG TTXX CCCX GGGA CCOCCGGCCCEGGOGC0GA CGX CGGTGGTCCC
CGTGTGTCOGCCOGTGGAGCAA TGA CA CCGOGCCCCTEGA TCTTTGCCCCGGCA COCCCEGCCOGEGOGCOGA COX CGGTGGTCCC
. GATXTTTGX CCOGXGAXCCCCGGCCOGEECECCTA CGCCGETGGTOCK
CCCOCGGCCOGXGOGCTEA CCOCGGTCGTOCC
GCCCCGEGCGOCGA CGOCGETEGTOCC
TCGTCATCGGA TGACTOCCTCCA GA TAGA TGGCCCCETGTGTOGCCOGTGCAGCAA TGA CA CCGCGCCCCTGEA TCTTTGCCCCTEGA CCCCCCEOCCGEGOGA0CA CGCCGGTGGTCCC

850 860 870 880 890 800 910 920 930 940 950 960
TCAGCCGTAGA COCACACGOGX CGA CGCCACGA GGCOGGOGCTGGTCTTGOGGCC
TCAGCOGGTAGACCXACAXGXGXCGACGCXAGAGGC
TXXGCGGTAGACCCACACXCGCOGA CGXXAXAGGCCGG
TCAGCGGTACA CCXACAXGCCCOCA CGCCAGAGCCOGGOGCTGLTCTTGOGGCCGA TCCX G CX G TGX CCCGG .
TCAGCGGTAGA CCCACACGCGCOGA CGCCAGA GGLOCGOGCTCGTCT TGOGGCCGA TXCOGCCGTCGOCCGGEA CGA OGCGGA GGGGCTTTXGGAX COCCGGCCA CGX X TGGGA ACGGGC
TCAGOGX TAGACX CACAXGCGOCX AXGCCAX AGGCOGCOGCTGGTCT T CEGCCGA TCCCGCCGTGCCCX GGGA CGA CGCGX AGGEGCTTTCGX A CCOCCGGCCACGTCTGGGAA CXGGC
TCAGCGGTAGACOCACACCCGCUGA CCCCAGA GGCCGGCGCTCCTCTTCCGGCCCA TCCCGCCGTGGCCCGEGA CGA CGCAGGGGGGCTTTCGCA CCCCCCGCCACGTCTCGGAACCGGE
TCAGCGGTAGA CCCACACGOGCCGA CGCCAGA GGCCGGOG* TGGTCTTGCGGCCGA TCCCGCCGTGECCCGGGA CGA CGLGGAGGGGCTTTCGGA CCCLCGCCCAX GTCTGCGAACGGGC
TCAXCGXTAGACCXACACGOGCCCA CGCCAGA GGCCGX CGCTXGTCTTGCGK CCCA TCCCGCOGTGGCCCGGGA CGACGOGX AXGGGCTTTCGX ACCCCUCGCCA CGTCTGGGAACGGX C
TCAGCGGTAGACCCACACGOGCCCA CGCCAGA GGCCGGCECTGGTCT TGOGGCCGA TCCCGCCGTCCCCCGGGA CCA CGOGGA GGGGCTTTCGGA CCCCUGGCTA CGTCTGGGAACGGGC

970 + 980 930 1000 1010 1020 1030 1040 1050 1060 1070 1080
ACGEXCTACCCXGTXXCCCTGGAAXTXACGC

ACGGCCTACOCOGTCCOCCTXGAACTCACGCC
ACGGCCTACCC* * TGCCCCTGGAA .
ACGGCXTACCOCGTOOCCX CGGAA CTCACGCC® GAGAAG
ACGGCCTACCCOGTOOCCCTCGA A CTCACGCCCGAGAACGCGGA GGCCGTGGOGCGCTTTCTGGGA
COGTOCCCCTGGAA CTCACGCCCGAGA ACGOGGAGGCCGTCCCGCECTTTCTGGGAGA TGCCCTCAA CCCCGAA CCCGCGCTCATGCTGCCGTACTTTTGCCGGTGCGCC
CTCACCCCCCAGAACGCGGA CGOOGTCGCCOGCTTTCTCGGA GA TCCCGTGAACCCLCGAACCCGCECTCATGCTGGGGTACTTTIGCCGUTGCGCT
AACGCOXAGCCOCTGCCGOGCTTTCTGGX AGA TGCCGTXAACX GCCAACCCGCGCTCA TCCTOXGGTACT TTTGCCGGTGCGCC
AGXCOGT* CGCCGCTTTCTGGGA GA TGCOGTGAACCGCGAACCOGCGCTCATGCTGGGGTACTTTTGCCGGTGCGCC
AXATGOCGTXGACCXGOGA CCCCCGCTCATCCTAXGX TACT TTTGCCCX TXCGCC

CGCTCATGCTGGGGTACTTTTIGCCGGTGOGCC
ACGGCCTACCOCGTCOCCCTCCA ACTCACGCCTGA GA A CGOGGAGGCTGTGGCEOGCTTTCTCGGA GA TGCCGTGAA CCCCGAA CCCGCGCTCA TGCTGEGETA CTTTTGCUGE TG CGCL

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CGCGAGGAAXCCAAGCGTGTCCOCCCCAGGACATT® GGCAGCCCCETGCTA® ¢ ¢ ¢ ¢ GCGAGGA CGACTTTGG® CTTATAGGT
CGCCAGCAAAC* AAGCGTGTCOCCCUA GCACA TTCGGCAGCCCC® ¢ TCGCOCT* ACGGAGGACCACTTX GG
CGCGAGXAAACCAAGOGTGTCOCCCCCAXGACA TTCGGCAGCCCT
COCGAGGAAACCAAGOG TGTCCCCCCCAGCA CATTCCGCAGOCCCOCT COOCT CGOGCAGGA CGA CTTTGGGCTTCTCAA® TACGCGCTCGTG! AGATGCAGCGC* TGTGTCTG
CGOGAGXAAACCAAGCX TGTCCOOCCCAGGA CATTOGGCA GOCCCOCTOGCK TCACGCA GGA CGA CTTTGGGCTTCTCAACTACGOGCTCG TGGAGA TGCAGCGCUTG TG TCTGGACGTT
CGCGAGGAAAC® AAGCGTGT COCCCCTAGEA CA TTCGGCAGOCCCC TCGCCTCACGGAGCA CGACTTTGGGCTTS TCAACTACGCGCTCGTGGAGA TCCAGCGC® TGTGTCTGGACGTT

CCCAXGACA TXCCXCAGCX XXX X TCCCX TXACGX AGXACGACTTTCCX CTXCTCAACTACGCGCTOCTGX AGA TGCAGCGCUTGTGTCTGGACGTT
ATTCGGCAGCCCOCCTOGCCTCA CCCAGCACCACTTTCLGCTTCTCAACTACGOGCTCGTGGA GA TGCAGCCCCTGTGTCTGGACGTT

ACG* A* GACCACTT* ¢ GCCTTCTCAACTACGCCCTOGT® CAGATCCAGCGCCTCTGTCTG* ACGTT

CXAXACXACTTTCOX CTXCTCAACTACGCGCTCETGX AGA TGCAGCGCCTTGGTCTCXACGTT

CCTXTXTCTGXACXTT
mmmmmwamcmmmcmmmﬁcocrrdoAcracccccrccmmmcmmcacm

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
OGCATACATGOCCTATTATCTCAGGGAGTATGTGACGCGGCTXGTCAAC
CCTCCGGTCC" Ot CGAACGCATA® * TG* CCTATTATCTCAGGGAGTATGTGACGE
ACGCATACATGOCCTATTATCTCAGGGAGTATGTGACGCGGCTGGTCA X* GGTT™ AAG
W* OGCATACA TGCCCTATTAXCTCAGGCAGTATGTGA CCCGGCTGGTCAX X GGG TTCAAGCCGCTCG
CTO0GGTCOC0GORAACGCA TACA TGOCCTATTA TCTXAGGGAGTA TCTGA CGCGGCTGGTCAA CGGG TTCAAGCCGCTGETCAGCX X G TCKX K TKGX CTTXAC
CCTCOGETOCOG00GAA

ATTATCTCAGGGAGTATGTGA CGCGGCTGGTCAACGCGTTCAAGCOGCTGGTGAGCCGGTCCGCTCGCCTTTACCGCATC® TGGGGGTT
CTGAGCCGX TCOGCTCGCCTTTACCGCATCCTGGGGX TT
GGGGTT

. Wmm‘l‘kmTGCCLTATI‘ATCT“OGGAGTATG‘I‘GACGCGCCTGGTGACGGGTTCAACCCGCTGGTGACCCGGTCCGCTCGCCTTTACCGCATCCTGGGGGTT




1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
CTXGTXCACCTXCXCATCCGGA CXXXGGA
CTGGTCCACCTGOGGA TOOGGA CCOGGGAGGCCTCCTTTGAGCAGTGCCTCCGATCCAA* GAAGTGGC
CTGGTGCACCTGOCGATCXXGACCXXGGAGXXCTXCTTIXAXGAG
CT* GTGCACCTGOGGATCOGGACCCXGGAG
CTCCTGCICCTCOGGA TCCGGACCCGGGAGGCCTC® TTTCAGGAGTGCCTGOGATCCAAGGAAGTGGCCCTGRATTTTGGCCTGA CGGAAAGGCTTCGCGAGCACGAAGCCX AGCTGGTG
CTGGTGCACCTGCGGATCOGGA COXGGAGGCCTCCTTXCAGGAGTGCCTCCGATCCAAGCAAGTCGCCCTGRA TTTTGC CX TCACGGAAAGX CTTCGCGAGCACGAAGCCCAGCTGX TG
CTCGTGC3CCTGOGCGA TCOGCGA CCOGGCAGGCOXCX TTTCAGCAGTGGCTGCGA TCCAAGGAAGTGGCCCTGRATTTTCGCCTGACGCGAAAGGCTTCGCGAGCACGAAGCCXAGCTGGTG
CAGXXCTCXXTTXAGXAXTXGCTGCGA TCCAAGX AAGTCGOCCTXGAXTTTGGCX TGA CGX AAAGX CX TCGCGAGCACGAAGCCXAGCTGX TG
CAGGCCTCCTTTXAXGAXTXGCTGCGATCCAA® GAAGTGCCCCTXGATTTTCGCX TGACGXAAAGX CTTCGCGAGCACGAAGCCCAGCTXG TG
TCAAGGAAGTGGCCCTGGATTTTGGCCTGACGGAAAGGCTTCGCGAGCACGAAGCC! AGCTGGTG
AAGTGGCCCT* CATTTTGGCCTCACGGAAAGGCTTCGCGAGCA* GAAG* CCAGCTGGTG
GGCCCTGGATTTTGGCCTGACGGAAAGGCTTCGCGAGCACGAAGCKXAGCTGGTG
CCCT* GATTTTGGC* TGACG* 2AA* GCTTCGCGAGCACGAAGCC® *GCTG* * G
TGGATTTTGGCCTGACGCAAAGGCTTCGCGAGCA CGAAGCCXAGCTGGTG
TTGGCCTGACGCAAAGGCTTCGCGAGCACGAAGCCCAGCTGGTG
G
CTGGTGCACCTGCGGA TOCGGA CCCGGGAGGCCTCCTTTGACGAGTGGCTGCGA TCCAAGGAAGTGGCCCTGGA TTTTGGCCTCACGGAAAGGCTTCGCGAGCA CGAAGCCCAGCTGGTG

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
ATXTOXCCXAXGCTX T
ATCCTCGOCCAGGCTCTGCGA CCATTACCACTXXCTCATCCACA
ATCCTCGCCCAGGCTXXXCACX ATTACCGACTCTCTCAXXCAXAGCACA CXGCACA CGCTGGTCCAGOGGGX XCTGCAATXGGCX X TGXAGTAT
ATCCTGGCOCCAGGCTCTGCA CCATTACCGACTGTCTGATCCACAGCACACXGCACACGCTGGTCGAG
ATCCTGGCOCAGGCTCTGGA CCATTACGAX TGTCTCATOCACAGCACACCGCACACGCTGCTCX AGCGGGGGCTGCAATXGGCCX TGAA
ATCCTGGCCCAGGCTX* * GACCATTACCACTGTCTCATCCACAGCACA CCGCACACGCTGGTCGAGCGGGGGCTGCAATCGG* CCTGAAGTATGAGGAGTT T A CT* AAGCCTTTT
ATCCTGGOCCAGGCTXT* GACCATTACGACTGTCTGATCY ACAGCACAC* GCACACGCTGGTCGAGC
ATC* * TGOCCAGGCTXT® CA* CATTACGACTGTCTGATC® ACAGCACACCGCACACGCTGGTCGAGCGGGGGCTGCAATCCGCC TGAAGTAT AGCGAGTTT A CT* AAGKXTTT* ¢ GC
ATCCTGGCCCAGGCTCTGCA CCATTACCGACTCTCTCATCCACAGCACACCGCACACGCTCGTCCAGUGGGGGCTGCAATCGGCUCTGAAGTATCGAGCACTTTTACCTAAAGCGTTTTCGC
ATCCTGGCCCAGGCXX TGGA CCATTACGACTGTCTGATCCACAGCACACCGCACACGCTGGTCCGAGCGGGGGLTGCAATCGUCCCTGAAGTATGAGUAGT TTTA CTAAAGIXGTTTGGL
ATCCTGGCCCAGGC* X TGGACCATTACGACTGTCTGATCCACAGCACACCGCACACGCTGGTCGAGCG
ATCCTGGCCCAGGC* XTCCACCATTACGA CTGTCTGA TCCACAGCA CACCGCACACGCTGGTCCA GOGGGGGCTGCAATCGGLUCCTGAAGTATCGAGUAGTTTTA
COCXGGCTCTXGA CCA TTACGACTGTCTGA TCCACAGCACACCGCACACGCTGGTCCAGCGGGGECTCCAATCGGCUCTGAAGTATCGAGGAGTTTTACCTAAAGCGTTTTGGC
CXGATCXACAGCACACXGCACACGX TCGTCCAGCGGGGGCTGCAATCGGCCCTGAACTATGAGXAGTTTTACCTAAAXXX TTTTCGC
ACGCTGGTCCAGCGGGGGCTGCAATCGGCCCTGAAGTATGAGCAGTTTTACCTAAAGIXTTTTGGC
GGGGCTGCAATCGX CCCTGAAGTATGAGXAGTTTTACCTAAAGCGTTTTGXC
AATCGXCCCT* *AATAT* AGXA* - TTTACCTAA**C**TTTGXC

CTAAAGCGTTTTGGC
ATCCTGGCCCAGGCTCTG 4 CCATTACGA CTGTCTCA TCCACAGCA CACCGCACACGCTGG TCGAGOGGGGGCTGCAATOGGCCCTGAAGTATGAGGAGTTT TACCTAAAGCGTTTTGGC
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
GG* CA* TACATG*A* TCXGTT
GGGCACTA

CGGGCATACATG* AGTCXGCTCTTCCACATGTACACCXGCATCGC® * GCTTTT* G* * CTGCCGGGCXACGOGCGGCATGCG

GQXCACTACA TGXAGTCXGTCTTCCAGA TGTACA COXGCA TCGCX GCCTTTTTCGCCTGCX GGGCX ACGCGCGGCAT

GGGCACTACA TGCAGTCOGTCTTCCAGA TG TACACOOGCA TCLOCGLCTTTTTGCCCTCCOGGG CCACCCGCGGCA TCOGCCACATXG COX TGGGGCGAGAGGGGTCGTGGTCGGAA

GGCCACTACATCCAGTCXGTCTTCCAGA TGTACACCXGCATCGCCEGCTTTTTCGCCTCOCCEE (X ACGOGCGGCA TGCGCCA CATCGCCCTGGG

GGXCACTACATCXAGTCOGTCTTCCAGA TGTACA COCGLATCCCIX GCTTTTTGGCCTGCOGGECCACGCCOCGCATGCGCCACA T GCCCTGGGGCCAGAGGGGTCGTGGTGGGAAATG

CCXCACTACATGXAGTCOGTCTTCCCAATGTA CACCOCCA TCGOCX GCTTTT TN CCTGCCUCECCACGOGCGGCA TGOCCCACATXXCCCTGGCGCGA GAGGGGTCGTGGTGGGAAATG

CCXCAXTACATGCAGTCOGTCTTCCAGA TGTA CA CCCGLA TCCCCGGCTTTTTCGCCTGCCGEECX ACGCCCGGLA TCCGCCA CATCGCUCTGUCGUCA CAGGGG TOUTUGTGGGAAATG
TTTTTGXCCTXCX GGGCCACCCGUCGXATGCGLTAXATCGOCCTGCUX XXAGAGGCGTUGTGGTGGX AAATG

TTTCXCCTGXGCGCCACGLGCGGCA TGCGCCACATCGOCCTUGGGCUAGAGGCGTCGTGGTGGCAAATG

TGXXAAATG

GUCCACTACATGGAGTCOGT CTTCCAGA TGTA CA COCGCA TCGCCGGCTTTTTGGCCTGOOGGGCCA OGCGLGGECA TCOGOCA CA TCGCCCTUGGGCGAGAGGLCTCGTGGTGGGAAATG

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
OCCCCTCTACGAC* A¢ CAG

TTCAAGTTCTTTTTCCACOGCCTCTACGA CCACCAGA TOGTACCGTCGACCCX XGCX ATGCT
TIKAAGTTCTTTTTXCACXGCCTX XACGACXACXAGA TCCTACXGTCGA CCX X CGCX A TGCTGAACX TGGGGACXXGCAACTACTACACCTCA
TTKAAGTTCTTTTTCOCACXGOCTCTACGACCA CCAGA TCGTACX GTCGA CCCCXGCOCA TGCTCAX X CTGG
TIXAAGTICTTTTTCCACCGCCTCTACGA CCA CCAGA TCLTACCG TCCA CCCCCGOCA TGCTCA ACCTGCCGA COXGCAACTACTA CACCTX CAGCTGCTACX TGGTAAACCCCX AGG
TICAAGTTCTTTTTCCACCGCCTCTACGA CCA CCAGA TOGTACOGTCGA COCCX GCCA TGCTGA A CCTGGGGA CCOGCAA CTACTACACCTX CAGCTGCTACCTGGTAAACCCCX AGGCC
CTXTACXACCACCAGA TOGTACX G TCGA COCCOGCCA TXCTGAACCTCGGCA CCCGCAACTACTACACCTX CAGCTGCTACX TGGTAAACCCCX AGGCC
ACGACXAXCAGATOGTACCGTCOGA COCXCGCX A TGCTXAACCTGGX GACTCGCAACTACTACACCTXCAGCTGCTACCTGX TAAACCCCCAGGCC

- CATGCTGAACCTGGGGA CCCGCAACTACTACACCTOCAGCTGCTA CCTGGTAAACCCCCAGGCC

TCCAGCTGCTACCTGGTAAACCCOCAGGCC

TACCTGGTAAACCCCCAGGCC

TGGTAAACCCCCAGGCC

TICAAGTTCTTTTTOCA COGCCTCTACGA CCA CCAGA TOGTA COGTCCA COCCNRCCA TGCTGAA CCTGGGGA CCOGCAACTACTACACCTCCAGCTGCTACCTGGTAAACCTCCAGGCT

1810 182v 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
CAAACAAGGCGAX CCTGOGGGCCATCACCAGCAACGTCAGTGOCA TXCTXG COXGCAAXGGGGX CATOGGGCTATGCGT

:I&ImmmmummmmcmnmcccccuucccccmncccaAmccf
mMuAmmaxmmwmmxmmcaAmr
AmwmmmmmmmmAmamanmmmmac Geeee
ey MACAAGGOCA CCCTGCGGGOCA TCACCAGX AACGTCAG TGOCA TOCTOGCCCGCAA CCCGGGCA TCCGGCTATC COTGCAGCCGTTTAACGA CTC* GG CCCCGGGA COGCCAGC
AmwmmmwmmmmmmamAmmamumao GGCCCCGGGACCGOCAGC
CAAACAAGGCGA* * CTGCGGGCCA TCACCAGCAACG TCAGTGCCA TCCTCGCC* GCAACGGGGGCA TCGGGCTATGCGTGCAGGCGTTTAAC
GACCCTGCGGGOCATCACCAGCAACGTCAGTGCCA TCCTCECCCGCAACGGGGGCA TOGCGCTATGCGTGCAGGOGTTTAACGA CTC GGCCCCGGGA® CGCCAGE
XAAQGTCAGTGCCATCCTCCCCCGCAACGGGGGCA TOGCGCTA TGOGTGCAGGOGTTTAACGACTXCGGCOCCGGGACOGCCAGT
KTGCXATCCTOG* COGCAACGGGGGCATCGGGCTAT® C* TGCAG? C* TTTAAC® ACTCCGGOCCCGGGACCGCCA* C
TGCCA TCCTCGCCOGCAACGGGGGCA TOGGGCTATGOGTGCAGGCGTTTAACGA CTCCGGCCCCGGGACCGCCAGT
GGCTATGOGTGCAGGCGTTTAACGACTCCGGCCCCGGGACCGOCAGC
) AGXCXXTTXACCGACTCXGX CCCCGGGACUGCCAGC
GGCGTTTAACGACTCCGGCCCCGGGACCGCCAGE
CGXTTAACGACTCCG* CCCCGGGACCGCCA* C
Acca CCGCCA*C
CAAACAAGGGA CCCTGCGGCGCCATCA CCAGCAACGTCAGTGCCA TCCTCGCCCGCAACGGGGGCA TOGGGCTATG CGTGCAGGCGTTTAACGA CTCCGGCCCCGGGACCGCCAGT
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1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
GTCATGCC* GCC* T* AAGGTC* TTGA* * * G* TGGTGG

GTCATGCCCGCCCTCAAGGTC* TTGA CTCGCTGGTGGCGGCG
GTCATGCC* GCCCT* AAGGT* CTTGACTCGCTGGTGGCGX C
GTCATGCCCGCCCTCAAGGT CCTTGACTCGCTGGTGGCGGCGCACAXCAAXGAGA GCGOGCGTCXGA CX GX CGX GTX CX TGTACK T
GTCATGCCOCGCCCTCAAGGT CCTTGACTCGCTGGT* GCGGCGCACAACAAAGAGA GCGCGCGT CCGA CCGGCGCGTGOGTGTACCT* GAGCCGTGGCACACCGA CGTGCGGGCCGTGCTC
GTCATGCCCGCCCTCAAGGTCCTTGACTCGCTGGTGGCGGOGK ACAACAAAGAGAGCGUGCGTCCGACOGGCGX GTGCGTGTACCTGGAGCCX XXX XACACXGA CGTGCGGGCCGTGCTC
GTCATGCCCG* CCTCAAGGTCCTTGACTCGCTGGTGGCGGCGCACAA CAAAGAGAGCGCGCGTCCG* COGGCG* GTGCGTGTACCT* GAGCCGTG* CACA* CGACGTGCGGGCCGTGCTC
GTCATGCCCGCCCTCAAGXT CCTXGACTCGCTGGTGX CXG CGCACAA CAAAGAGAGCGCGCGTCCGA CCGGCGCGTGCGTGTACCTGGAGCCGTGGCACA CCGACGTGCGGGCCGTGCTC
GTCATGCCCGCCCTCAAGGTCCTTGACTOGCTGGTGGCGGCGCACAACAAAGAGAGCGCGCGTCXGACXXGCGXGTXCGTGTACK TGX AGXCGTGX CAXACXGA CGTGCGGX CXGTGCTC
GTCATGCCCGCCCTCAAGGTCCTTGACTCGCTGGT* GCGGCGCACAACAAAGAGAGCGCGCGTCCGACCGGOGCGTGCGTGTACCTG AGCC* TGGCACACCGA C* TGCGGGCC* TGCTC
GTCATGCCG* * CCTCAA® GTCCTTGACTCGCTGGTG* C* GCGCACAACAAAGAGAGCGCGCGTCCGACCGGCGCGTGCGTGTACCTGGAGCC* TGGCACACCGACGT* CGGGCCGTGCTC
TGXCCGCCCTCAAXGTCCTTGACTCGCTGGTXGCXGCGCACAACAAAGAGA GCX XX CGTCCGACCGGCGCGTGCGTGTACCTGGXXCOGTGGX XXX COGA CX TGCGGGCCGTGCTC
CCCTCAAGGTCCTTGACTCGCTGGTGGCGGCGCACAACAAAGAGAGCGCGCGTCCGACCGGCGGCTGCGTGTACCTGGAGCCGTGGCACACXGACGTGCGGGCCGTGCTX
TGGTGGCGGCGXACAACAAAGAGAGCGCGCGTCCGACCGGCGCGTGCGTGTACCTGGAGCCGTGGCACKCCGA CGTGCGGGCCGTGCTC
TGGTGXCGXCGCACAACAAAGAGAGX CXCCGTCCGA CCGGCGCGTGCGTXXACCTGGX XCCGTGGCACA CCGA CGXXXXGGCCGTGCTC
GGTGGCGGCGCACAACAAAGAGAGCGCGCGTCCGA CCGGCGCGTGCGTGTACCTGGAGCCGTGGCACACCGA CGTGCGGGCCGTGCTC
CXGCGCGTGC* TGTACCTG* AGCC* TGGCACACCGACGT* CGGGCCGTGCTC
GCGCGTGCGTGTACCTGGAGCCGTXGCACACXGA CGTGCGGGCCGTGCTC
TGC* * « TACCTG* AGCC* TGGCACACCGA CGTGCGGGCCGTGCTC
TXCCTGXAGCCX TGGCACACCGA CXXXAGGGCCGTGCTC
crc
GTCATGCCCGCCCTCAAGGT CCTTGACTCGCTGGETGGUGGLGCACAACAAAGAGA GLGLGLLTLCGACLGGLGLGTGLGTGTACCTGGAGCCGTGGCACACCGA CGTGCGGGCCGTGCTC

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

CGGATGAAGGG
XXGATGAAGGGGGTCXTG
*GGATGAAGGGGGTC* TCGC
CGXATGAAGGGGGXCCXCGCCGGCGAAGAGGCCCAGCGCTG
XXGATGAXXXGGGTCXTXGC |
CGGATGAAGGGGGTCCTCGCCOGGCGAAGAGGCCCAGCGCTGCGACA
COGGATGAAGGGGGTCCTOCCCGGCGAAGA GGCCCAGCGCTGCGACAATATCTTCAGCGCCCTCTG* ATGCCAGACCTGT
CGGATGAAGGGGGTCCTOGCCGGCOGAAGAGGCCCAGCGCTGCGACAATATCTTCAGCGCCCTCTGGATGCCAGACCTGTTTTTCAAGCGCCTGATTCGCCACCTGGACGG
CGGATGAAGGGGGTGCTXXXXXGCGXAGAGX CCCAGCGCTGCGACAATATCTTCAGCGX CCTX TXGATGCXAGAXCTGTTTTXCXAGXGX CTGAXTCGC
CGGATGAAGGGGGTCCTOGCCGGCGAAGAGGCCCAGCGCTGCGACAX TATCTTXAGCGCCX TCTGX A TGCX AGACX TGTTTTTCAAGCGCX TGATTCGX CACX TGXACGG
CGGATGA 'CCTOGCOGGCGAAGAGGCCCAGCGCTGCGACAATATCT TCAGCGCCCTCTGGA TGCCAGACCTGTTTTTCAAGCGCCTGA TTCGCCACCTGGACGGCG
CGGATGAAGGGGGTCCTCGCCGGCGAAGA GGCC AGCGCTGCGACAATATCTTCAGCGCC® T* T* GATGCAGA * * CTGTTTTTCAAGCG* CTGATTCGCXACH T* GACGGCGAGAAGAAC
CG*ATGAA* GGGGTCCTCGCCGGCGAAGAGG® CCAGCGCTGCGACAATATCTTCAGCGCCCTCTG* ATGCCAGACCTGTTTTTCAAGCGCCTGATTC® ¢ CACCTGGACGGCGAGAAGAAC
CGGATGAAGGGGGTCCTCLX XXX XX XX XAGGCCCAGCGCTGCGA CAATATCTTCAGCGCCCTCTGGA TGCCAGAXCTGTTTTTCAAGCGX CTGA TTCGCXACCTGGACGGCGAGXAGXAC
CG*ATGAA* GGGGTCCTCGCCG* CGXAGAGGCCCAGCGCTGCGACAATATCT TCAGCGCCCTCTG* ATGCCAGACCTGTTTTTCAAGCGCCTGATTCGC* ACCTGGACGG
CXXATGAAGGGGGTCCTCGCCGGCGAAGA GGCCCAGCGCTGOGA CAATATCT TCAGCGCCCTCTGGA TGCCAGACCTGTTTTTCAAGCGCCTGA TTCGCCACCTGGACGGCGAGAAGAAC
CGGATGAAGGGGGTCCTOGCCGGCGAAGAGGCCCAGCGCTGCGTCAATATCTTCAGCGCCCTCTGGA TGCCAGA/ CTGTTTTTCAAGCGCCTGA TTCGCCA/ CTGGACGGCGAGAAGAAC
TTCA* CGCCCTCTG* ATG* CAGACCTGTTTTTCAAGCGCCT* ATTCGC* ACCTGG* CGGCGAGAAGAAC
CTGGATG* CAGACCTGTTTTTCAAGCGCCTGATTCGCCACCTGGA CGGCGAGAAGAAC
ATGCCAGACCTGTTTTTCAAGCGCCTGATTCGCCACCTGGACGGCGAGAAGAAC
TTTTTCAAGCGCCTGATTCGCCACCTGGA CGGCGAGAAGAAC

AAGAAC
CGGATGAAGGGGG‘I‘CCI‘CGCCGGCGAAGAGGCCG\GCGC‘{GCGA(‘J\ATATCTTCAGCGCCCTCI‘GGAT'GCCAGACCTGTTTTTCAAGCGCC‘I‘GA'ITCGCCACCTGGACGGCGAGAAGAAF
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
GTCACATGGAC
GTCT

GTCACA® ** ¢ ACXTGTTCGAXCGGXAXAXCAGCATXTXG
GTCACATGGACCCTGTTCGA CCGGGA CACCAGCATGTC
GTCACATGGACCCTGTTCGA CCGGGACACXAGCATGT
GTCACATGGA CCCTGTTCGA CCGGGACACCAGCATGTCGCTCGCCGA CTTTCACGGGGAGGAGTTCGAGAAGCTCTACCAGCACCTCGAGGTCATGGGGTTCGGCGAGCAGATACCCAT
GTCACATGGACCCTGTTCGA CCGGGA CACCAGCATGTCGCTCGCCGA CTTTCACGGGGAGGAGTTCGAGAAGCTCTKCCAGCACCTCGAGGTCATGGGGTTCGGCGAGCAGATAXCCAT?
GTCACATGGACCCTGTTCGA CCGGGA* * ¢ CAGCATGTCGCTCGCCGA CTT* TCCGGGGAGGAGTTCGAGAAGCTCTACCAGCA CCTCGAGGTCATGGGGTTCGGCGAGCAGATACCAATC
GTCACATGGACCCTGTTCGA CCGGGA CA* CAGCATGTCGCTCGCCGA CTTTCACGGGGAGGAGTTCGAGAAGCTCTAC! * ¢ * ACCTCGAGGTCATGGG* TTCGGCGAGCAGATAXCCAT
GTCACATGGACOCTGTTOGA CCGGGA CACCAGCATGT/ // TCGCCGACTTTCACGGGGAGGAGTTCGAGAAGCTCTACCAGCA CCTCGAGGTCATGGGGTTCGGCGAGCAGATACCCATC
AXATGGACCCTGTTCGA CCGGGA CACCAGCA TGTCGCTCGCCGA CTTTCACGGGX A/ GAGX XCGAGAAGCTCTACCAGCACCTCX AGGTCATGGGGTTCGGCGAGCAGATACCCATC
TCGCCGA CTTTCACGGGGAGGAGTTCGAGAAGCTCTACCAGCACCTCGAGGTCATGGGGTTCGGCGAGCAGATACCCATC
CTA* CAGCA* CTCGAGGTCATGGGGTTCGGCGAGCAGATACCCATC

AGCAGATACCCATC
GATACCCATC
GTCACATGGA COCTGTTOGA CCGGGA CACCAGCA TGTCGCTCGCCGA CTTTCA CGGGGAGGAGTTCGAGAAGCTCTACCAGCA CCTCGAGGTCA TGGGUTTCGGCGA GCAGA TACCCATC
2290 2300 2310 2320 2330 2340 2350 2360 2370 2180 2390 2400
CAGGAGCTG* CCTAT
CAGGAGCTG* CCTAT
CAGGAGCTG* CCTATGG

CAGGAGCTGGCCTATGGCA TTGTGCGCAGTGCGGCCA/ GA COGGGAGCCCCTTCGTCA TGTTKAAAGA CGCGGT
CAGGAGCTGGCCTATGGXATTGTGXG
CAGGAGCTGGUUTATGGCA TTGTGUGCAGTGCGGCCACKX CXGGGA GOCCCTTCGTCATGTTCAAAGA CGLGGTGAAKX GLX AX TACATX TACGA CACCCAGGUX X CGX CCATXGERGGLC
CAGGAGCTGGCCTATGGCA TTG TGCGCAGTGCCGCCACGA CCGGGAGCCCCTTCGTCA TGTTCAAAGA CGUGGTGAACCGCCACTACA TCTACGA CACCCAGGUUGLS
CAGGAGCTGGCCTATGGCA TTGTGUGCAGTGCGGCCACGA CCGGGAGCCCCTTCGTCATGTTCAAAGA CGCGGTGA ACCGCCACTACATCTACGA CACCCAGGGGGCGGCCATCGEXGGC
XAGKAGCTGXXCTATGX CATTGTGCGCAX TGOGX CX A CGA CX XGGAGCCCCTTCGTCATGTTCAAAX X X XCX G TGA ACCGCCACTACATCTACGA CACX CXGGGGX CX GXCATCLLCGGT
AXTXXGGCXACGA CXXGGAGCCCCTTCGTCATGTTCAAAXXXXCXGTGAACCGCCACTACATCTACGA CACCCXGGGUX XXX CCATCGCLGGC
ACXXGGAGCCCCTTCGTCATGTTCAAAGACGCGGTGAACCGCCACTACATCTACGA CAXXCXGGGGX CXGCCATCLCCGGC
TTCGTCATGTTCAAAGA CGOGGTGAACCG(XACTACATCTACGACACCCAGGGGGLUGGCCATCGCXGGC
ACGACAXXCXGGGXXXXXXCATCGCXXGX
CCCAGGXXXCGGCCATCGCX XXX
GGGGGCGGCCATCGXGGC
CAGGAGCTGGOCTATGGCA TTGTGOGCAGTGCGGCCACGA COGGGA GCCCCTTCGTCA TGTTCAAAGA CGCGGTGAACCGCCA CTACATCTACGA CACCCAGGGGGCGGCCATCGCCGGT

roxaact 4L 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
AAC

TCXAACCTCTGCACXGAGA TCGTCCA TCX GGCCT CKAAXCGA TCX AGTGGGX TCTGCAXXCTGGX AAGCGT

TOXAXCCTCTGCACCXAGA TCGTCCA TCOGGCCTCCAAGCGA TCCAGTGGGGTCTGCAACCTGGX AAGCGTGAATCTGGCCCGA TGCGTCTCCAGGCAGACGTTTGACTTT

GOCTCXAAGCGA TCCAGTGGGGTCTGCAACCTGGGAAGCGTGAA TCTGGCCCGA TGOGTCTCX AGGCAGA CGTTTGACTTTGGGCGGCTC

GOCTXCAAXCGATCX AGTGGGX TCTGCAACCTGGX AAGCGTGAATCTGGCCOCGATXCGTCTCX AGK CXXACGTTTXACTTTGGX CGGCTC

CCAA® CGATCCAGTGGGGTCTGCAACCTGG? AAGCGTGAATCTGGCCCGA TGCG* CTCCAGGCAGA CGTTT* ACTTTGGGCGCGTC
GCAACCTGGGAAXCGTGAATCTGGCCCGA TGCX TKXCCAGX CAGA CGX TTXACTXXGG-X XXCXC

AGCGTGAATCTGGCCCGA TGCGTCTCCAGGCAGACGTTTGA CTTTGGGCGGCTC

ATCTGXXCCGATXCGTCTCX AGKCAGACGTTTGA CTTTGGX CGGCTC

CAGACGTTTGACTTTGG* C* GCT*

CGTTTGACTTTGGGCGGCTC

TCCAACCTCTGCA CCGAGA TCGT CCA TCCGGCCT CCAAGCGA TCCAG TGGGGTCTGCAACCTGGGAAGCGTGAATCTGGCCCOGA TGCGTCTCCAGGCAGA CGTTTGA CTTTGGGCGGCTC
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2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
XGXGACGCCGTGCAGGC® TGOX TXXXGATGX TG
CGCGACGCCGTGCAGG
XGXGACGCCGTGCAGG
XGCGACGCCGTGCAGGCX TGCGTGCTGATGGTXAACATCATGATCGACAGCA
XGCGAXGCCGTGCAGGCGTGCXX XX TGATGGTACACATXATXATCGA CAXCAXGX TAX AACCX AXGCCCXAGTGCACC
« GCGACGCCGTGCAGGC * GCGTGCTGATGGTGAACATCATGA TCGACAGCACGCTACAACCY ACGCCCCAGTGCACCC.
XGCGACGCCGTGCAGGCX TGCGTGCTGATGGTGAACATCATGATCGA CAGCA CGCTACAX CCX ACGCCCXAGTGCA CCCGCGGCAACGAC
CGCGAXGCCGTGCAGGCGTGCGTGCTGATGGTGAACATCATGATCGA CAGCACGCTACAACCCA CGCCCX AGTGCACCCGCGGCAACGA CAACCT
CGCGACGCCGTGCAGS .
XXXAXGCCX TGCAGXCGTGCX TGCTGATGX TXXACATCATGATCGA CAGCACGCTA- AAX CCA CGCCCCAGTGCACCCGCGGCAACGA CAACX TGCXGTCCATXGGAATCGGCATGCAG
XGCGACXCCGTGCAGGCX TGCGTGCTGATGGTGAACA TCATGA TCGA CAGCACGCTACAA CCCA CGCCCCAGTGCACCCGCGGCAACGA CAACK TGCGGTCCATGGGAATCGGCATGCAG
CGCGAXGXCGTGCAGGCGTGCGTGCTGATGGTGAACA TCATGA TCGA CAGCACGCTACAA CCCACGCCCX AX TGCACCCGCGGX AACGA CAACX TGCGGTCCATGGCAATCGGX ATGXAG
CGCGA* GCCGTGCAGGCGTGCGTGCTGATGGTGAACATCATGA TCGA CAGCACGCTACAACCCACGCCCCAGTGCACCCGCGGCAACGA CAACX TGCGGTCCAT* GGAATCGGCATGCAG
XGXXACGCCGTGCAGXCGTGCX XXX TGATGGTGAACATCA TGATCGA CAGCACGCTACAACCCACGCCCCAGTGCACCCGCGGCAACGA CAACCTGCGGTCCATGGGAATCGGCATGCAG
TGCAGGCGTGCGTGCTGAT* GTGAACATCATGATCGA CAGCACGCTACAACCCACGCCCCAGTGCACCCGCGGCAACGA CAACX TGCGGTCCAT® GGAATCGGCATGCAG
GCTACAAXCCACGCCCA® * TGCACCCGCGGCAACGA CAACX TGCXGTCCATXGGAATCGGCATGCAG
e %%« AACGACAAXXXCCGGTCCATXGGAATCGGCATGCAG
ACAXCXTXCGX TCXATGGXAATCGXCATGCAG
* CGGTCCATGGGAATCGGCATGCAG
GTXCATXGGAATCGGCATGCAG
CGCGACGCOGTGCAGGCGTGCGTGCTGATGGTGAACA TCATGA TCGA CAGCA CGCTACAA CCCA CGCCCCAGTGCACCCGCGGCAACGACAACCTGCGGTCCA TGGGAATCGGCATGCAG

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
G* CCTGCACACGGCCTGCCTGAAGCTGGGGCTGGATCTGGAGTCTGCCGAATTT
GGCC
GGCCTGXAXAXGG

GXCCTGCACACGGCCTGCCTGAAGCTGG
GGCCTGCACACGGCCTGCCTGAAGCTGGGGCTXGATCTXGAGTCTGCCGAATTTCAGGACX T
GXCCTGCACACGGCCTGCCTGAAGCTGGGGCTGGATCTGGAGTCTGCCGAATTTCAGGACCTGAACAAACACATCGCCGAGGTGATGCTGCTGTCGGCGATGAAGACCAGCAAC
G*CCTGCACACGGCCTGCCTGAAGCTGGGGCTGGA TCTGGAGTCTGCCGAATTTCAGGA CCTGAACAAACACATCGCCGAGGTGATGCTGCTGTCGGCGATGAAGACCAGCA
G*CCTGCACACGGCCTGOCTGAAGCTGGGGCTGGA TCTCGAGTCTGCCXAATTTXAGGACCTGA ACAAACACATCGCCGAGGTGA TGCTGCTGTCGGCGA TGAAGA CCAGCAACGCGCXG
GXCCTGCACACGCCCTGCCTGAAGCTCGGXCTXGATCTXGAXTCTGCCXAATTTCAGGACCTX AACAAACA CA TCGCCXAGX TGATGCTGCTGTCGGCGA TGAAGA CCAGCAACGCGCTG
GGCCTGCACACGGCCTGCCTGAAGCTGGGGCTGGA TCTGGAGTCTGCCGAATTTCAGGACCTGAACAAACACATCGCCGAGGTGA TGCTGCTGTCGGCGA TGAAGA CCAGCAACGCGCTG
GXCCTGCACAC* GXCTGCCTGAAGCTXGGGCTGGATCTXGAGTCTGCCGAATTTCAGGACCTGAACAAACACATCGCCGAGGTGA TGCTGCTGTCGGCGA TGA AGA CCAGCAACGCGCTG
CCTGCACACGGCCTGCCTGAAGCTGGGGCTGGA TCTGGAGTCTGCCGAATTTCAGGACCTGAACAAACA CATCGCCGAGGTGA TGCTGCTGTCGGCGA TGAAGACCAGCAACGCGCTG
ACACGGCCTGCCTGAAGCTGGGGCTGGA TCTGGAGTCTGCCGAATTTCAGGACCTGAACAAACA CATCGCCGAGGTGA TGCTGCTGTCGGCGA TGAAGACCAGCAA CGCGCTG
CGGCCTGCCTGAAGCTGGG* CTGGATCTGGAGTCTGCC* AATTTCAGGA CCTGAACAAACACATCGCCGAGGTGA TGCTGCTGTCGGCGATGAAGA CCAGCAACGCGCTG
XXXXXXAGCTGGG* CTGGATCTGGAGTCTGCCGAATTT* AGGACCTGAACAAACACATCGCCGAGGTGA TGCTGCTGTCGGCGA TGAAGACCAGCAACGCGCTG
TCGCCGAGGTGATGCTGCTGTCGGCGA TGAAGACCAGCAACG* GCTG
GCCGAGGTGATGCTGCTGTCGGCGATGAAGACCAGCAACGCGCTG
GTCGGCGATGAAGACCAGCAACGCGCTG
GGCCTGCACACGGCCTGCCTGAAGCTGGGGCTGGA TCTGGAGTCTGCCGAATTTCAGGACCTGAACAAACACATCGCCGA GG TGA TGCTGCTGTCGGCGATGAAGA CCAGCAACGCGCTG

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
TCAACCACTTTA
TGCGTTCCCGGGGCCOGTCCCTTCAACCACTTTAAGCGCAGCATX TATCX CGCCGGCCGCTTTCACTGGGA GCGCTTTCCGGA CGCCCGGCCGCGGTACGAGGGCGAGTXGGAX
T* ¢ ¢ TTCGCGCGGCCOGTCCCTTCAACCACTTTAAGCGC
TGCCTTCGOGGEGCCCUTCCCTTCAACCACTTTAAGCGCAGCATGTATCGCGCCGGCCGCTTTCACTXGGAGCG -
TGC* TTOCGCGGGGCCCGTCCCTTCAACCACTTTAAGCGAAGC® TGTATCGCG* CGGCG* * TTTCACTGGC ¢
TGCGTTCGOGGGGCCOGTCCCTTCAACCACTTTAAGCGCA

TCC* TTCGCGGGGCCCGTCCCTTCAACCACT TTAAGCGCAGCATGTATCGCGCCGGCCGCTTTCACTGGGAGCGCTTTCCGGA CGCCCGGCCGCGGTACGAGGGCGAGTGGGAGA TGCTA
TCXTTCCOGGGGCCOGTCCCTTCAACCACTTTAAGCGCAGCGTGTATCGCGCCGGCCGX TTTCACTGGGAGCGCTTTCX GGA CGCCX GGCCGCGGTACGAGGGCGAGTGGGAGATGCTA
TGCETTCGCGGGGCCOGTCCCTTCAACCACTTTAAGCGCAGCATGTATCGCGCCGGCCGCTTTCACTGGGAGCGCTTTCCGGA CGCCCGGCUGCGGTACGA GGGCGAGTGGGAGATGCTA
TTTCXGGA CGCCCGGCCGCGX TACGA GGGCGAGTGGGAGATXXTA

TGGGAGATGCTA

GGGAGATXCTA

GGAGATXXTA

CTA

TGCCTTCGCGGGGCC ™ CCTTCAACCA CTTTAAGCGCAGCA TGTATCGCGCCGGCCGCTTTCACTGGGA GCGCTTTCCGGA CGCCCGGCCGCGGTACGAGGGCGAGTGGGAGATGCTA

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
CGCCAGAGCATGATGAAACA* GGCCTGCGCAACAGCCAGTTTGTCGCGCTGATGCCCACY GCCGCCT* GGC* ¢ A
CGXCAGAGCATGATGAAXCAXCGCXTGC
CGCCAGAGCATGA TGAAACA CGGCCTGCGCA
CGCCAGAGCATGA TGAAACA CGGCCTGCGCAACAGCCAGTTTGTCGCGCTGA TGCCCA CCGCX G CCTCCGCGCAGA TCTCGGA CGTCAGCGAGX X CTTTGCCCCCCTGTTCACCAACCTG
CGCCAGAGCATGA TGAAACA CGGCCTGCGCAACAGCCAGT TTGTCGCGCTGA TGCCCA CCGCCGCCTCOGGC* XAGA TCTCGGA CGTCAGCGAGGGCTTTG® ® CCCCTGTTCACCAACCTG
CGCCAXAGCA TGA TGAAACA CGGCCTGOGCAACAGCCAGT TTGTOGCGCTGA TGCOCA X GCX G CCTCGGCGCAGA TCTCGGA CGTCAGCGA GX X CTTTGCCCCCCTGTTCACCAACCTG
CGCXAGAGCA TGATGAAACA CGGCCTGCGCAACAGCCAXX TTGTCGCGCTGA TGCCCACX GCX GCCTCGGCGCAGA TCTCGGA CGTCA GCGA GX X CTTTGOCCCCCTGTTCACCAACCTG
CGCCAGAGCA TGA TGAAACA CGGCCTGCGCAACAGCCAGTTTGTCGCGCTGA TGCCOCA COGCCGCCTCGGCX XAGA TCTCGGA CGTCAGCGA GGGCTTTGX CCLCCTGTTCACCAACCTG
XGCAGAGCATGA TGAAACA CGGCCTGCGCAACAG® CAGTTTGTCGCGCTGA TGCCCA CCGC* GCCTCGGCGCAGA TCTCGGA CGTCAGCGA * * GCTTTGCCCCCCTGTTCACCAACCTG
GCATGATGAAACACGX* CTGCGCAACAGCCAG-TTGTCGCGCTGA TGCCCACCGX CGCCTX C~ CGX AGA TCTCX GA CGTCAGCGA GX X CTTTGCCCCCCTGTTCACCAACCTG
CACGGCCTGCGCAACAGCCAGTTTGTCGCGCTGA TGCCCA CCGC® GCCTCGGOGCAGATCTCGGA CGTCAGCGA* * GCTTTGCCCCCCTGTT ACCAACCTG
CGCAACAGCCAGTTTGTCXCGCTGATGCCCACGG® ¢ * CTXGGCGX AGA TCT* GGACGTCAGCGAG* ¢ CTTTGCOCCCCCTGTTCACCAACCTG
TCGCGCTGATGCCCACCG® CGCCTCX GOGX AGATCTCGGA CGTCAGCGA® ¢ GCTTTGCOCCCCTGTTCACCAACCTG
ATGCCCACCGCCGCCTCGGCGX AGATCTCGGA CGTCAGCGAGGGCTTTG* * CCCCTGTTCACCAACCTG
TCGGCGCAGA TCTCGGA CGTCAGCGA* GGCTTTGCCCCOCTGTTCACCAACCTG
CGGACGTCAGCGAGG® CTTTGCCCCCCTGTTCACCAACCTG
CCTGTTCACCAACCTG
CTGTTCACCAACCTG
. TTCACCAACCTG
CGCCAGAGCA TGA TGAAACA CGGCCTGCGCAACAGCCAGTTTGTCGCGCTGA TGCCCA CCGCCGLCTCGGUGCAGA TCTCGGA CGTCAGCGAGGGCTTTGCCCCCCTGTTCACCAACCTG

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
TICAGCAAGGTGA CCOGGGA CGGXGAGACGCTG
"CAGCAAGGPGACCCGGGA CG* CGAGACGCTGCG* CCCAACAC
“CAGCAAGGTGACCCGGGACGGCGAGAGCXXCGCCCQACA CGCTCCTGCTAAAGGAA
TTCAGCAAGGTGA CCCGGGA CGGCGAGA CXCTGCGCCCCAACA CGCTCCTGCTAAAGGAACT
TTCAGCAAGGTGA CCOGGGA CGX CX AGACGCTGCGCCCCAACA CGCTCX TGCTAAAGGAACTGGAA
TTCAGCAAGGTGA® CCGGGA CGGLGAGA CGCTGCGCCCCAACACGCTCCTGCTAAAGGAACTGG
TICAGCAAGGTGA CCOGGGA CGGCGAGACGCTGCGCCCCAACACGCTCCTGCTAAAG
"QGCAAGGTGACC&GGACGGCGAGACGCPGCGCCCCAAQ' GCTCCTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGCCAA
TTCAGCAAGGTGA CCCGGGA CGGCGAGACGCTGCGCCCCAACA CGCTCCTGCTAAAGGAACTGGAA
TTMGCAAG' TCGACCCGGGACGGCGAGA CGCTGCCCCCCAACA CGCTCCTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGUGCCTCCTGGAGGTGATGGACA* TCTC
mmcmcoocccacc- CGAGACGCTGCGCCCCAACACGCTCCTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGGCC* TCCT* GAGGTGATGGACAGTCTCGACGC® AAG
TTCAGCAAGGTGA CCOGGGA CGGCGAGACGCTGCGCCCCAACACGCTCCTGCTAAAGGAACTGG
TTCAGCAAGGTGACCOGGGA CGGOGAGA CGCTGCCCCCCAACACGCTCCTGCTAAAG AACTGGAACGCA CGTTTAGCGGGAAGCGCCT CCTGGAGGTGA TGGA CAGTCTCGA CGCCAAG
mcﬂkmmCGGCGAGACGCK‘GCGCCCQACACGCTCCTGCTAAACGAACTGCA ACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATG
"CAGCAAGGTGACCCGGGACG‘ CGAGACGCTGOGCCCCAACACGCT* CTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTC* TXGAGGTGATGGACAGTCTCGACGC! AAG
NQGWGGTGACCCGGCACGXCGAGACGCTGCGCCCCAACACGCI‘CCTGCFAAAGGAACTGGA ACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGA CAGTCTCGACGCCAAG
ACACGCTCCTGCTAAAGXAACTGXAACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGCCAAG
CGCTCXTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGCCAAG
GCT* CTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGC* AAG
CCTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGCCAAG
TGATGXAXAXTXTCXACXXXXAX
) GACGCCAAG
TTCAGCAAGGTGACCCGGGA CGGCGAGACGCTGCGCCCCAACACGCTCCTGCTAAAGGAACTGGAACGCA CGTTTAGCGGGAAGCGCCTCCTGGAGGTGATGGACAGTCTCGACGCCAAG
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CAGTGGTCOGTGGCGCAGGOGX TCCCGTGCX TGXAGCX X AXCA X CX X X TXCGXX
CAGTGGTCOGTGGOGCAGGCGCTCCCGTGCCTGGA GCCCA CCCACTCCCCTXCGGCGA TTCAAGA CXGCGTTTGACTACGACCAGAAGTTGCTGAT
CAGTGGTCOGTGX CGCAGGCGCTCCOGTGCCTGGAGCCCA COCAXCCCCTCCGGOGA TTCAAGA COGCGTTTGACTACGACCAGAAGTTGCTGAT
CAGTGGTCORTGGOGCAGGCGCTCCOGTGCCTGGAGCTCA CCCACCCCCT3 CGGCGA TTCAAGA COGCGTTTGACTACGACCAGAAGTTGCTGATCGACCT
CAGTGGTCOGTGGOGCAGGCGCTCCCGTGCCTGGAGCCCACCCACCCCCTCOGGCGA TTCAAGA * CGCG* TTGACTACGACCAGAAGTXGCTGATCG
CAGTGGTCOGTGGOGCAGGOGCTCCOGTGCCTGGA GCTCA OCCA COCCCTCOGGCOGA TTCAAGA CCGCGTTTGACTACGA CCAGAAGTTGCTGA TCCACCTGTG TGCGGACCGCGX COCC
CAXTGXTCXXTGXXXXAGXXXX TX CCX TEXCTXGAXXCCAXCCAXCOOCTCX GGCOGA TTCAAGAXCGCGTX TGA CTACGA CCAXAXAX TGCTGA TCGACCTGTGT* CGGACOGCGCCCCC
CAGTCGTCOGT* GCGCAGGCGCTCCCGTGCCTGGAGCCCA CCCAXCCOCTCOGGCGA TTCAAGA CCGOGTTTGA CTACGACCAGAAGT TGCTGA TCGACCTGTGTGCGGA CCGCGCCCCC
XXGCTCCOGTGCCTXGAGCCCA CCCAXCCCCTCCOGGCGA TTCAAGA COCGCGTTTGA CTACGACCAGAAGTTGCTGA TCGACCTGTGTGCGGA CCGCGCCCCC
CAAGACCGOG* TTGACTACGACCAGAAGTTGCTGA TCGACCTGTGTGCGGA CCGCGCCCCC

CAGTGGTCOGTGGCGCAGGCGCTCCCGTGCCTGGA GCCCA COCA COCCCTCOGGCGA TTCAAGA CCGCGTTTGA CTACGA CCAGAAG T TGCTGA TCGACCTGTGTGCGGACCGCGCCCCC

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
TACGTCGACXATAGCCAATXCATGAXCCTGTATGTCA
TACGTCGACCATAGCCAATCCA TGA CCCTGTATGTCA CGGAGAAGGCGGA CGGGA CCCTCCCAGCCTCCACCCTGGTCCGCCTTCTGGTCCACGCATATAAGC
TACGTCGACCATAGCCAATCCATGA CCCTGTATGTCACGGAGAAGGCGGACGGGACCCTCCCAGCC
TACGTCGACCATAGCCAATCCATGA CCCTGTATGTCACGGAGAAGGCGGA CGGGA CCCTCCCAGCCTCCACCCTGGTCCGCCTTCTGGTCCACGCATATAA
TACGTCGACCATAGCCAATCCA TGACCCTGTATGTCACGGAGAAGGCGGA CGGGA CCCTCCCAGCCTCCACCCTGGTCCGCCTTCTGGTCCACGCATATAAGCGCGGA CTAAAAACAGGG
TACGTCGACCATAGCCAATXCATGACCCTGTATGTCACGGAGAAGGCGGA CGGGACCCTCCCAGCCTXCACCCTGGTCCGX CTT-TGGTCCAXGCATATAAGCGUGGA CTAAAAACAGGG
TACGTCGACCATAGCCAATCCATGA CCCTGTATGTCACGGAGA AGGCGGA CGGCACCCTCCCAGCCTCCACCCTGGTCCGCCTTCTGGTCCACGCAT
TACGTCGACCATAGCCAATCCATGA CCCTGTATGTCACG* AGAAGGCGGA CGGGA CCCTCCOCAGCCTCCACCCTGGTCCGCCTTCTGGTCCACGCATATAAGCGUGGA CTAAAAACAGGS

TAAAAACAGGG

TACGTCGACCATAGCCAATCCA TGA CCCTGTATGTCA CGGAGA AGGCGGA CGGGA CCCTCCCAGLCTCCACCCTGETCLCGLCCTTCTGGTCCAUGCATATAAGCGUGGACTAAAAACAGGG

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480
ATGTACTAC
‘A'rc'mcuc'rcatxcmoca

AT‘:!V\(?!V\(:T(;(:Au\(;(?!‘f1:l?(:kl\(;(;(:(i\(:(:A»A(:I\(:(:(3(;(2<?T(:T1‘l¥:t:(:(:(;(:(:A(:(LA(:A4\(:l\1'T(?T(:l¥:(:J\1¥2A(}(:1*2(:(:(!2(:1*31*:!\(:(:(:A(:Al\l\(:(:t!:t?!121213(:!:(:(ZA(SlE(:‘:(:(Z(:(:(:(ZC
AGGCGACCAACAGCGGG* TCTTTG* C* GCGACGACAACAT* GTCTGCATGAGCTGCGOGCTGTGA CCGACAACCCOC TCCGCGCCAGGCCCGCCGLC
ACCAACAGCGGGGTCTTTGGCGGOGACGACAACATTGTCTGCA TGA GCTGCGCGCTGTGA CCGACAAACCCCCTCOGCG* CAGGCCOGCCGCC

ACCGACAAACCCCCTCCGC/ CCAGGCCOGCTCGCC

ATGTACTACTGCAAGGTTCOGCAAGGCGA CCAACAGCGGGGTCTTTGGCGGOGA CGA CAACA TTGTCTGCA TGA GCTGCGCGCTGTGA CCGA CAAACCCCCTCCGCGCCAGGCCCGCCOGEC

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
ACTGTCGTCGCOGTCCCACGCTCTC
ACTGTCGTCGCOGTCCCA CGCTCTCOCCTGCTGCCA TGGA TTCCGC* GCCCCAGCCCTCTCCCCCGCTCTGACG
A/TGTC//CG* CGTCCCA® /GTCTCOCX TGCTGCCA TGGA TTC* GCGGCCCCAGEC® TX TCCCCX GXTX TXAXGGCCIX TTAXGG
ACTGTCGTCGCCGTCCCACGCTCTCCOCTGCTGCCA TGGA TTCCGCEGCOCCAGCCCTX TCCCCCGCTCTGACGGCCCTTACGG
WWWMWWWWAM
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Figure 24. Analysis of the HINDKK database for open reading
frames (ORFs) with the DSPLAY program. ORFs are indicated
by lines, and in-frame stop codons by arrowheads. The
reading frames are numbered on the left; 1, 2 and 3 for the
left-to-right DNA strand, and, 4, 5 and 6 for the
complementary strand.
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Figure 25. Codon usage evaluation of the HINDKK database

with the FRMSCAN program. The top panel (reading frames 1,

2 and 3) represents the codon usage evaluation for the
left-to-right strand while the lower panel (reading frames

4, 5 and 6) represents the codon usage evaluation of the

complementary strand. The y axis represents the log

probability function using an arbitrary scale (Staden and

McLachlan, 1982). The x axis shows nucleotide positions

in the HINDKK database; on the line parallel to the x axis
the in-frame stop codons (1) are displayed.




80

no putative ORFs (frame 4 in Fig. 24), while the remaining
frames are blocked by stop codons (frames 5 and 6 in Fig.
24); the longest potential ORF is approximately 430
nucleotides.

A representation of the FRMSCAN output is shown in
Fig. 25 for both the left-~to-right and complementary
strands. This program identified in the former strand a
single potential coding region spanning the entire sequence
(frame 3 in Fig. 25).

These data predict that the coding region of the RR1
polypeptide is an ORF of 3414 nucleotides located between
positions 34 and 3447 of the HINDKK contig. Translation of
the obtained sequence with the PTRANS program (see Materials
and Methods, Page 75) predicted that the encoded polypeptide
is 1137 amino acids in length (Fig. 26).

DISCUSSION.

3. The HSV-1 RR1l Polypeptide.

The 1137 amino acid polypeptide predicted from the
DNA sequence has a mol. wt. of 124,017 (Table II1); this
is lower than the estimate of 136,000 obtained from gel

electrophoretic mobility of the protein (Marsden et al.,
1978). However, RR1 is phosphorylated (Pereira et al.,
1977; Marsden et al., 1978, Wilcox et al., 1980), and this

may partly account for the observed size discrepancy.

a) Analysis of the RR1l amino acid content.

The overall G+C content across the coding region is
66% (Table I1I), although, at the third base position of
amino acid codons it is markedly higher (83.2%). This is
consistent with the codon usage of other HSV proteins which
show that, in most cases, the third base position of amino
acid codons has a higher G+C content as compared with first
and second positions (McGeoch, 1984). The most pronounced
triplet periodicity is observed in the alanine residues

where the G+C content at the third base position is 91.2%.
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Figure 26. The DNA sequence and the predicted amino acid
sequence of the RR1 polypeptide coding region and the
N-terminal portion of the RR2 polypeptide. The methionine
initiation codon at the N-terminus of RR1 is underlined as
is the stop codon at the C-terminus of RRl1l. The methionine
at the RR2 N-terminus is indicated by a double line.
Underlined amino acids indicate the run of prolines (P)

and the two discrete aspartic acid (D) and serine (S) rich

stretches.




TABLE II

AMINO ACID COMPOSITION OF THE HSV-1 RR1 POLYPEPTIDE

Ala 114 10.0% val 75 6.6% Leu 107 9.4% Ile 30 2.6%

Gly 94 8.3% Pro 71 6.2% Cys 29 2.6% Met 32 2.8%

His 29 2.6% Phe 46 4.0% Tyr 33 2.9% Trp 10 0.9%

Asn 35 3.1% Gln 33 2.9% Ser 84 7.4% Thr 69 6.1%

Lys 32 2,.8% Arg 84 7.4% Asp 71 6.2% Glu 59 5.2%
Approximate Molecular Weight = 124016.63

- = —— . = - — - — ——— = = - " - - — = - - - -~ —— - — — -

CODON USAGE OF THE HSV-1 RR1 POLYPEPTIDE DNA CODING REGION

TTT Phe 24 2.1% TCT Ser 4 0.4% TAT Tyr 8 0.7% TGT Cys 8 0.7%
TTC Phe 22 1.9% TCC Ser 27 2.4% TAC Tyr 25 2.2% TGC Cys 21 1.8%
TTA Leu 0 0.0% TCA Ser 3 0.3% TAA --- 0 0.0% TGA ~~-- 1 0.1%
TTG Leu 2 0.2% TCG Ser 18 1.6% TAG ~=-- 0 0.0% TGG Trp 10 0.9%

CTT Leu 10 0.9% CCT Pro 6 0.5% CAT His 3 0.3% CGT Arg 6 0.5%
-CTC Leu 24 2.1% CCC Pro 40 3.5% CAC His 26 2.3% CGC Arg 45 4.0%
CTA Leu 6 0.5% CCA Pro 8 0.7% CAA Gln 4 0.4% CGA Arg 6 0.5%
CTG Leu 65 5.7% CCG Pro 17 1.5% CAG Gln 29 2.5% CGG Arg 23 2.0%

ATT Ile 3 0.3% ACT Thr 0 0.0% AAT Asn 4 0.4% AGT Ser 4 0.4%
ATC Ile 25 .2.2% ACC Thr 38 3.3% AAC Asn 31 2.7% AGC Ser 28 2.5%
ATA Ile 2 0.2% ACA Thr 7 0.6% AAA Lys 5 0.4% AGA Arg 0 0.0%
ATG Met 32 2.8% ACG Thr 24 2.1% AAG Lys 27 2.4% AGG Arg 4 0.4%

GTT val 7 0.6% GCT Ala 4 0.4% GAT Asp 12 1.1% GGT Gly 6 0.5%
GTC val 31 2.7% GCC Ala 67 5.9% GAC Asp 59 5.2% GGC Gly 39 3.4%
GTA Vval 4 0.4% GCA Ala 6 0.5% GAA Glu 12 1.1% GGA Gly 9 0.8%
GTG val 33 2.9% GCG Ala 37 3.3% GAG Glu 47 4.1% GGG Gly 40 3.5%

- ————— — - — = ——_— —— - ——— - - 2 - = ————— — - " = = = = - = b - an - - —— - —

BASE COMPOSITION OF THE HSV-1 RR1 POLYPEPTIDE DNA CODING REGION

Y T C A G R ALL
NUMBER 1841 595 1246 617 1106 1723 3564
PERCENT 51.7 16.7 35.0 17.3 31.0 48.3 100.0
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The most common amino acids in RR1 are alanine,
glycine and leucine, comprising 27.7% of all residues.
Examination of the amino acid distribution throughout the
length of RR1 revealed a region at the N-terminus (aa 150 to
280, see Fig. 26) which is extremely rich in aspartic acid,
serine, proline and glycine residues. At the start of this
region there is a run of five prolines and further on there
are two discrete stretches rich in aspartic acid and serine
residues (underlined regions in Fig. 26). Aspartic acid and
serine residues together comprise 32% of all amino acids in
this region, whereas, their overall percentage of occurence
in RR1 is 13.6%.

Analysis of other HSV-1l polypeptide N-termini revealed
that stretches of prolines occur in the AE polypeptide
(Draper et al., 1986), in the IE trans-inducing factor Vmw65
(Dalrymple et al., 1985) and in Vmwl75. The latter contains
two stretches of prolines the first of which is located at
the N-terminus while the second is located approximately
in the middle of the polypeptide (McGeogh et al., 1986a).
However, it should be stated that in at least 10 other HSV-1
polypeptides proline-rich stretches were identified in the
C-terminus. Examination of HSV-1 sequences for stretches of

aspartic acid and serine residues revealed,
notably, that these were present in the N-terminal region of
all the I1E polypeptides with the exception of Vmwl2 (Perry
et al., 1986; McGeoch et al., 1985, 1986a and 1988) and in
the protein kinase (McGeoch et al., 1985). Further, a
stretch rich in aspartic acid and glutamic acid was
identified approximately in the middle of the DNA polymerase
(Quinn and McGeoch, 1985).

b) The RR1 hydrophathicity profile.
The RR1 hydropathicity plot (Fig. 27) was obtained

with the PROFILE program (see Materials and Methods,

Page 75). The program predicted two major hydrophilic

regions; the first one corresponding to the first stretch

of aspartic acid and serine residues and is the most

hydrophilic ngi?n, while the second, from aa 914 to 961,
gy Gy i

is the longestapredicted region. The most hydrophobic

regions are located between aa 833 to 847 and at the




Figure 27. Hydropathicity of the RR1 polypeptide.
Hydrophobic regions lie between 0 and 40, and hydrophilic
regions between 0 and -40. The RR1 amino acid sequence is
shown below the plot and is numbered as in Fig. 26. Hatched
regions represent the most hydrophilic regions while dotted
regions represent the most hydrophobic regions. Program
settings were: group length = 9, shift = 1, spacing of
plotted points = 10. The underlined sequence repré sents a
block of highly conserved amino acids between HSV-1l RR1 and
other homologue herpesviral polypeptides for which a
putative function has been postulated (see General
Discussion, Page 130).
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C-terminal five residues of the polypeptide.

c) Repetitions within the RR]1 N-terminus.

Examination of the RR1 amino acid sequence for
possible repetitions was performed with the CINTHOM program
(see Materials and Methods, Page 74; Fig. 28). As can
be seen, a number of small letter homology diagonals were
identified indicating that amino acid sequences positioned
in different parts of the RR1 N-terminus share homology.
These sequences were then aligned with the HOMOL program
(see Materials and Methods, Page 75), and the results are
shown in a graphical form in Fig. 29. Seven tandemly
repeated stretches of amino acids were identified which
mostly contained identical and/or conserved residues as
determined by the Venn diagram of amino acid classification
(Taylor, W.R., 1986a). Interestingly, the stretch
designated 7 comprises two blocks of residues from which the
first one is inverted in 7' and this is indicated by arrows
in Fig. 29.

Examination of other HSV-1 polypeptide N-termini with
the analysis described above demonstrated the existence of
five tandemly repeated stretches of amino acids in the
Vmwl75 polypeptide and these are shown in Fig. 30.
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Figure 28. Analysis of the HSV-1 RR1l polypeptide amino acid
sequence for repetitions with the CINTHOM program. The
small letter homology diagonals correspond to RR1 regions
containing amino acid repetitions. Program settings were:
range = 15; scale factor = 0.95; minimum value plotted =
30%; compressed x15.
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Figure 29. Repeated amino acid sequences within the HSV-1
RR1 N-terminus. The diagram depicts the region in a linear
form starting at the N-terminal methionine (M) and
terminating at a tyrosine residue (Y) at amino acid position
312. Black boxes indicate the position of each repetition;
the first set of boxes are numbered 1 to 7 and their
corresponding boxes are numbered 1' to 7'. The amino acid
sequence of each repetition is given above each box and the
first amino acid is numbered as in Fig. 26. Asterisks
within the sequences indicate any amino acid and the arrows
indicate the stretch of residues in block 7 which is
inverted in block 7°'.
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Figure 30. Repeated amino acid sequences within the HSV-1
Vmwl75 N-terminal region. The diagram depicts the region in
a linear form starting at the N-terminal methionine (M) at
amino acid position 1 and terminating at a glutamic acid (E)
residue at amino acid position 314. Black boxes indicate
the position of each repetition; the first set of boxes are
numbered 1 to 5 and their corresponding boxes are numbered
1* to 5'. The amino acid sequence of each repetition is
given above each box and the first amino acid is numbered as
in McGeoch et al. (1986a).
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SECTION B.

4. Amino Acid Sequence Conservation of HSV-1 RR1 with

Other Vviral, Eukaryotic and Prokaryotic Equivalent

Polypeptides.

Comparisons of the N- and C-terminal portions of
HSV-1 RR1 with herpesviral polypeptides and the polypeptides
encoding the mouse M1 and E. coli Bl subunits demonstrated
the existence of homology (McLauchlan, 1986; Swain and
Galloway, 1986). 1In this part of Section B the complete
sequence of RR1 is compared, using the CINTHOM and HOMOL
programs, with these polypeptides and, in addition, with a
VV polypeptide and a recently obtained putative ORF of HCMV.
The purpose of this analysis was to determine whether RR1
shares any homology with the equivalent viral, eukaryotic
and prokaryotic polypeptides and if so, to identify

conserved features between these polypeptides.

a) Amino acid seguence conservation of HSV-1l RR1 with

other viral polypeptides.

i) HSV-1 RR1 shares homology with HSV-2 RRI1.
Sequencing studies in HSV-2 strain 333 identified a

polypeptide, Vmwl38 or RR1l, which was homologous to the N-
and C-terminal portions of HSV-1l RR1 (McLauchlan, 1986;
Swain and Galloway, 1986). A CINTHOM comparison between
these polypeptides revealed that they are essentially
colinear (Fig. 31). The lettering in the diagonal indicates
that the N-terminal 315 amino acids of both polypeptides are
relatively poorly conserved whereas the remainder show
extremely high homology. Optimal alignment of the
polypeptides with the HOMOL program predicted that the
highly conserved regions extend from the tyrosine residues
at HSV-]1 RR1 aa 312 and HSV-2 RR1 aa 319 to the respective
C-termini (Fig. 32). The percentage similarity for these
regions is 93% with 57 changes out of 827 aligned residues.
However, most of these changes are conservative ones

- according to the Venn diagram of amino acid conservation

(Taylor, W.R., 1986a) and are predominantly between amino
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Figure 31. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR1 with that of HSV-2 RR1l. The position of the
homology diagonal after which the two amino acid sequences
share higher homology is indicated by an arrow. Program
settings were: range = 15; scale factor = 0.95; minimum
value plotted = 30%; compressed x15.
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sequence: HSV-1 RR1

Second sequence: HSV-2 RR1
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Figure 32. A HOMOL plot comparing the amino acid sequence
of HSV-1 RR1l with that of HSV-2 RR1l. Arrowheads denote the
amino acid positions where the sequences become highly
homologous and asterisks denote conserved residues. The
program parameters were: mutation weight = 5,

gap weight = 3k+7, k up to 2000.
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Figure 33. Alignment of the DNA sequences and predicted
amino acid residues at the N-termini of HSV-1 RR1 and HSV-2
RRl. Conserved bases are indicated by asterisks. The
predicted amino acid sequence of the HSV-1 RR1 polypeptide
is shown above the HSV-1 DNA sequence and amino acid
residues which are not conserved in HSV-2 RR1 are indicated
below the HSV~2 DNA sequence. The HSV-1 RR1 repeated amino
acid sequences, shown in Fig. 29, are boxed>as are the
corresponding HSV-2 RR1 amino acid sequences.
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acids with small or tiny side-chains, such as glycine,
alanine, serine and threonine (15 changes) or between
hydrophobic residues such as methionine, isoleucine, leucine
and valine (10 changes).

In contrast, the N-terminal HSV-1l 312 and HSV-2 319
amino acids of both polypeptides, designated as the

N-terminal regions, show considerably lower homology (38%),

and contain a number of predicted insertions and deletions,
the longest being 14 amino acids (Fig. 33, HSV-1 RR1l aa
149). Interestingly, the prolines and the stretches rich in
aspartic acid and serine residues are well conserved.
Further, the only HSV-1 RR1 repetitions which are well
conserved in the HSV-2 sequence are , 4, 6, 7, 1' and 7';
the remainder share either limited homology or are not
conserved at all (Fig. 33). The low conservation of the
N-terminal regions can also be observed at the DNA level.
Nucleotide comparison of shared amino acid sequences
indicates that the strongest homology is 73% (Fig. 33, HSV-1
RR1 aa 41 to 139). This percentage homology is lower than
that obtained from nucleotide sequence comparisons of the

colinear parts of both polypeptides (90%, data not shown).

ii) HSV-1 RR1 shares homology with VZV vmw87. The entire

sequence of the VZV genome has been determined by Davison
and Scott (1986b). Analysis of the sequence predicted that
the genome contained 71 potential ORFs distributed almost
equally between the two strands. One of these encodes a
polypeptide with a predicted size of 87,000 mol. wt. (vmw87)
which is homologous to HSV-1 RR1 (Davison and Scott, 1986b;
Nikas et al., 1986). Comparison of RR1 and Vmw87 with the
CINTHOM program (Fig. 34) revealed that the N-terminal 400
amino acids of RR1l are not present in the VZV polypeptide,
whereas, the remainder of both sequences are quite
homologous and no major insertions or deletions occur. The
colinear parts of the sequences display 43% similarity and
are separated into three highly conserved regions (marked A,
B and C in Fig. 34) by stretches of low homology. Optimal
alignment of the colinear sequences with the HOMOL program
(Fig. 35) indicated that the homology percentage for the A,
B, and C regions is 54%, 61%, and 56% respectively.
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Figure 34. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR1 with that of VZV vmw87. Underlined parts of
the homology diagonal denote the A, B and C polypeptide
regions of higher homology. Program settings were: range =
15; scale factor = 0.95; minimum value plotted = 30%;
compressed x15.




First sequence: ViV vmw87
Second sequence: HSV-1 RR1
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vzv MMPLGRETGATASCYLMDPESITVGRAVRAITGDVGTVLQSRGGVGISLOSLNLIPTENQTKGLLAVLKLLDCM 276
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HSV-1 EERDTSMSLADFHGEEFEKLYQHLEVMGFG EQIPIQELAYGIVRSAATTGSPFVMFKDAVNRHYIYDTQGAAI 787

vzv TGSNLCTEIVQKADAHQHGVCNLASINLTTCLSKGPVSFNLNDLQLTARTTVIFLNGVLAAGNFPCKKSCKGVK 497

222222 R 2] * Ak kX * k& * &

HSV-1 AGSNLCTEIVHPASKRSSGVCNLGSVNLARCVS RQTFDFGRLRDAVQACVLMVNIMIDSTLQPTPQCTRGND 859
vzv NNRSLGIGIQGLHTTCLRLGFDLTSQPARRLNVQIAELMLYETMKTSMEMCKIGGLAPFKGFTESKYAKGNLHO 571
* %X REE KAAXXKEKX Fhk K& *& & * & khkk wh *drdk * * *® * * * *

HSV-1 NLRSMGIGMQGLHTACLKLGLDLESAEFQDLNKHIAEVMLLSAMKTSNALC VRGARPFNHFKRSMYRAGRFHW 932
vav DGF STISYLDLPWCTLRDDICAYGLYNSQFLALMPTVSSAQVTECSEGFSPIYNNMFSKVTTSGELLRPNLDL 644
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vzv LFIEERPDGTIPASKIMNLLIRAYKAGLKTGMYYCKIRKATNSGLFAG GELTCTSCAL
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Figure 35. Optimal alignment of the amino acid sequences
of HSV-1 RR1l with those of VZV Vmw87. Regions of clustered

homology are underlined. Asterisks denote conserved

residues. The program parameters were: mutation weight = 5,
gap weight = 3k+7, k up to 2000.
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Interestingly, most of the identical residues in the
colinear parts are clustered rather than distributed evenly
throughout the sequences. The longest of these clusters is
located close to the C-termini (Fig. 35, HSV-1 RR1 aa 1101
to 1123) and displays 90% homology.

1ii) HSV-1 RR1l shares homology with EBV vmw93. The

sequence of the entire EBV strain B 95-8 genome has been

obtained (Baer et al., 1984), and mapping data exist for a
number of genes. One of these encodes a polypeptide with a
predicted size of 93,000 mol. wt. (Vmw93) which is
homologous to HSV-1 RR1 (Gibson et al., 1984; Nikas et al.,
1986). Comparison of RR1 and Vmw93 with the CINTHOM program
indicated that the RR1 N-terminal 400 residues are not
present in the EBV polypeptide (Fig. 36). Beyond this
region, homology extends to the C-terminus of the HSV-1
polypeptide and the remaining 80 C-terminal residues of
Vmw93 are absent in RR1l. The major interruption in the
homology diagonal is due to an insertion of 35 amino acids
in the EBV sequence (Fig. 37, EBV aa 420 to 454). It is of
interest to note that the insertion corresponds by position
to the non-homologous stretch of amino acids separating the
highly conserved A and B regions in the HSV-1l RR1/VZV Vmw87
comparison (see Fig. 34). As indicated in Fig. 37,
identical residues are clustered and the overall homology of
the colinear parts is 33%. This percentage homology, which
is lower than that obtained in the HSV-1 RR1/VzV Vmw87
comparison,, is an interesting result considering that the
G+C DNA content of HSV (66%) is closer to that of EBV (54%)
than to that of VZV (40%) in these coding regions.

iv) HSV-1 RR1 shares homology with VV Vmw86.

Recently, Tengelsen et al., (1988) identified and sequenced
a VV strain WR gene (I-3) encoding a polypeptide of 86,000
mol, wt. (Vmw86). As the I-3 deduced amino acid sequence
was found to be highly homologous to the mouse Ml
polypeptide, these authors suggested that I-3 encodes the
VV-induced large ribonucleotide reductase subunit
polypeptide. CINTHOM comparison of HSV-1 RR1 and VV vmw86

displayed significant homology extending approximately
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Figure 36. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR1 with that of EBV vmw93. A major insertion in
the EBV sequence is indicated by an arrow. Program settings
were: range = 15; scale factor = 0.95; minimum value plotted
= 30%; compressed x15.
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Figure 37. Optimal alignment of the amino acid sequences
of HSV-1 RR1 with those of EBV vmw93. Regions of clustered

homology are underlined, and the major EBV insertion

identified in Fig. 36 is indicated. Asterisks denote

conserved residues. The program parameters were: mutation

weight = 5, gap weight = 3k+7, k up to 2000.
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Figure 38. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR1l with that of VV Vmw86. Program settings were:
range = 15; scale factor = 0.95; minimum value plotted =
30%; compressed x15.




First sequence: VV Vmw86
Second sequence: HSV-1 RR1
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Figure 39. Optimal alignment of the amino acid sequences
of HSV-1 RR1l with those of VV vmw86. Regions of clustered
homology are underlined. Asterisks denote conserved
residues. The program parameters were: mutation weight = 5,
gap weight = 3k+7, k up to 2000.
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between RR1 aa 645 and Vmw86 aa 300 to the respective
C-termini (Fig. 38). Comparison of the colinear parts of
these polypeptides with the HOMOL program demonstrated that
they share 29% homology which, as the case is with the other
viral polypeptide comparisons, is primarily retained in
stretches of identical amino acids (Fig. 39). The overal
percentage homology between these polypeptides is 21% (data
not shown).

v) HSV-1 RR]1l shares limited homology with a putative

HCMV ORF. Sequencing studies by Barrell and co-workers in
HCMV strain AD169 revealed the existence of a putative ORF,
termed M4.PRO, which exhibits homology to RR1 (B.G. Barrell,
personal communication). Amino acid comparison of RR1 and
M4.PRO with the CINTHOM program displayed limited but
detectable homology extending approximately between RR1 aa
855 to 975 and M4.PRO aa 650 to 750 (Fig. 40). Comparison
of the colinear parts of RR1 and M4.PRO with the HOMOL
program demonstrated that they share 22% homology and that
two regions of more than 60% clustered homology exist
(underlined regions in Fig. 41). The overall percentage

homology is 18% (data not shown).

b) Amino acid segquence comparison of HSV-1] RR1l and

mouse M1 polypeptides.

Comparison of HSV-1 RR1 with the mouse M1 polypeptide
(Caras et al., 1985) is represented as a CINTHOM plot in
Fig. 42. As is the case with the viral polypeptide
comparisons, the RR1 N-terminal region is not present in the
Ml polypeptide whereas the remainder of the sequences are
colinear; the homology diagonal extends approximately
between RR1 aa 720 and M1 aa 330 to the respective C-termini
and contains a major shift at aa 335 of the mouse sequence
(indicated by arrow in Fig. 42). Comparison of the
polypeptides with the HOMOL program demonstrated that the
shift is due to a deletion of 13 amino acids in the mouse
sequence (Fig. 43). The plot also demonstrated a major
insertion of 18 amino acids at the C-terminus of the mouse
polypeptide. It is of interest to note, that 15 out of 18

residues comprising this insertion are charged ones (lysine,
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Figure 40. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR1 with that of a putative HCMV ORF termed M4.PRO
(B. Barrell, personal communication). Program settings

were: range = 15; scale factor = 0.95; minimum value plotted

= 30%; compressed x15.
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Second sequence: HSV-1 RR1
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Figure 41. Optimal alignment of the amino acid sequences of
HSV-1 RR1 with those of a putative HCMV ORF termed M4.PRO
(B. Barrell, personal communication). Polypeptide regions
of higher homology are underlined. Asterisks denote
conserved residues. The program parameters were: mutation
weight = 5, gap weight = 3k+7, k up to 2000.




150

300

450

HSv-1
RR1

600

750

900

1050

L )

e e 0000

ee e e e 0o

e s ecs 0 e

R )

® ¢ 5 6 & % e 6 o s 6 s s 0 s o s s 0

e o & & & & e ¥ e 5 " s 8 s & v & & s s s s s

. .

450

e s 00 s 00 s0 006000000 se

MOUSE M1

*

¢ o s s o & » o o

e ¢ s o o e o

soe e e o000

s 0 s 000000

.
Q
o

c

eecossscscsseessesssccsencsecCeinne

e e s e 0000

e ¢ s e + s s e s @

.

® & 6 o o o o

® 2 8 o ¢ o i ® e & s 6 ¢ o 9 s & o

WG ® 6 s e % e e ® s s 4 s e s & 3 s e s e e s e s s oo

s 20000000

« o o v s o o ¢

¢ o o ® 8 8 8 & & ® s e e &+ e 2 & © s e o o o v+ .

* s




Figure 42. A CINTHOM plot comparing the amino acid
sequences of HSV-1 RR1 and mouse Ml. The location of a
major deletion in the mouse sequence is indicated by an
arrow. Program settings were: range = 15; scale factor =

0.95; minimum value plotted = 30%; compressed x15.




First sequence: Mouse M1l
Second sequence: HSV-1 RR1
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Figure 43. Optimal alignment of the amino acid sequences

of HSV-1 RR1 with those of mouse Ml. Regions of clustered
homology are underlined. The major insertion in the M1
sequence identified in Fig. 42 is indicated and the region
of high percentage of occurence of charged residues in Ml is
boxed. Asterisks denote conserved residues. The program
parameters were: mutation weight = 5, gap weight = 3k+7, k
up to 2000.
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aspartic acid, glutamic acid), although, the immediate
flanking sequences do not contain such an extreme amino acid
composition. The HOMOL plot also indicated the existence of
clustered homology; the overall percentage homology of the

colinear sequences is 31%.

c) Amino acid sequence comparison of HSV-1 RR1l and

E. coli Bl polypeptides.

Carlson et al., (1984) reported the amino acid
sequence of the E. coli Bl polypeptide, which subsequently
was amended (J. Fuchs, personal communication; Nilsson
et al., 1988a). Comparisons of RR1 with the amended Bl
sequence are represented as CINTHOM and HOMOL plots in Figs.
44 and 45, respectively. The CINTHOM plot displayed no
homology at the N-terminus of RR1 for 720 amino acids and
for 360 amino acids at the N-terminus of Bl (Fig. 44).
After these non-homologous regions, both sequences exhibit
low but detectable amino acid conservation. The HOMOL
alignment predicted a deletion of 20 residues close to the
C-terminus of the E. coli polypeptide (Fig. 45, at E. coli
Bl aa 700), and demonstrated that the colinear parts share

21% homology.

5. Amino Acid Sequence Conservation of HSV-1 RR2 with

Other viral Polypeptides.

The amino acid sequences of the polypeptides encoding
the small riboniucleotide reductase subunit have been
determined for HSV-2 strain HG52 (RR2; McLauchlan and
Clements, 1983), E. coli (B2; Carlson et al., 1984), surf
clam Spisula solidisima (M2; Standart et al., 1985) and

mouse (M2; Thelander and Berg, 1986), and comparisons of
these polypeptides have been performed by these authors.

The sequence of the HSV-1 RR2 polypeptide has also been
reported for HSV-1 strain KOS (Draper et al., 1982) and was
subsequently amended (K. Draper, personal communication),
and for HSV-1 strain 177 (McLauchlan, 1983a; McGeoch et al.,
1988). Further, the potential small ribonucleotide
reductase subunit sequences have been reported for EBV

(Vmw34; Baer et al., 1984), VZVv (vmw35; Davison and Scott,
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Figure 44. A CINTHOM plot comparing the amino acid sequence
of HSV-1] RR1l with the amended E. coli Bl polypeptide
sequence (Nilsson et al., 1988a). A major deletion in the
Bl sequence is indicated by an arrow. Program settings

were: range = 15; scale factor = 0.95; minimum value plotted
= 30%; compressed x15.




First sequence: E. coli Bl
Second sequence: HSV-1 RR1

345
720
419
773
493
844
567
917
641
988
690
1062
755

1132

TRLLKGEDITLFSPSDVPGLYDAFFADQEEFERLYTKYEKDDSIRKQRVKAVELFSLMMQERASTGRIYIQNVD
* * % kkkk k% * * k%

SMSL ADF HGEEFEKLYQHLE VMGFGEQIPIQELAYGIVRSAATTGSPFVMFKD

HCNTHSPFDPAIAPVRQSNLCLEIALPTKPLNDVNDENGEIALCTLSAFNLGAINNLDELEELAILAVRALDAL
x * * * kkkk kk K * * * %

AVNRHYIYDTQGAAIAGSNLCTEIVHPASKRSSGVCNLGS VNLARCVSRQTFDFGRLRDAVQACVLMV NIM

LDYQDYPIPAAKRGAMGRRTLGIGVINFAYYLANDGKRYSDGSANNLTHKTFEAIQYYLLKASNELAKEQGACP
* * * *k x  kkx * x kk *k %

IDSTLQPTPQCTRGNDNLRSMGIGMQGLHTACLKLGLDLESAEFQDLNKHIAEVMLLSAMKTSNAL CVRGARP

WFNETTYAKGILPIDTYKKDLDTIANEPLHYDWEALRESIKTHGLRNSTLSALMPSETSSQISNATNGIEPPRG
*k *  * *k kk K kkkk kK *kk ok * kkx x %

FNHFKRSMYRAGRFHWERFPD ARPRYEGEWEMLRQSMMKHGLRNSQFVALMPTAASAQISDVSEGFAPLFT

YVSIKASKDG ILR QVVPDYEHLHDAYELLWEMPGNDGYLQLVé—————— 20aa —>GIMQK FI
* kk Kk Xk k Xk %

NLFSKVTRDGETLRPNTLLLKELERTFSGKRLLEVMDSLDAKQWSVAQALPCLEPTHPLRRFKTAFDYDQKLLI

DQSISANTNYDPS RFPSGKVPMQQLLKDLLTAYKFGVKT LYYQNTRDGAEDAQDDLVPSIQDDGC
* % k  kkk Kk kk k% *

DLCADRAPYVDHSQSMTLYVTEKADGTLPASTLVRLLVHAYKRGLKTGMYYCKVR KATNSGVFGGDDNIV

ESGACKI

MSCAL

Figure 45. Optimal alignment of HSV-1 RRl1 with the amended
amino acid sequence of E. coli Bl (Nilsson et al., 1988a).
The major deletion in the Bl sequence predicted in Fig. 44
is indicated. Regions of clustered homology are underlined

and asterisks denote conserved residues. The program

parameters were: mutation weight = 5, gap weight = 3k+7, k
up to 2000.
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1986b; Nikas et al., 1986), VV (Vmw37; Slabauch et al.,
1988), bacteriophage T4 (T4B2; Sjoberg et al., 1986) and

Saccharomyces cerevisiae (Elledge and Davis, 1987; Hurd

et al., 1987); likewise, each of these sequences has been
compared with other proposed or identified small subunit

polypeptide sequences by the respective authors. In this
part of Section B the polypeptide sequences of HSV-2 RR2,
VZV Vmw35, VV vmw37 and the putative HCMV ORF M3.PRO are

compared with HSV-1 RR2.

i) HSV-1] RR2 is highly homologous to HSV-2 RR2.

Comparisons of the RR2 polypeptides of HSV-1l strain 177
and HSV-2 strain HG52 are shown as CINTHOM and HOMOL plots
in Figs. 46 and 47. The lettering of the CINTHOM diagonal
indicates that the N-terminal 40 amino acids of both
polypeptides exhibit relatively low homology while the
remainder are essentialy colinear (Fig. 46). Analysis of
homology with the HOMOL program indicated that the colinear
parts extend from HSV-1l aa 34 and HSV-2 aa 31 to the
respective C-termini (Fig. 47). The percentage homology
for these regions is 93% and from 308 aligned residues 19
changes were observed; five of these are conservative ones
according to the Venn diagram of amino acid conservation
(Taylor, W.R., 1986a). The percentage homology for the
N-terminal 40 amino acids is 44% and no major insertions
or deletions are observed which is in contrast to the case
with the equivalent regions of HSV-1 RR1 and HSV-2 RR1l
(see Page 84).

Larsson and Sjoberg (1986) reported the localisation
of the ribonucleotide reductase radical at a tyrosine
residue at E. coli B2 aa 122. Comparison of the E. coli B2
amino acid sequence with that of HSV-2 RR2 demonstrated that
the tyfosine and adjacent amino acids are well conserved in
the RR2 polypeptide; it was therefore proposed that the
HSV-2 radical is localised on this tyrosine (McLauchlan,
1986). As can be seen in Fig. 47 the tyrosine residue
(indicated by e) is conserved in the HSV-1 RR2 polypeptide
as well, and therefore, by analogy with HSV-2 RR2, it is
proposed that the HSV-1 RR2 radical 1is localised on this

particular tyrosine.
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Figure 46. A CINTHOM plot comparing the amino acid sequence

of HSV-1 RR2 with that of HSV-2 RR2. Program settings were:

range = 15; scale factor = 0.95; minimum value plotted =

30%; compressed x10.




First sequence: HSV-1 RR2
Second sequence: HSV-2 RR2
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Figure 47. Optimal alignment of the amino acid sequences of
HSV-1 RR2 with those of HSV-2 RR2. Arrowheads indicate the
amino acid positions where the two sequences become highly
homologous. The proposed location of the tyrosine radical

(o) is indicated and asterisks denote conserved residues.

The program parameters were: mutation weight = 5, gap weight

3k+7, k up to 2000.
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ii) HSV-1 RR2 shares homology with vzV vmw35. A VZV
potential ORF encoding a polypeptide of 35,000 mol. wt.,
vmw35, was shown to share homology with HSV-1 RR2 (Davison

and Scott, 1986b; Nikas et al., 1986). A CINTHOM comparison
of VZV Vmw35 and HSV-1 RR2 revealed that both sequences were
colinear, although the position of the homology diagonal
indicates the existence of additional amino acids at the
N-terminus of RR2 (Fig. 48). Alignment of the two sequences
with the HOMOL program indicated that this region consisted
of 28 amino acids (Fig. 49); the remainder of both sequences
share 54% homology. In common with the HSV-1 RR1/VZV Vmw87
comparison (see Fig. 35), clusters of conserved amino acids
exist and these are underlined in Fig. 49. The longest
cluster, positioned between HSV-1l aa 111 to 139 and VZV aa
83 to 112, contains a tyrosine residue (indicated by e)
which corresponds by position to the RR2 tyrosine on which
the radical could be localised. 1In addition, this cluster
contains an RR2 sequence of KDILHYYVE from which six
residues are identical in VZV and one residue is replaced by
a conserved one (isoleucine to valine, see Fig. 49).
Interestingly, McLauchlan (1986) reported that the HSV-2
equivalent block is retained at the C-terminal portion of

the homologous E. coli B2 polypeptide.

iii) HSV-1 RR2 shares homology with VV Vmw37.

Recently, Slabaugh et al. (1988) identified and sequenced a
gene which encodes a polypeptide of 37,000 mol. wt. (Vvmw37)
as deduced by translation of the nucleotide sequence. This
polypeptide was found to be highly homologous to the mouse
M2 polypeptide and was therefore suggested to encode the
small subunit of the VV-induced ribonucleotide reductase.
Amino acid comparison of HSV-1 RR2 with VV Vvmw37 with the
CINTHOM program revealed the existence of homology (Fig.
50). Alignment of the two polypeptides with the HOMOL
program identified three clusters of identical amino acids
and the sequences displayed 27% overall homology (Fig. 51).
Further, one of these clusters contain a tyrosine residue
corresponding by position to the RR2 tyrosine on which the

radical could be localised. Analysis of the amino acid
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Figure 48. A CINTHOM plot comparing the amino acid sequence
of HSV-~1 RR2 with that of VZVv vmw35. Program settings were:
range = 15; scale factor = 0.95; minimum value plotted =
30%; compressed x10.
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Second sequence: HSV-1 RR2
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Figure 49. Optimal alignment of the amino acid sequences

of HSV-1 RR2 with those of VZV Vmw35. The proposed location
of the tyrosine radical (e) is indicated and regions of
clustered homology are underlined., Boxed amino acids
indicate N-terminal sequences which are conserved at the
C-terminus of the E. coli B2 polypeptide (McLauchlan, 1986).
Asterisks denote conserved residues. The program parameters

were: mutation weight = 5, gap weight = 3k+7, k up to 2000.
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Figure 50. A CINTHOM plot comparing the amino acid sequence
of HSV-1 RR2 with that of VV vmw37. Program settings were:
range = 15; scale factor = 0.95; minimum value plotted =
30%; compressed x10.
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Figure 51. Optimal alignment of the amino acid sequences
of HSV-1 RR2 with those of VV vmw37. Regions of clustered
homology are underlined and the proposed location of the
tyrosine radical (e) is indicated. Boxed residues indicate
a N-terminal RR2 aminq acid sequence which is conserved at
the C-terminus of the VV polypeptide. Asterisks denote
conserved residues. The program parameters were: mutation
weight = 5, gap weight = 3k+7, k up to 2000. Below the
alignment, the two polypeptides are depicted in a linear

form showing the respective locations of the conserved amino
acid sequence.
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sequences demonstrated the existence of one stretch of
residues (boxed residues in Fig. 51) which is present

in different positions along each polypeptide backbone.

iv) HSV-1] RR2 is not homologous to HCMV M3.PRO.

The sequencing studies of Barrell and co-workers in HCMV

strain AD169 identified a putative ORF, termed M3.PRO,

which corresponds by position to HSV-1 RR2 (B.G. Barrell,
personal communication). This ORF has an extreme C-terminal
composition of three interrupted stretches of 7, 21 and 12
glycine residues. CINTHOM comparison of HSV-1 RR2 with
M3.PRO revealed low conservation (Fig. 52). This was
clearly demonstrated with the HOMOL alignment of the two
sequences; the homology percentage was 17%, and only one
small stretch of identical amino acids exists (underlined in
Fig. 53). Further, the RR2 tyrosine residue (indicated by
o) on which the radical could be localised is not conserved
in the HCMV sequence. Interestingly, the amino acid
sequence LGGLSG which is located close to the N-terminus of
RR2 (Fig. 53, HSV-1l aa 101 to 106), is retained close to the
C-terminus of M3.PRO (Fig. 53, M3.PRO aa 326 to 331) with

only one conservative change from a serine to a glycine.

DISCUSSION.

In the first part of Section B the HSV-1 RRI1
polypeptide was compared with homologous herpesvirus
sequences and with the equivalent polypeptides of the
eukaryotic and prokaryotic enzymes. In the second part, the
HSV-1 RR2 polypeptide was compared with recently obtained
viral polypeptide sequences. The main feature that emerges
from this analysis is thatsimilaritybetween colinear
polypeptide regions is primarily retained in stretches of
identical or conserved amino acids. Other features are:

i) the RR]1 N-terminal region is conserved only in HSV-2 RR1,
whereas it is absent from other viral, eukaryotic and

prokaryotic polypeptides, ii) EBV vmw93 contains an
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Figure 52. A CINTHOM plot comparing the amino acid sequence
of HSV-1l RR2 with that of putative HCMV ORF termed M3.PRO
(B. Barrell, personal communication). Program settings

were: range = 15; scale factor = 0.95; minimum value plotted
= 30%; compressed x10.
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Figure 53. Optimal alignment of the amino acid sequences of
HSV-1 RR2 with those of a putative HCMV ORF termed M3.PRO
(B. Barrell, personal communication). The single region of
clustered homology is underlined and the proposed location
of the tyrosine radical in RR2 (e) is indicated. Boxed
residues indicate a N-terminal RR2 amino acid sequence which
is conserved at the C-terminus of the M3.PRO. Asterisks
denote conserved residues. The program parameters were:
mutation weight = 5, gap weight = 3k+7, k up to 2000.

Below the alignment, the two_polypeptide sequences are
depicted in a linear form showing the respective positions
of the conserved amino acid sequence.
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insertion which separates highly conserved regions in

the HSV-1, HSV-2 and VZV homologue polypeptides, and

iii) the first of two putative HCMV ORFs, which corresponds
by position to RR1l exhibits low but detectable homology;
the second ORF, which corresponds by position to RR2

exhibits extremely low conservation.

6. Relationship Between HSV-1 and Other Herpesviral

and Non-herpesviral Polypeptides.

a) Polypeptide conservation between HSV-1 and HSV-2.

The comparisons presented in this section clearly
demonstrate that the highest percentage homology is observed
between the HSV-1 and HSV-2 polypeptides. The DNA sequences
for a number of genes such as TK (McKnight, 1980; Wagner
et al., 1981), gC (Swain et al., 1985), AE (Draper et al.,
1986) and for most of the polypeptides encoded by the US
segment (McGeoch et al., 1985 and 1987), have been obtained
for both HSV serotypes. Comparisons between equivalent
polypeptides indicate relatively low homology for the
N-termini, as compared with the remainder of the coding
regions which are gquite well conserved (McGeoch et al.,
1987); the only exception reported so far is the HSV-1 IE
Vmw63 which differs in one out of twenty N-terminal amino
acids from its HSV-2 counterpart (Whitton et al., 1983).

In some instances, most of the N-terminal amino acid changes
are conservative and, therefore, their predicted secondary
structures are quite similar as is the case for the AE
(Draper et al., 1986) and RR1l (Nikas et al., 1986; see
Results and Discussion, Section C). Only two cases of major
differences within the N-termini of homologous HSV-1 and
HSV-2 polypeptides have been reported so far; the first

one is for HSV-2 gG, which contains an insertion of
approximately 480 residues (McGeoch et al., 1987), and

the second for HSV-1l gC, which contains an additional

28 amino acids (Swain et al., 1985).
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b) Polypeptide conservation between HSV-1 and VZV.

The genomes of HSV-1 and VZV are quite similar in that

they both have U R, and U, segments. VZV does have an R

’
segment but thisLis gnly 88§p (Davison, 1984). Comparisoné
of equivalent HSV-1 and VZV polypeptide coding regions
demonstrated a wide variation of homology, ranging from
similar polypeptides, such as the HSV-1l vmwl75 and VzZV
vmwl40 (McGeoch et al., 1986) and the DNA polymerase
(McGeoch et al., 1988), to the very limited relationship of
the polypeptides encoded by the HSV-1 US10 and VZV RS3 genes
(Davison and McGeoch, 1986). In most comparisons reported
so far, there is a significant dissimilarity in length and
amino acid composition at the C- and, particularly, the
N-termini, the latter being the least conserved regions
(Davison and McGeoch, 1986). In that respect, these authors
reported that HSV-1 Vmw68, US3, US10 and VzV vmwl40, US1,
US4, have more residues in their N-terminal portions than
their counterparts; in contrast, HSV-1 Vmw65, the IE
trans-inducing factor, has 80 C-terminal amino acids which
are not present in the VZV Vvmw54 homologue (Dalrymple

et al., 1985). However, an N-terminal difference of
approximately 360 residues, as the one observed in the HSV-1
RR1/VZV Vmw87 comparison (see Page 84), has not been

reported as yet (D.J. McGeoch, personal communication).

c) Polypeptide conservation between HSV-1 and EBV.

Although the genome sequences of both HSV-1 and EBV
have been obtained, comparisons have been performed for only
a limited number of polypeptides such as the DNA polymerase
(Quinn and McGeoch, 1985) and gB (Pellet et al., 1985) where
homology is approximately 40%; a systematic analysis such as
the one performed for HSV-1 and VZV has not been carried out
as yet. However, Davison and Taylor (1987) have compared
all the VZVv and EBV ORFs and found three major regions of
approximate colinearity in the UL segments (Fig. 54, regions
A, B and C) while no relationship was observed for the

repeats or the U. segments. Within the A, B and C regions,

S
certain genes are strongly conserved while the majority

have barely detectable homology; their identification
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Figure 54. This diagram shows the relationship between the
VZV and EBV genomes. The VZV genome comprises two unique
components (UL and US) each flanked by inverted repeats
(TRL, IRL, IRS and TRS). The EBV genome also consists of
two unigue components (UL and US) joined by a variable
number of copies of a direct repeat (IR). The VZIV UL
component is represented as three major regions (A, B and C)
which correspond on the basis of homology to regions C, A'

and B in the EBV U, component. A' denotes the A region in
reverse orientation.
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as homologues was based on characteristics such as
hydropathicity profiles or glycoprotein—like sequences.
Further, the VZV genes 9 through to 17 which map between
the A and B regions have no obvious homologue in the EBV
genome. The HSV-1 counterparts of these VZV genes are UL41l
through to UL49 and these include the genes for the 1E

trans-inducing factor vmw65, gC and the 65K protein.

DBP

d) Polypeptide conservation between HSV-1 and HCMV.

As reported above, the lowest percentage homology was
observed in the RR1 and RR2 comparisons with the respective
putative HCMV ORFs. To date, the only HCMV available
sequencing data are for the US' RS’ a portion of the TRL
segment (Weston and Barrell, 1986), and a 20kbp fragment
in U, (Kouzarides et al., 1987). Comparisons of the HCMV
US ORFs with HSV-1, VZV and EBV Ug sequences revealed no
homology at all (Weston and Barrell, 1986). However, from
the eight ORFs in the UL fragment one exhibits 31% homology
to the HSV-1 DNA polymerase and another to HSV-1 gB
(Kouzarides et al., 1987). These homologous pairs of
sequences exhibit extremely low conservation at the
N-termini while close to the C-termini a substantial degree

of conservation can be observed (Kouzarides et al., 1987).

e) Polypeptide conservation between HSV-1 and

non-herpesviral polypeptides.

Apart from the ribonucleotide reductase genes, which,
as already mentioned, share homology with non-herpesviral
polypeptides only two other HSV-1 genes have been shown
to share homology. Earl et al. (1986) reported that the
herpesvirus DNA polymerase shares homology with the
corresponding adenovirus gene, and McGeoch and Davison
(1986b) demonstrated that a non-characterised HSV-1 ORF
exhibited homology, spanning an 80 amino acid region at
the middle of the ORF, with a eukaryotic protein kinase.
This ORF was subsequently shown to encode a protein kinase
(see Introduction, Page 35) and is the first HSV-1 gene

for which a function has been assigned by this approach.
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7. Constituents of the Viral Ribonucleotide Reductases.

As already mentioned (see Introduction, Page 49),
the HSV-l-specified enzyme consists of the RR1 and RR2
polypeptides. On the basis of the strong homology observed
in the HSV-1 RR1/VZV Vmw87 and HSV-1l RR2/VZV vmw35
comparisons it appears that these VZV ORFs code for the
large and small subunits of the VZV-induced enzyme,
respectively. This is further supported by the similarity
of the properties of the HSV- and VZV-induced enzymes
(Spector et al., 1987). Dutia et al. (1986) attempted
to immunoprecipitate the VZV activity by means of an
oligopeptide antiserum directed against the 7 C-terminal
amino acids of HSV-2 RR2. This approach, based on the
observation that the C-terminal portions of the HSV-2 and
VZV small subunit polypeptides are highly conserved
(McLauchlan, 1986; Nikas et al., 1986), resulted in the
precipitation of the vmw35 protein species. However, the
antiserum did not precipitate the Vmw87 polypeptide, most
probably because different immunoprecipitation conditions
are required to achieve this.

On the basis of the strong homology observed in
the HSV-1 RR1/EBV Vmw93 (see Page 85) and in conjunction
with the observed similarity of HSV-1 RR2 with EBV Vmw34
(McLauchlan, 1986) it appears likely that these polypeptides
encode the large and small subunits of the EBV-specified
activity in infected cells. Equally, the observed
percentage homologies of the VV vmw86 and Vmw37 polypeptides
with HSV-1] RR1 and RR2 would indicate that they code for the
large and small subunits of the VV-induced enzyme.

The same suggestions cannot be applied with certainty
to the HCMV putative ORFs. The larger of these, M4.PRO,
exhibited some homology to HSV-1 RR1 and as can be seen
in Fig. 41 two regions were conserved. The first region
contains a sequence that resembles the proposed nucleotide
binding site identified in the ribonucleotide reductase
large subunit polypeptides (see Page 103). The second
region corresponds to a region in the large subunit
polypeptides which appears to be important for structure of
the enzyme (see Page 112). These similarities would suggest

that M4.PRO resembles a remnant of a protein which contains
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a nucleotide binding site; this could possibly be the large
subunit of ribonucleotide reductase although for the time
being there are no reports describing such an HCMV-specified
activity.

On the other hand, M3.PRO exhibits the lowest
similarity to HSV-1 RR2 observed so far. Further, the RR2
tyrosine residue on which the radical is thought to be
localised and a block of residues which are highly conserved
in all the small subunit polypeptides (see Page 100) are not
conserved in M3.PRO. The observed lack of similarity would
suggest that this ORF does not code for the ribonucleotide
reductase small subunit, although, it should be stated that
lack of homology of the primary structure of two proteins is
not adequate evidence for assigning different functions to
these proteins. The latter has been clearly shown in the
EBV/VZV comparisons (see Page 92) and in the case of the
HSV-1 protein kinase which shares limited degree of
conservation with the eukaryotic equivalent polypeptide
(McGeoch and Davison, 1986b). In conclusion, although the
available data are insufficient to propose whether the HCMV
ORFs code for a ribonucleotide reductase, it is suggested
that at least in the corresponding HSV-1 genomic position

this virus does not code for such an activity.

8. Putative Common Epitopes in the HSV-1 RR1 and RR2

Subunits.

A number of immunoprecipitation studies using
monoclonal antibodies or anti-oligopeptide sera specific
for either the RR1 or RR2 polypeptides resulted in the
co-precipitation of both subunits (Frame et al., 1985;
Bacchetti et al., 1986; Cohen et al., 1986b; Dutia et al.,
1986; Langelier et al., 1986). It was therefore suggested
that this is due either to the tight binding of the RR1l and
RR2 subunits or that these subunits share common epitopes.
Cohen et al. (1986b) investigated the latter suggestion by
raising a polyclonal antiserum(P9) against a nonapeptide
representing the C-terminus of RR2 and demonstrated that P9
could precipitate RR2 and in addition, albeit less

efficiently, RRl. The P9 antiserumwas reacted with RR2




TABLE III

CONSERVED AMINO ACID STRETCHES IN THE HSV-1
RR1 AND RR2 POLYPEPTIDES

Sequence RR1 AA Position* RR2 AA Position*
TAD 139 21
LGG 147 236
TDS 204 268
AVA 119 335
AGA 281 333
PAL 338 10
REYV 403 147
HLR 432 48
NLG 571 ) 100

_AAIA 785 196
LGL 878 293
PDA 936 307
DVS 977 71
RLL 1018 287

(*) The numbers indicate the position of the first amino
acid (AA) in the RR1 and RR2 sequences shown.
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which was bound to nitrocellulose paper and RR2-specific
antibodies were eluted; these were then reacted with a
partially purified HSV-l-infected cell extract which was
separated by SDS-polyacrylamide gel electrophoresis and
electroblotted to nitrocellulose paper. The RR2-specific
antibodies reacted with both the RR2 and RR1 polypeptides
thus indicating that the two subunits share common antigenic
determinants.

Comparison of the nonapeptide amino acid sequence
with the RR1 amino acid sequence showed that the peptides
AVA and AVV were present in RR1 (Cohen et al., 1986Db).
These authors suggested that, although the homologous
sequences were not particularly stri king, they could be
considered as common epitopes. It is generally believed
that protein epitopes comprise five to seven amino acids
which can either be consecutive or reside in different parts
of the primary structure of the protein (conformational
epitopes). However, shorter epitopes of three consecutive
amino acids have been reported (Wehland et al., 1984), and
on that basis the suggestion of Cohen et al. (1986b) 1is
plausible. Further to these RR1 and RR2 homologous
stretches, a number of others were identified which could
represent common epitopes (Table III). However, it is
equally possible that these may simply reflect similarities
of the codon usage in the RR1 and RR2 polypeptide DNA coding
regions., Further studies are required in order to

distinguish between these possibilities.
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SECTION C.

9. Alignment and Secondary Structure Predictions of

the Identified or Potential Large and Small Subunit

Ribonucleotide Reductase Polypeptides.

The results presented in Section B and other reports
(see Page 87) indicate that there is a high degree of
clustered conservation between the identified or potential

large (RR and small (RRS) ribonucleotide reductase

)
subunits gf viral, prokaryotic and eukaryotic origin.
Thus, it became of interest to identify conserved structural
or functional elements and to determine, if possible, the
secondary structure of the enzyme's subunits. The program
used for this alignment was the consensus template alignment
program (Taylor, W.R., 1986b; see Materials and Methods,
Page 77). 1In contrast to the HOMOL program, which can align
only two sequences and scores only for identical amino
acids, the consensus template alignment program can align
more than two sequences and scores for both identical
residues and residues with similar physico-chemical
properties. Due to the difference in scoring between these
programs the sequence alignments are slightly different
and some of the insertions or deletions predicted with the
HOMOL program map within aligned polypeptide regions of the
consensus template alignment output. The latter program can
further predict the secondary structure for each amino acid
sequence with the GARNIER algorithm (Garnier et al., 1978),
and from the combination of the individual predictions a
consensus one can be derived. Below the aligned sequences
there are two consensus lines; the first line indicates
conserved amino acids and the second line contains the
consensus secondary structure prediction. As individual
predictions did not give identical answers, the most
frequent prediction was taken for each position. Gaps
introduced into the sequences for alignment were designated
as unstructured areas and boxed regions represent blocks

within which the majority of amino acids are conserved.
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a) Alignment of the RR_. polypeptides.

L
The RR, polypeptide alignment contained the HSV-1 RR1,

HSV-2 RR1, V;V Vmw87, EBV Vvmw93, the amended E. coli Bl and
the mouse M1 polypeptide sequences. On the basis of the
secondary structure predictions, the RRL sequences can be
divided into four regions.

Region 1 contains the HSV-1 RR1 and HSV-2 RR1
N-terminal regions, spanning HSV-1l positions 1 to 312
(see Page 84) and, in addition, sequences up to HSV-1
position 400 (Fig. 55); the latter were included because
they are not present in other RR polypeptides (see
Page 91). The predicted secondary structures for each
Region 1 were homologous and 80% of aligned residues had
similar structural predictions (data not shown). The
consensus secondary structure emphasised four distinct
parts. The first part starts at HSV-1 RR1l position 1 and
terminates at the short run of prolines at aa 150 to 155
where there are two deletions comprising a total of 12 amino
acids in the HSV-1 sequence. Within this portion of the
sequence, 30% of aligned amino acids were predicted to adopt
P-strand conformation and 1% to adopt o-helical
conformation. Most of the amino acids adopting ﬁ—strand
conformation were clustered so that the first part of the
sequence is punctuated by short ﬁ—strand stretches. The
intervening sequences were predicted as unstructured regions
and contain all the predicted insertions and deletions.
Interestingly, 90% of amino acids in thefB—strands are
either identical or replaced by similar residues and 36% of
them are hydrophobic ones, predominantly isoleucine, valine
and alanine. The second and third parts extend beyond the
stretch of prolines up to HSV-1 RR1l position 255 where there
is a deletion of eight amino acids in the HSV-1 sequence;
these parts are separated between them by a deletion of six
amino acids at HSV-1 RR1 position 205. Parts 2 and 3 are
predicted as unstructured, and within them the sequence
becomes more hydrophilic with few conserved clusters of
hydrophobic residues. The fourth part spans HSV-1 RR1
amino acid positions 256 through to 400. Within this part
the sequence becomes increasinglyol-helical with a small

number of predicted p—strands.
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Figure 55. Alignment of the HSV-1l and HSV-2 RR1l polypeptide
Region 1. The consensus line below the alignment (C) shows
the consensus GARNIER secondary structure prediction for
each aligned position; (E) represents ;3—strand conformation
and (H) represents (X-helical conformation. The blocks of
prolines are boxed and amino acid sequences in numbered
boxes indicate the short ﬁ—strand stretches thought to
punctuate the RR1 region between positions 1 to 150. The
Regions are shown separated in four parts (P) on the basis
of the consensus GARNIER prediction and the predicted HSV-1
RR1 deletions. Underlined amino acids indicate the
potential nuclear localisation signals (see General
Discussion, Page 127). The amino acid positions of the
alignment are numbered as in HSV-1l RR1 (see Fig. 26) and
asterisks, introduced by the operator, denote conserved
amino acids. Dots within the aligned sequences have been
introduced by the program to optimise the alignment.
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Region 2 extends approximately from HSV-1 aa 400
to 530 where there are two major insertions of 16 and 12
residues in the eukaryotic and prokaryotic polypeptides,
respectively (Fig. 56). Within this region, 50% of the
amino acids were predicted to adopt X-helical conformations
and no p~strands were observed. Region 2 contains 4
conserved residues and one block of identical amino acids,
labelled 1 in Fig. 56, which is conserved in the viral RRL'

The remainder of the polypeptides have been separated
into Regions 3 and 4 by two EBV insertions at HSV-1 RRl aa
842 and aa 856 (Fig. 56). These insertions, which comprise
a total of 30 residues, approximately correspond to the
major insertion of 34 amino acids in the HSV RR1/EBV vmw93
comparison (see Fig. 37); however, as described on Page 97,
the length and positions of these insertions differ slightly
between different programs. The secondary structure
prediction for Regions 3 and 4 identified areas of both
ﬁ—strand and o.-helix, which occur one after the other so
that most of the -helices are separated by ﬁ3—strands
along the sequences and vice versa. Region 3 is the most
conserved RRL region; it contains 21 conserved amino acids
and the majority of the blocks are retained in all the
polypeptides (Fig. 56, blocks 2, 3, 4, 6 and 7). In Region
4 only blocks 9, 11 and 15 are conserved in all the RR, and

L
the program identified 20 conserved amino acids.

b) Alignment of the RR¢
The small subunit comparison contained the HSV-1l RR2,

polypeptides.

HSV-2 RR2, VZV Vmw34, EBV Vmw34 and E. coli B2 polypeptides
(Fig. 57). The program identified 33 conserved amino acids
and two major insertions of 19 and 23 amino acids in the E.
coli B2 polypeptide (Fig. 57, HSV-2 RR2 aa 156 and 315).

In common with RRL Region 2 (see above), 50% of the amino
acids were predicted to adopt xX-helical conformation
although there were a few B-strand structures observed close
to the C-termini of the polypeptides. The RRS alignment
further identified six blocks of conserved residues (Fig.
57, blocks 16 through to 21); these were subsequently

compared with other RR_ sequences reported on Page 87, which

S .
were not previously available. In these additional




Figure 56. Alignment of Regions 2, 3 and 4 of the
identified or proposed ribonucleotide reductase large
subunit polypeptides of viral eukaryotic and prokaryotic
origin (RRL). Below the alignment, the first consensus line
(Cl) displays the amino acids conserved 1n all RRL and the
second line (C2) shows the consensus GARNIER secondary
structure prediction for each aligned position. (E)
represents p—strand conformation and (H) represents
oc-helical conformation. The amino acid positions of the
alignment are numbered as in HSV-1 RR1l (see Fig. 26), and
amino acids sequences of higher homology are boxed. Dots
within the aligned sequences denote gaps introduced by the

program for optimal alignment.
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Figure 57. Alignment of the identified or proposed
ribonucleotide reductase small subunit polypeptides of viral
eukaryotic and prokaryotic origin (RRS). The first
consensus line (Cl) displays the amino acids conserved in
all RR and the second line (C2) shows the consensus GARNIER
secondary structure prediction for each aligned position.
(E) represents B—strand conformation and (H) represents
A-helical conformation. The proposed location of the
tyrosyl radical is indicated (e) and amino acids sequences
of higher homology are boxed. The amino acid positions of
the alignment are numbered as in HSV-1 RR2 (McGeoch et al.,
1988), and dots within the aligned sequences denote gaps
introduced for optimal alignment.
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comparisons only block 19 was retained in all the RRS

polypeptides.

DISCUSSION.

In the discussion of this Section the available
biochemical data are combined with structural features
identified from the RRL and RRg alignments.

10. Structural and Functional Features of the RR

L

Polypeptides.

a) Region 1.
The function of the HSV Region 1 is at present

unknown., The absence of this region from other viral RRL
and the amino acid length of the mammalian and E. coli
polypeptides would probably suggest that it is not required
for enzyme activity. As reported in the Introduction (see
Page 29), proteolytic degradation of HSV-1l RR1 gives rise to
products of 110,000, 93,000 and 81,000 mol. wt. (Ingemarson
and Lankinen, 1987). 1In vitro enzyme activity assays with
these products demonstrated that at least the 93,000 mol.
wt. was able to associate with RR2 to form an active
complex. The 81,000 mol. wt. may be active as well,
however, at that stage of proteolysis the RR2 subunit had
dissappeared and therefore a functional complex was not
formed. So far there is no indication about the exact
polypeptide positions where proteolysis takes place; perhaps
it occurs after HSV-1l RR1 aa 146 since an oligopeptide
antiserum directed against amino acids 137 through to 146
failed to label the proteolysis products in immunoblots (H.
Lankinen, personal communication). Thus, it can be proposed
that, at least in vitro, the first part of the N-terminal
region is not required for enzymatic activity.

On the other hand, the observed conservation of these
regions in both HSV serotypes and the similarity of their
predicted secondary structures suggest that there is
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evolutionary pressure at the level of protein structure. A
possible structure that would incorporate the GARNIER
predictions for these regions and a putative function are

discussed in the General Discussion.

b) Region 2.

On the basis that conserved regions of enzymes which
catalyse the same reaction are important for activity it is
possible that Region 2, which is the least conserved RR
region, is not directly involved in enzymatic activity.

However, this region is present in all RR, polypeptides and

L
is well conserved between the viral RR., (percentage homology

ranging from 24% to 32%) and between tﬁe prokaryotic and
eukaryotic RR (percentage homology 26%); thus it is
possible that Region 2 has a structural role in the adopted
tertiary structure of the enzyme.

The DNA regions of the HSV-2 genome contained in the
Bgl II ¢ and n fragments (HSV-2 map units 0.54 to 0.58 and
0.58 to 0.62 respectively) appear to be involved in
morphological transformation of cultured cells (reviewed in
Macnab, 1987). Jones, C., et al. (1986) reported that the
minimal region of the right-hand 30% of Bgl II c fragment,
responsible for transformation of immortalised cell lines,
comprises the DNA region coding for the last 60 amino acids
of RR1 Region 1 and the first 100 amino acids of Region 2.
These authors proposed that transformation may be initiated
by insertion sequences and alternating purine- and
pyrimidine-rich stretches contained within these DNA coding
regions; further, the inability of the respective HSV-1 RR1
DNA coding regions to induce transformation was attributed
to the absence of similar structures from the latter
regions. However, such sequence elements are frequently
present in the HSV-2 DNA and hence their correlation with
any function remains to be established (reviewed in Macnab,

1987).

c) Region 3.

This region, which is the most well conserved region,

appears to be directly involved in enzymatic activity.
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Seventeen amino acids upstream from block 4, Eriksson et al.
(1986) identified, using photoaffinity labélling reactions,
an E. coll cysteine residue on which the 4TTP allosteric
effector was localised; this cysteine was part of a tryptic
octapeptide with sequence of KSCSQGGV (see Fig. 56, HSV-1
RR1 aa 642 to 649). Similar photoaffinity experiments with
the mouse M1 subunit gave several-fold lower dTTP
incorporation (Eriksson et al., 1986). This result could be
explained by the fact that, although the equivalent M1l
sequence aligns well with the Bl sequence, the former does
not contain a cysteine residue (see Fig. 56; octapeptide
RYVDQGGN). It was therefore proposed that the cysteine is
part of the h allosteric site of the E. coli enzyme.
However, photoaffinity labelling experiments with a mutant
Bl polypeptide where the cysteine was substituted to an
alanine showed that, although the mutant Bl was not labelled
in the presence of 4TTP, it still had 60% activity in the
presence of the general effector ATP and 40% in the presence
of ATTP (Nilsson et al., 1988b); these results indicate that
the mutation did not confer a substantial conformational
change of the allosteric site. Clearly, further studies are
required to assess whether this cysteine binds the effector
or that it provides an active side-chain in the vicinity of
the allosteric site.

As already mentioned (see Introduction, Page 50) the
VV-specified activity appears to be allosterically
regulated. Interestingly, the VV Vmw86 polypeptide which is
thought to be the large subunit polypeptide of the
VV-specified enzyme, aligns extremely well with the Bl
octapeptide. 1In contrast, the HSV enzyme which is
insensitive to allosteric regulation by dNTPs (see
Introduction, Page 50) does not contain an equivalent region
(see Fig. 56).

Further downstream from the proposed allosteric site,
there is a highly conserved sequence of GEEFE (see Fig. 56,
block 6). Comparison of this sequence with protein
sequences contained in the NBRF data base with the
WORDSEARCH program (see Materials and Methods, Page 75)
revealed that it was present in adenylate kinase (AK). AK
is an enzyme involved in the dephosphorylation of MgATP to
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MgADP and binds the substrate in a site similar to the

proposed RR, binding site (see below). The tertiary

structure o? AK revealed that GEEFE is part of an K~helix
located close to the ATP-binding site (von Zabern et al.,
1976); further, the side-chain of a leusine which is located
11 residues upstream from GEEFE was proposed to participate
in the formation of the hydrophobic pocket that binds the
adenine moiety of ATP (Fry et al., 1985). In common with
the crystallographic data of AK, the RR GEEFE block is
shown to adopt an &x-helical conformation and, moreover,
upstream from this block there are two conserved leucines
(see Fig. 56). Although in the RRL

and the adjacent leucines are positioned 130 amino acids

polypeptides the block

upstream from the RR. binding site (see below), whereas, in

L
AK they are 90 amino acids downstream from the binding site,
it is possible that they participate in the formation of the

hydrophobic pocket of the RR, binding site.

Thirty six amino acidsLdownstream from block 6 there
is a conserved glycine (see Fig. 56, at HSV-1 aa 764).

Platz et al. (1985) reported that substitution of this
residue with serine in the E. coli Bl polypeptide
drastically reduced the subunit activity (90 to 95%) for all
four substrates in vitro. Thus, it was argued that this
glycine participates in the formation of the proposed
binding site. Alternatively, the serine may have disrupted
the three-dimensional structure of the enzyme in such a way,
that the enzymatic activity is abolished although it is
notable that the glycine and serine residues are considered
as conserved ones according to the Venn Diagram of amino
acid classification (Taylor, W.R., 1986a).

Finally, Region 3 contains all the conserved
cysteines; two in blocks 2 and 7 and a third one in block 8
although the latter is not present in the E. coli
polypeptide. These conserved cysteines are of special
interest because two of them could contribute redox-active

sulphydryls to the composite catalytic site of the enzyme.

d) Region 4.
The first block within this region (block 9), has

a consensus sequence of GxGxxG, although the last glycine
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is replaced by a glutamine in the E. coli polypeptide

(see Fig. 56). This consensus is identical with
nucleotide binding site sequences which are shown to adopt
a pa(.P secondary structure (ﬁmﬁ—fold). Wierenga et al.
(1985) reported that the most important ('fingerprint!')

amino acids of these sites are (Fig. 58a):

i) three glycines; the first one forms the C-terminus
of the first B—strand and the second is the N-terminus of
the adjacent -helix. The first and third glycines form a
sharp turn between the ﬁ—strand and theot-helix, whereas,

the second interacts with the nucleotide phosphate moiety.

ii) six hydrophobic residues, which are indicated
by squares in Fig. 58a. Two of these are located upstream
and four downstream from the GxGxxG pattern and form the

hydrophobic core of the fold.

iii) a negatively charged residue (either aspartic
acid or glutamic acid) at the end of the second ﬁ—strand
which hydrogen bonds with the 2'-hydroxyl group of the

nucleotide ribose moiety and, finally,

iv) a hydrophilic residue which is indicated by a
triangle in Fig. 58a. This is positioned 5 amino acids

upstream of the first glycine and its function is not known.

In most of the binding sites identified so far, the
glycines and the negatively charged residue at the end of
the fold are strongly retained, whereas, variation has been
observed in the hydrophobic residues (Sternberg and Taylor,
1984; Wierenga et al., 1986). The length of the binding
folds varies from 29 to 31 residues due to the variable
length of the loop connecting the ol-helix with the second
P-strand.

The alignment of the RRL polypeptides in this region
shown in Fig. 58b is different from the one shown in Fig. 56
as spaces (indicated by *) were introduced to optimise the
binding fold requirements as reported by Wierenga et al.

(1986). All the spaces were introduced between positions 21
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Figure 58.

a) A representation of the secondary structure of the
spiny dogfish M-lactate dehydrogenase ADP-binding
fold (reprinted from Wierenga et al., 1986). The
‘fingerprint' amino acids of the fold are shown in
the three letter amino acid code and are numbered.
The triangle represents the hydrophilic residue and
the hatched circle the negatively charged residue.
Boxes represent the hydrophobic residues and semi-filled
circles the glycines. The negatively charged residue
(aspartic acid) is depicted to form a hydrogen bond with

the 2'-hydroxyl group of the nucleotide ribose moiety.

b) Alignment of RRL sequences proposed to be nucleotide
binding folds. The 'fingerprint' amino acids are
designated and numbered as above. Underlined amino acids
represent residues not conforming with the 'fingerprint'
positions of the fold as reported by Wierenga et al.
(1986). Asterisks denote gaps introduced between
positions 21 to 24 of the fold for optimal alignment.
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through to 24 of the fold which correspond to the variable
loop region. Further, homologous sequences of the HCMV
M4.PRO ORF and the VvV vmw86 polypeptide, which were not
available at the time of the alignment, have been included.
As can be seen, the hydrophilic residues at the start of the
sequences are well conserved, with the exception of Bl and
M4 .PRO, while a greater degree of variation is observed in
the positions corresponding to hydrophobic residues; this is
clearly apparent at position 4 where none of the aligned
residues is hydrophobic. The glycines are well conserved in
all the polypeptides, except the last one in the E. coli
polypeptide and the first one in M4.PRO. Finally, the
C-terminal negatively charged residue is present only in the
HSV and VV polypeptides and in the M4.PRO. The secondary
structure predictions identified the first @—strand and the
adjacent «-helix but not the second pB-strand (see Fig.
56). It is therefore apparent that the proposed RRL binding
fold differs in structure and in amino acid composition from
the folds observed so far. However, as reported in the
Introduction (see Section E), studies with the E. coli, HSV
and VzV enzymes indicate one substrate binding site for all
four substrates, and this could possibly influence the
structure of the binding site (Nikas et al., 1986).

Wierenga et al., (1986) reported that the Bap binding
folds always occur near the N-terminus of the nucleotide
binding domains studied. 1In the RR alignment this sequence
is located just 3 amino acids downstream from the second EBV
insertion, and given that insertions are indicative of
domain junctions, it can be proposed that Region 4 or part
of it participates in the formation of the RR  binding
domain. Another feature of these folds is that, as they are
located at the N-terminus of the binding domain and are
formed by local interactions, it is possible that during
the translation process they form spontaneously and then
function as a nucleation centre for the folding of the

domain (Wierenga et al., 1986).
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11. Structural and Functional Features of the RR

S
Polypeptides. B

The RRS comparison highlighted a number of important
features, namely: the conservation of the tyrosine residue
on which the radical is thought to be localised, conserved
potential iron ligands and the primary structure of the RR

S
C-termini.

a) The tyrosyl radical and the iron ligands.

As described in the Introduction (see Page 43) the
E. coli tyrosine radical is stabilised by the iron centre
which is liganded by one aspartic acid, one glutamic acid
and five histidine residues. Further, individual alignments
performed in the second part of Section B indicated that the
E. coli tyrosine at position 122 was conserved in all of the
herpesviral polypeptides with the exception of the HCMV
M3.PRO ORF. It therefore became of interest to investigate
whether the consensus template alignment program would
predict that this tyrosine residue is conserved in all the
RRS polypeptides and, further, to identify conserved
potential iron ligands.

As can be seen in Fig. 57 the tyrosine residue was
predicted to be conserved in all the aligned RRg
polypeptides (at HSV-1 RR2 position 132); moreover, it is

retained at the same position in other RR_, sequences which

were not available at the time of the alignment with the
exception of the HCMV M3.PRO. The program also identified
two conserved aspartic acid residues at HSV-1 RR2 positions
68 and 220 which are conserved at identical positions in the

non-aligned RR_. sequences. Finally, seven conserved

S
glutamic acid residues were identified from which those at
HSV-1 RR2 positions 119, 124 and 221 are conserved in

non-aligned RR Of particular interest are the conserved

histidine and Slutamic acid residues which are located
upstream from the tyrosine residue. These residues are part
of a predicted x-helix and the distance between them is
approximately one helix turn. Thus it is possible that in
the tertiary structure of the enzyme they are brought close
to each other and ligate the iron atoms which subsequently

stabilise the adjacent tyrosyl radical. Conserved aspartic
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acid and glutamic acid residues can be found upstream from
the second hystidine and these could equally be the iron

ligands.

b) The RR. C-terminal regions.

Another important RRg region is at the C-termini. As
mentioned in the Introduction (see Page 42) Sjoberg et al.
(1987) encountered a truncated form of the E. coli B2
protein which lacked thirty C-terminal amino acids and which
failed to associate with Bl although it had an almost
identical conformation to the normal B2. Therefore, it is
likely that the two subunits interact via the C-terminus of
RRg. The same suggestion can be proposed for the viral
enzyme although the viral termini exhibit no homology with
the respective E. coli region; in fact, only eleven E. coli
C-terminal amino acids align with the viral terminal
sequences and from these nine are not conserved. The
suggestion is indirectly supported by studies with the
oligopeptide antiserum directed against the seven C-terminal
amino acids of HSV-2 RR2 (Frame et al., 1985). These
authors demonstated that the antiserum precipitated only the
free form of RR2 while it failed to precipitate its
complexed form under non-denaturing conditions, thus
indicating that the C-terminus of RR2 is masked by RR1.

Further, the sequncing data of Preston, V.G. et al.
(1988) localised the nucleotide change in HSV-1 mutant
ts1222 within the HSV-1] RR2 C-terminus. The change was
shown to be a deletion of a thymine which resulted in the
alteration of all but one amino acids at the RR2 C-terminus
and the removal of the termination codon; the latter was
positioned 42 residues downstream from the wild-type RR2
C-terminus. 1In the RRS alignment, the mutation is localised
within block 21 (see Fig. 57), and alters the second

phenylalanine residue to a serine.

A summary of the RR and RRg structural and functional

features discussed in this Section is shown in Fig. 59.
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Figure 59. This diagram shows in a schematic form the
combination of structural and biochemical features of the
RR and RRg polypeptides. Amino acid blocks of higher
homology are indicated by numbers and blocks conserved in

all the RR, and RRg polypeptides are underlined.

The RR polypeptides are divided in four Regions
on the basis of the secondary structure predictions shown.
() represents X-helix conformation, (ﬁ) represents P—strand
conforamtion and unstructured or loop conformation is
depicted by (NS). The locations of the run of prolines (P),
the stretches of roughly alternating aspartic acid and
serine residues (DS) and conserved cysteine residues (C) are
indicated. A leucine residue which could participate in the
formation of the RR nucleotide binding site (GxGxxG) is
depicted by (L). Other RR features include the proposed
allosteric site in E. coli, the major EBV insertion of 30
amino acids and the location of the amino acid substitution
in the RR1l polypeptide encoded by the HSV-1 mutant ts1207

(see Page 111).

The RRg polypeptides are shown as a single Region on
the basis of the secondary structure predictions. The
location of the conserved tyrosine residue on which the
E. coli radical is localised is depicted by (Y) and the
amino acid substitution in the RR2 polypeptide encoded by

the HSV-1l mutant ts1222 is indicated.
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SECTION D.

12, Sequence Determination of the Mutation(s) in the RRI1
Xho I/Bgl 11 DNA Fragment of the HSV-1 mutant tsl1207.
Dutia (1983) reported that the multiple HSV-1 mutant

tsG failed to induce detectable ribonucleotide reductase

levels at the NPT. As this isolate had multiple mutations,
Preston, V.G. et al. (1984) isolated the Bam HI o fragment
from tsG DNA, which spans the region between map units 0.574
to 0.600, and recombined it into HSV-1l strain 17% pna giving
rise to the HSV-1 ts1207 mutant virus. The mutation(s) was
located, with marker rescue experiments, within the Xho
I/Bgl 11 fragment contained in the coding sequences of RR1
(Fig. 60). Thus, it was of interest to identify any
nucleotide changes within this fragment and from the deduced
amino acid sequence to determine any effect of the
mutation(s) on the predicted secondary structure of the
enzyme.

For these reasons, the tsl207 Xho 1/Bgl I1 fragment
was isolated from a cloned Bam HI o fragment (obtained from
Dr V.G. Preston) and sequenced with the M13 dideoxy/chain
termination method. However, given the relatively small
size of the fragment, it would be inappropriate to follow
the 'shotgun' cloning approach followed for the nucleotide
sequence determination of the RR1 coding region. Instead,
the intact Xho I/Bgl 1I fragment was cloned into a Sma I
digested M13mp8 RF vector. Then, with the use of the New
England Biolabs primer (see Materials and Methods, Page 58),
approximately 200 bases were read in either orientation.
From the sequences at the ends of the obtained gel readings
two new pentadecamers were synthesised, shown in Fig. 62,
and these were used as primers in sequencing reactions thus
advancing the data by approximately 200 bases in either
direction. This procedure was repeated and finally the
entire sequence was obtained in both orientations.

The sequencing data were collated with computer
programs and gave rise to the M1207 data base. This data
base contained 26 gel readings (Fig. 61). There were 4865

characters, which produced a final contiguous length of
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Figure 60. This diagram shows the location of the

Xho I/ Bgl 1II fragment (black box) of the HSV-1l mutant
£s1207 with respect to the Bam HI o fragment between 0.57
to 0.60 map units. The mRNAs specifying the RR1 and RR2
polypeptides are indicated as arrowed lines and their

lengths are given above each line. The polypeptide coding
regions are indicated as open boxes.
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Figure 61. A sorted list (CONTIG LINES) of the gel readings
within the M1207 data base. The column termed GEL LINES
represents the name of the clone given by the author. The
columns headed A to E are assigned by the DBUTIL program

(see Materials and Methods, Page 73) and represent:

A Gel reading database number.

B Position of the left-most base of the gel reading
in the contig.

C Length of the gel reading. (-) indicates that the
gel reading overlaps on the opposite strand.

D Number of the gel reading overlapping to the left.

E Number of the gel reading overlapping to the right.
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s e o s

610 620 630 640 €50 660 €70 680 €90 700 710 720

CC* GGCOGCGGTACGAGG

CCCGLUCGCGETACGAGGGCGAGTCGGAGA TCCTA CGCCAGAGCA TGA TGAAACACGGCCTGOGCAACAACCAG TTTGTCGCGCTGA TG

COCCLCCGCGETACGAGGGCCAGTCGCAGA TGCTACGCCAGAGCA TGA TGAAACA CGGCCTGCGCAACAACCAGTTTGTCGCGCT® ATG

CCCGGCCGCGGTACGAGGGCGAGTGGGAGA T/ / TACGCCAGAGCA TGA TGAAACACGGCCTGOGCAACAACCAGTTTGTCCCGCTGA TGCCCACUGCCGLCTCGUCGCAGATCTC

GGGCGAGTGGGAGA TGCTACGCCAGAGCATGA TGAAACA CCGCCTGCCCAACAACCAGTTTGTCCCGCTGA TGOCCACCGCCGCCTCGICG* AGA TC

AGTGGGAGATGCTACGC® AGAGCATGATGAAACA® GGCCTGCGCAACAACCAGTTTGTCGOGCTGA TGCCCACCGCCGCCTOGK X * * AGATC

cccou.mmammmmam«macc«mmucacoccctccca»\uncacmc-rcocccrcucccc\occ(.ccccrcccccaca TCTC |



Figure 62. The M1207 database. All the gel readings in the
database are shown numbered down the %<+ side of the
sequences as in column A of Figure 61. Computer inserted
characters into the gel readings entering the contig
database are indicated by (*) while those inserted by the
author are indicated by (X) or (/). Underlined sequences
represent synthetic oligonucleotide primers used in
sequencing reactions; primers built in the left-to-right
orientation are indicated by solid lines and those built in

the complementary orientation are indicated by dashed lines.
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715bp (Fig. 62). For each contig character, an average of
6.8 characters were read from gels.

The obtained nucleotide sequence of the mutant Xho
I/Bgl 11 fragment was compared with that of the equivalent
wild-type fragment with the HOMOL program (Fig. 63). As can
be seen, the program identified two nucleotide changes both
from a guanine to an adenine at positions 2439 and 2915 of
the HINDKK database consensus sequence (see Fig. 26); the
nucleotide changes can also be observed in the sequence
autoradiograph comparisons in Fig. 64. Translation of the
wild-type and mutant fragments with the PTRANS program
indicated that the first nucleotide change did not alter the
encoded amino acid whereas the second changed a serine

residue to an asparagine (see Fig. 63).

DISCUSSION.

13. The Mode of Action of BUdR as a Mutagen.

Both nucleotide changes in the tsl1207 fragment
were transitions from a guanine:cytosine pair to an
adenine:thymine pair. These changes are compatible with the
procedure followed in order to isolate the initial mutant
tsG by Brown et al., (1973); these authors treated HSV-1
strain 17 syn infected cells with 5'-bromodeoxyuridine
(BUdAR). The base of BUdR, 5'-bromouracil (BU), is similar
to thymine with the exception that BU has a bromine atom in
place of the 5'-methyl group of the thymine ring (reviewed
in Freese, 1963). This mutagen can be in the keto and enol
states,

In the keto state, the deoxyribonucleoside
triphosphate of BU (dBUTP) can base pair to adenine with two
hydrogen bonds thus incorporating the deoxyribonucleoside
monophosphate of BU (dBUMP) in DNA. This increases the
probability of this base pair to mutate because BU undergoes
pairing mistakes more frequently than thymine; in the next
DNA duplication event, AGTP may pair with dBUMP thus leading

to the appearance of a guanine:cytosine pair in the progeny
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Figure 63. Alignment of the nucleotide sequences of the
Xho 1/Bgl 1I fragment of the HSV-1] wild-type and HSV-1
ts1207 RR1 DNA coding regions. The predicted amino acid
sequence of the HSV-1 RR1l polypeptide is shown above the
HSV-1 DNA sequence, and the amino acid residue which is
altered in HSV-1 tsl207 RR1 is indicated below the tsl207
DNA sequence. Conserved bases are indicated by asterisks
and the nucleotide and amino acid positions are numbered as
in Fig. 26.
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Figure 64. Autoradiographs of sequencing gels showing the
nucleotide changes (NC) in HSV-1 tsl1207 (TS) compared to the
HSV-1 wild-type (WT) sequence. The wild-type and substituted
nucleotides are indicated by arroWs. The panel designated
NCl shows the first nucleotide change at position 2439 and
the panel designated NC2 shows the second nucleotide change
at position 2915 (see Fig. 63).
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DNA in place of the original adenine:thymine pair.

In the enol state, dBUTP can base pair with a guanine
present in DNA with three hydrogen bonds thus incorporating
dBUMP in DNA. In the next DNA duplication event, dBUMP can
base pair with dATP, adenine being the 'normal’
complementary base of BU, and dAMP is incorporated into the
new strand. Thus, an adenine:thymine pair appears in some
of the progeny DNA in place of the original guanine:cytosine
pair.

14. How does the Mutation in HSV-1 ts1207 Inhibit the
Association of the RR1 and RR2 Subunits?

As reported in the Introduction (see Page 49),
Preston, V.G. et al. (1984) demonstrated that the mutation
in the RR1l polypeptide resulted in the inability of tsl1207
to express any detectable activity at the NPT. The
mechanism by which the mutation inhibits ribonucleotide
reductase activity was investigated by means of
immunoprecipitation studies using a monoclonal antibody
directed against RR1 and an anti-oligopeptide serum directed
against the RR2 (Frame et al., 1985). It was shown that, at
the PT and in the presence of 0.5% SDS, the antibody and the
antiserum precipitated both polypeptides. At the NPT and in
the presense of equal SDS concentrations, however, the
antibody precipitated only RR1 while the antiserum
precipitated only RR2.

These results indicated that, although at the NPT
both RR1 and RR2 polypeptides are expressed, the mutation in
RR1 prevents the respective subunits from forming a
functional complex. On that basis and in the absence of any
biochemical data it was proposed that the region where the
ts1207 mutation lies could either be a subunit contact
region or an important structural RR1l region. These
suggestions resulted from a comparison of the predicted
secondary structures of the wild-type and mutant RR1l
polypeptides with the CHOUFAS program (see Materials and
Methods, Page 74). This program predicted that the
wild-type RR1l serine residue is located in an unstructured
region between an «-helix and a P—strand (Table 1IV); this




TABLE 1V

SECONDARY STRUCTURE PREDICTIONS FOR THE HSV-1 RR1
AND HSV-1 ts1207 MUTANT RR1 POLYPEPTIDES

HSV-1 RR1 HSV-1 ts1207 RR1
AA

Number AA Hy SS AA Hy SS
950 R 0.300 H R 0.300 H
951 Q -0.314 H 0 -0.314 H
952 S 0.300 H S 0.300 H
953 M 0.486 B M 0.486 H
954 M 0.057 H M 0.057 H
955 K ~0.229 H K -0.229 H
956 H 0.157 B H 0.157 H
957 G 0.371 H G 0.371 B
958 L 0.600 H L 0.568 H
959 R 0.200 t R 0.186 t
960 N -0.086 t N -0.100 t
961 S -0.300 N -0.314 t |
962 Q -0.114 B Q -0.129 B
963 F -0.800 B F -0.814 H
964 v -1.014 B \Y -1.029 H
965 A -1.057 B A -1.057 H
966 L -1.143 B L -1.143 H
967 M -0.857 h M -0.857 H
968 P -0.714 h P -0.714 h
969 T -0.600 h T -0.600 h
970 A -0.414 h A -0.414 h

amino acid

hydropathicity value

secondary structure prediction
strong «-helical -conformation
# -helical conformation

B -strand conformation

turn

rwaTE:&E?;

| I I 1
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prediction is in good agreement with the individual GARNIER
prediction for the HSV-1 RR1 polypeptide obtained with the
consensus template alignment program (data not shown). In
contrast, the asparagine of the mutant RR1 polypeptide,
which substituted the wild-type serine, was predicted to
adopt a turn conformation; further, the{B—strand following
the wild-type serine was altered to an ot~helix in ts1207
(ts1207 positions 961 to 968; Table 1IV). These were the
only changes in the secondary structure of the mutant RR1l as
compared to that of the wild-type RR1 (data not shown).
Hence, if the region where the tsl1207 mutation is located is
a subunit contact region, alteration of its secondary
structure would inhibit subunit association. Equally, if
this region is an essential structural RR1 region not
directly involved in subunit association, alteration of its
secondary structure may alter the structure of a 'true'
subunit contact region(s) positioned elsewhere along the
polypeptide backbone; as a result, the two subunits unable
to associate.

Another reason for proposing that the mutation in
£s1207 may lie within a contact region or within a region
important for RR1 structure is the primary structure of this
region. As can be seen in Fig. 65, the wild-type serine is
located within block 10 of the RRL alignment. This residue
is a polar one according to the Venn diagram of amino acid
classification (see Fig. 18). Polar amino acids are usually
positioned in a hydrophilic region (exposed region) of the
protein and are the least conserved amino acids between
related proteins (Creighton, 1983). As can be seen in Fig.
65, the serine and the adjacent polar asparagine residue are
located close to the end of a hydrophilic HSV-1 RR1l region
which, notably, was predicted to be the longest hydrophilic
region of the polypeptide (see Page 81). However, both
amino acids are highly conserved in the herpesviral,
mammalian and E. coli RRL polypeptides and this would
suggest that these residues may have a specific function in
RR1. On the basis that substitution of the serine in ts1207
inhibits subunit association, this function would most
probably be related to subunit interaction or to the

structure of RR1 although in the latter case it would not be




RRL } Sequence AA Position

| | | 1

HSV-1 RR1l MKHGLR|NSQ FflvaL|MPT|A (954-970)
HSV-2 RR1 MKHGLRINSQ FII AL|MP T{A (961-967)
VZV Vmw87 CAYGLYUYINSQ FILALIMP T|V (592-608)
EBV Vmw93 VRDGLF|{NSQF|1AL|MPTS (580-596)
Mouse M1 AKYGIRNSLVLTIAZPMPTA (580-596)
E. coli Bl KTHGLRNSTULSAIL|M P S{A (607-623)

Block 10 Block 11

Figure 65. Alignment of the proposed or identified large
subunit ribonucleotide reductase polypeptides (RRL) in the
region where the HSV-1 ts1207 amino acid change is located.
The amino acid position of each polypeptide region is

given in parentheses. RRL sequences contained within
blocks 10 and 11 of Fig. 56 are shown. The diagram above
the alignment shows the hydropathicity plot corresponding
to the aligned HSV-1 RR1 region. Hydrophobic regions lie
between 0 and 20 and hydrophilic regions between 0 and -20.
Program settings were: group length = 9, shift = 1, spacing
of plotted points = 10.
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directly involved in contact with RR2. 1In either case, the
£s1207 mutation would result in the two subunits being
unable to associate.

Experiments designed to distinguish between these
possibilities suggest that the region where the mutation
lies is not involved in subunit association (A.J. Darling,
personal communication). First, high concentrations of a
synthetic oligopeptide representing the amino acid sequences
flanking the wild-type serine residue (oligopeptide
RNSQFVALMPTA, spanning HSV-1 RR1 positions 959 to 969; see
Fig. 63), failed to inhibit wild-type enzymatic activity.
Second, this oligopeptide failed to inhibit the in vitro
reconstituted activity from the non-defective ribonucleotide
reductase large and small subunits encoded by the HSV-1
ts1222 and tsl1207 mutants respectively, as did an antibody
raised against this oligopeptide. Third, a second synthetic
oligopeptide with the serine residue positioned
approximately in the middle (oligopeptide MKHGLRNSQFVALMPT
at HSV-1l RR1 positions 954 to 968; see Fig. 63) failed to
inhibit the t£s1207/tsl222 in vitro reconstituted activity.
Therefore, it appears more likely that the region where the
ts1207 mutation is located is an important structural RR1
region,

Finally, another possibility, which was not previously
considered, was that the region where the mutation lies is a
contact region between the RR1 polypeptides forming the RR1
subunit as opposed to an RR1/RR2 contact region. If the
former was the case, the £sl1207 mutation may prevent the
formation a functional RR1 subunit in tsl207-infected cells
and this may be the reason for the two subunits being unable
to associate. However, this possibility was also excluded
since the size of the HSV-1 tsl207-encoded RR1 subunit was
found to be identical to the size of the wild-type RR1
subunit by means of gel filtration (A.J. Darling, personal

communication).



) IR, IR. U_. TR
TR, Up

| - T

1+ -
I ~ T T g T T T 1

0.54 0.56 0.58 0.60

- BamHI e ~—p—g¢——— BamHI t ——&

6 .4kb mRNA o

RR1 mRNA >

1.7kb mRNé ‘RR2 mRNA

1_1kbp 1

Figure 66. The HSV-2 strain HG52 ribonucleotide reductase
locus. This diagram shows the genomic location of the Bam
HI e and t fragments and the arrangement of mRNAs between
0.55 and 0.60 map units on the viral genome. The
transcripts specified by this locus are shown as arrowed
lines. The lengths of the late transcripts are indicated

above each line and the mRNAs specifying the ribonucleotide
reductase are labelled RR1 and RR2.
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SECTION E.

Having identified a number of structural and
functional features arising from the enzyme's primary
structure, experiments were designed to express the
HSV-encoded ribonucleotide reductase in eukaryotic cell
lines. These experiments are reported in this Section andg,
in addition, studies on the transcriptional regulation of
the ribonucleotide reductase genes in the presence of HSV

trans-activating functions are described.

15. The HSV-2 Ribonucleotide Reductase Locus.

The HSV-2 strain HG52 ribonucleotide reductase locus
(Fig. 66) specifies two L and two E transcripts which are
similarly sized and arranged as in the equivalent HSV-1
locus (McLauchlan and Clements, 1983b; McLauchlan, 1986;
Swain and Galloway, 1986). The L mRNAs are 5' co-terminal,
have sizes of 6.4kb and 1l.7kb and are presumed to encode the
same 54,000 mol. wt. polypeptide. The E mRNAs share a
common 3' terminus with the L 6.4kb mRNA and have sizes of
4.5kb (RR1 mRNA) and 1l.2kb (RR2 mRNA; Fig. 66). These mRNAS
encode the RR1 and RR2 polypeptides which constitute the
HSV~-2-encoded ribonucleotide reductase (McLauchlan, 1986).

DNA sequencing and RNA mapping studies within this
locus positioned the 3' end of the 1.7kb mRNA 404nuc
downstream from the Sst I site at 0.558 map units and the 5
end of the RR1 mRNA 582nuc downstream from the same site
(McLauchlan, 1986; Fig. 67). The start site of the RR2 mRNA
was positioned 139nuc upstream from the Bam HI site which
separates the Bam HI e and t fragments (Fig. 67). Finally,
the 3' co-terminus of the ribonucleotide reductase mRNAs and
the 6.4kb mRNA was located approximately 1000nuc downstream
from this Bam HI site (McLauchlan and Clements, 1983b). 1In
common with the HSV-1 equivalent locus, although the HSV-2
ribonucleotide reductase mRNAs overlap, the coding regions

of the RR1 and RR2 polypeptides do not (McLauchlan, 1986).
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Figure 67. The nucleotide sequences flanking the HSV-2 RR1l
and RR2 mRNA start sites. The positions of the 5' ends of
these mRNAs and the 3' end of the late 1l.7kb mRNA are shown.
Underlined sequences denote the length of the protected RR1
and RR2 mRNAs after hybridisation to the specific
PGEM-2-produced RNA probes and digestion of hybrids with
ribonuclease T2 (see Pages 116 and 117). Restriction
endonuclease cleavage sites are indicated by a double line.
The sequences are numbered with respect to the Sst I site
(+1) at HSV-2 0.558 map units.
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16. Construction of Plasmids Used in Transient Expression

Assays.
In order to express the RR1 and RR2 mRNAs in

eukaryotic cell lines, plasmid pRR was constructed which
contains the DNA sequences specifying these mRNAs as they
are arranged on the HSV-2 genome (Fig. 68). An Sst I/Bam HI
fragment from a cloned Bam HI e fragment (obtained from
Dr J. McLauchlan) was subcloned into an Sst I1/Bam HI
digested pUCl2 vector to give plasmid pYNE. Then, a Bam
HI/Xho 1 fragment from a cloned HSV-2 Bam HI t fragment
(obtained from Dr J. McLauchlan) was subcloned into a Bam
HI/Sal 1 digested pUCl2 vector resulting in plasmid pYNT.
Lastly, the Bam HI/Hind III fragment from pYNT was ligated
into Bam HI/Hind III digested pYNE to give pRR. Therefore,
PRR contains the entire DNA region specifying the RR1 and
RR2 mRNAs and, in addition, the region specifying the 3' end
of the L 1.7kb mRNA.

RNA probes specific for the detection of the RR1 and
RR2 mRNAs were constructed with the use of pGEM-2 Riboprobe
Gemini transcription vectors (see Materials and Methods,
Page 58). For RR]1 mRNA, a 636nuc Sal I fragment spanning
the DNA sequences specifying the 5' end of the RR1 mRNA (see
Fig. 67), was ligated into Sal 1 digested pGEM-2. For RR2
mRNA, a 547nuc HSV-2 Bgl II/Bam HI fragment spanning the DNA
sequences specifying the 5' end of the RR2 mRNA (see Fig.
67) was ligated to Bam HI linearised pGEM-2 vector.
Recombinants were analysed by restriction endonuclease
digestion for appropriate insert orientation relative to the
SP6 promoter, such that transcripts synthesised from the SP6
promoter would be complementary to RR1 and RR2 mRNAs. This
screening procedure resulted in the selection of plasmids
pR45 and pR12 (Fig. 69). Subsequently, both plasmids were
digested to completion with Hind III and SP6 transcripts
labelled with [oec-32
Materials and Methods (see Page 71).

PJUTP were prepared as described in

17. Transient Expression Assays with Plasmid pRR.

Expression of RR1 and RR2 mRNAS in eukaryotic cells

was investigated by short-term transfection assays.
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Figure 68. Construction of plasmid pRR. At the top left

of the diagram, the HSV-2 Bam HI e and t DNA fragments are
depicted in a linear form showing the region (dark area)
specifying the RR1 and RR2 mRNAs and the 3' end of the 1l.7kb
mRNA. The mRNAs are shown as arrowed lines and the part of
the 1.7kb mRNA specified outwith this area is indicated by a
dashed line. To construct pRR, the Sst I/Bam HI subfragment
of Bam HI e was ligated to a Sst I/ Bam HI digested pUCl2
vector to give pYNE. The Bam HI/Xho 1 subragment of Bam HI
t was ligated to a Bam HI/Sal I digested pUCl2 vector to
give pYNT. Finally, the pYNT Bam HI/Hind II11 fragment was
ligated to a Bam HI/Hind III linearised pYNE to give pRR.
The ampicillin resistance (ampr) and ﬁ—galactosidase genes

(lacZ) of pUCl2 are indicated.
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Figure 69. The structure of the pR45 and pR12 plasmids

used for the production of RNA probes specific for the RR1
and RR2 mRNAs respectively. pR45 plasmid was constructed

by inserting a Sal I fragment, spanning positions 58 to 695
relative to the Sst I site at HSV-2 0.558 map units (see
Fig. 67), into a Sal I digested pGEM-2 vector. pRlZ‘plasmid
was constructed by inserting a Bam HI/Bgl 11 fragment,
spanning positions 3771 to 4318 relative to the above
mentioned Sst I site (see Fig. 67), into a Bam HI digested
PGEM-2 vector. The lost Bgl 1II site is shown in brackets.
Recombinant plasmids were screened for appropriate insert
orientation with the use of the restriction endonuclease
site indicated within each insert. The SP6 and T7 promoters
are shown as hatched boxes and the transcriptional direction
of SP6 is depicted by an arrow. The location of the Hind
III site used to linearise the pR45 and pR12 plasmids is
depicted by (e).
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Sub-~confluent monolayers of HeLa cells in 90mm petri dishes
were transfected each with 20ug of pRR using the
calcium-phosphate transfection procedure (see Materials and
Methods, Page 69). However, the RR1 and RR2 genes have been
considered as essentially E genes and as such they should
require the presence of HSV trans-activating functions for
maximal expression (see Introduction, Page 21). Therefore,
some dishes of pRR-transfected HelLa cells were infected with
HSV-1 strain 177 at a multiplicity of 10 p.f.u./cell. This
virus was selected, in preference to HSV-2 strain HG52, to
allow descrimination between virus-encoded (HSV-1l) and
plasmid-encoded (HSV-2) ribonucleotide reductase mRNAs.
Further, this virus was selected because, although pRR
specifies the HSV-2 ribonucleotide reductase mRNAs under the
control of their own promoters, HSV-1l IE functions can
trans-activate HSV-2 E promoters (O' Hare and Hayward,
1985b). The controls consisted of HelLa cells infected with:
HSV-2 strain HG52 at a multiplicity of 10 p.f.u./cell, HSV-1
strain 177 at a multiplicity of 10 p.f.u./cell or
mock-infected. Cells from all five treatments were
harvested at 1é6h p.i. and cytoplasmic RNA was isolated as
described in Materials and Methods (see Page 70). Then, 4ug
of cytoplasmic RNA from the pRR transfected dishes and 0.5ug
from the control dishes were hybridised to approximately
200ng of RNA probes specific for RR1 and RR2 mRNA. RNA
hybrids were digested with ribonuclease T2 and the products
were analysed on 8% denaturing polyacrylamide gels. Size
standards were Hpa 11 digested pAT153 DNA fragments which

were end-labelled with [¢-32

P]AdCTP. After suitable exposure
of the gel, the relative levels of hybridisation were
measured by densitometry of autoradiographs as described in

Materials and Methods (see Page 62).

a) pRR-borne constitutive and induced levels of RR1 mRNA.

Fig. 70 shows the results obtained after hybridisation
of cytoplasmic RNA with the RNA probe produced from plasmid
pR45. The RNA samples analysed were isolated from Hela
cells: transfected with pRR (track 1), transfected with pRR
and infected with HSV-1 (track 2), infected with HSV-2
(track 3), mock-infected (track 4) and infected with HSV-1
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(track 5). Comparison of the protected RNA bands appearing
on tracks 1 and 2 with the negative and positive control
tracks (tracks 3, 4 and 5), indicates that the bands arising
from hybridisation of the probe to RR1 mRNA migrate at
approximately 1ll15nuc (indicated by solid arrowheads in Fig.
70). This is in good agreement with the size of the
protected RNA (1ll3nuc) as deduced from DNA sequence and RNA
mapping data (McLauchlan, 1986; see Fig 67). The size
difference observed probably reflects the higher mol. wt. of
RNA as compared to the DNA size standards.

Ribonuclease T2 analysis generated a number of
additional bands on tracks 2 and 3 of Fig. 70. As shown in
Fig. 67, the HSV-2 DNA fragment which was subcloned in
PGEM-2 in order to obtain the probe specific for RR1 mRNA,
spans the 5' end of the RR1 mRNA and in addition the 3' end
of the L 1.7kb mRNA. Comparison of the HSV-2 nucleotide
sequence of the probe with the corresponding HSV-1 region
revealed the existence of a 209nuc highly conserved region
within the 3' end of the 1.7kb mRNA (HSV-2 probe positions
58 to 267 in Fig. 71). Therefore, in HSV-1 infected samples
the HSV-2 probe is likely to hybridise to the
HSV-l-specified 1.7kb mRNA and this would generate the bands
at around 217nuc on track 2 (indicated by 4 in Fig. 70).
These bands are also present in the HSV-l-infected control
sample (track 5 in Fig. 70).

Three other obvious bands can be observed on track 2
(indicated by open arrowheads) from which the longest one
migrates above the RR1 mRNA main bands and the others have
sizes of approximately 95nuc and 80nuc. As already
mentioned (see Results and Discussion, Page 78), the HSV-1
ribonucleotide reductase locus specifies a L 7.0kb mRNA
which overlaps entirely with the RR1 and RR2 mRNAs.
Therefore, these bands of track 2 probably result from
hybridisation of the probe to portions of the 7.0kb mRNA
spanning the intergenic region between the 1l.7kb and RR1
mRNAs of the infecting HSV-1l virus (see Fig. 71). As
expected, these bands also appear on the HSV-l-infected
control track (track 5 in Fig. 70), although, their
intensity is low due to the small amount of RNA analysed on

this track (0.5ug) as compared to that analysed on track 2
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Figure 70. Ribonuclease T2 analysis of pRR-borne
constitutive and HSV-1l-induced RR1 mRNA levels with the
pR45-produced RNA probe. Cytoplasmic RNA samples were from
HeLa cells transfected with plasmid pRR1 which were either
mock-infected (track 1) or HSV-l-infected (track 2). The
negative and positive control cytoplasmic RNA samples were:
HSV-2-infected HelLa RNA (track 3), mock-infected HeLa RNA
(track 4) and HSV-l-infected HeLa RNA (track 5). Following
hybridisation at SOOC, samples were digested with
ribonuclease T2 and the T2-resistant products were analysed
on 8% denaturing polyacrylamide gels. The position of the
RR1 mRNA main hybrids is indicated by arrowheads; other
obvious bands are indicated by symbols and have been
accounted for in the text (see Pages 117 and 118). The

DNA size standards (M) were pAT153 DNA digested with Hpa II.
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sequence: HSV-1

‘5econd sequence: HSV-2
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CAGGCTGTACCGCTGGCAGCCGGACCTGCGGGGGCGCCCCACCGCACGCACCTGTACGTACGCCGCCTTTG

KARRAKKE RN KT A RRRARK AR LA AR KR AR R I N R RRRE AR RRRARARR R A E® A A ARk kAR AR

CAGGCTGTACCGCTGGCAGCCGGATCTGCGGGGGCGCCCTACCGCACGCACCTGCACATACGCCGCCTTCG

CAGAGCTCGGCATGATGCCCGAGGATAGTCCCCGCTGCCTGCACCGCA CCGAGCGCTTTGGGGCGGTCAGCGTC

AERK K AR KK A AXRAR Kk KX A K AR AR RN AL KR KRR RARARKRRR AR AKRKARARARRRT Rk kk

CAGAGCTGGGTGTCATGCCAGACGACAGCCCCCGCTGTCTGCACCGCACCGAGCGGTTTGGGGCGGTCGGCGTT

CCCGTTGTCATTCTGGAAGGCGTGGTGTGGCGCCCCGGCGAGTGGCGGGCATGCGCGTGAGCGT

Xk AAKRAK KKK ARKARA ARRRAAT AR AR AR AR R AR RR AR KR ARAAAAR ARARARAARR kkk

CCGGTTGTCATCCTGGAGGGCGTGGTGTGGCGCCCCGGCGGGTGGCGGGCCTGCGCGTGATCGTETATTGACGA

ire boxed and the HSV-2 sequence is numbered as in Fig.

AGCAAAC GCCCCGCCCACACAACGCTCC GCCCCCAACCCCTTCCCCGCTGTCACT

Ktk Kk & khkkk KKkkkK * Kk k% * KRKKK&k K& ARk hkhkk Rk& *

CGGCCGCCCAACCCGAGCGACCTTCCCCTCCCACTTCCCCCCCCCTACACACCAACTCCGCCCTCGCCGTE TT

CGTTGTTCGTTGACCCGGGCGTCCG CCAAATAAAGCCA CTGAAACCCGAAACGCGAGTGT TGTAACGT

® &k XK kR hhkAkhk KARAKXK * KAk hkkkhkhk &k * Ahkk R&%® kkk &k KR&kk & & k&
GGCCGTGCGCGGCCCCGTGCGTCCGTCTCAATAAAGCCAGGTTAAATCCGTGACGTG GTGTGTTTGGCGTGTG
3> 3¢ end 1l.7kb mRNA

CCTTTGGGCGGGAGGAAGCCACAAAATGCAAATGGGATACATGGAAGGAACACACCCCCGTGACTCAGGACATC

kK Kk k%t Rhkkk * * kK KX AKKKARAKARR Rehhkkk KhkkhhkhkAKk KAkKAAAKAR& &&

TCTCTGAAATGGCGGAAAC CGACATGCAAATGGGATTCATGGACATGTTACACCCCCCTGACTCAGGAGATA

GGTGTGTCCTTTTGGGTTTCACTGA AACTGGCCCGCGCCCCACCCCTGCGCGATGTGGATAAAAAGCCAGCGC

L34 * kkkk * k Kk kk&k & * % * khkk KARARAhhkhkRk * & k KKkkk KRAARKKAK K&k

GGCATATCCTCCTTAGATTGACTCAGCACACGATCGCACCCCACCCCTGTGTGCCGGGGAT AAAAGCCAACGC

GGGTGGTTTAGGGTACC ACAGGTGGGTGCTTTGGAAACTTGCCGGTCGCCGTGCTCCTGTGAGCTTGCGTC
KKK Kkk &k K&k KKKk KRR AkRRRKARKRKR &k khkhkhk hkhkkhkkkhk kAR KAkEk K&
GGGCGGTCTGGGTTACCACAACAGGTGGGTGCTTCGGGGACTTGACGGTCGCCACTCTCCTGCGA

@—————> S5' end KRl mRNA

CCTCCCCGGTTTCCTTTGCGCTCCCGCCTTCCGGACCTGCTCTCGCCTACTCTTCTTTGGCTCTCGGTGCGATT
Kk KRk Kk K% Khkkkk kK Rek kK

GCCCTCACGTCT TCGCCCAC OGATT

CGTCAGGCAGCGG(.CTTG‘[‘LGAATCTCGACCCCAC(‘ACTCGCCGGACCCGCCGACGTCCCCTCTCGAGCCCGCC

* Kk & k RERKK khkkk & * &k &

CCT GTTGCGTTCCTGTCG GCCGGTGCTGTC

GAAACLCGCCGCGTCTGTTGAAATGGCCAGCCGCCCAGCCGCATCCTCTCCCG

khkhkk K& kK

CTGTCGA CAG A‘l‘

Figure 71. Nucleotide sequence comparison of the HSV-2 DNA
fegion which was subcloned into pGEM-2, in order to produce
the RNA probe specific for the HSV-2 RR1 mRNA, with the
®rresponding HSV-1 DNA region. The 3' end of the HSV-2
L.7kb mRNA and the 5' end of the RR1 mRNA are indicated.

Me nucleotide sequences sharing extremely high homology

67.
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(4ug). Track 2 also contains a minor band (indicated by o)
with an approximate size of 400nuc. This band is likely to
represent pRR-specified transcripts which are not proccessed
at the 3' co-terminal polyadenylation signal for the RR1 and
RR2 mRNAs; possibly, these transcripts run throught this
signal and terminate at the polyadenylation signal of the
1.7kb mRNA which is present in pRR. This is based on the
fact that the size of the band approximates the size of the
probe region that corresponds to the HSV-1 DNA region
specifying the 3' end of the 1.7kb mRNA. A similar 400nuc
band appears in the HSV-2-infected control sample (track 3
in Fig. 70) and this probably results from the probe
hybridising to the 3' end of the L 1.7kb mRNA specified in
HSV-2-infected cells. Further, this band appears as a major
species because cytoplasmic RNA was isolated at L times p.i.
(l16h; see Materials and Methods, Page 69). Finally, the
band appearing in the HSV-2 control sample (indicated by p;
track 3) most probably represents the full-length
pR45-produced probe hybridising to the L 6.4kb mRNA which,
as shown in Fig. 66, overlaps entirely with the RR1 and RR2
mRNAS.

As can be seen in Fig. 70 the pRR-specified
constitutive levels of RR1 mRNA are readily detectable while
after induction by HSV-1 infection a moderate increase is
observed; this increase is approximately 5-fold (S. Simpson,

personal communication).

b) pRR-borne constitutive and induced RR2 mRNA levels.

For the detection of the RR2 mRNA, equal amounts of
cytoplasmic mRNA to those used for the detection of the RR1
mRNA were hybridised to the RNA probe produced from plasmid
pR12. The results obtained after hybridisation are shown in
Fig. 72 where the order of RNA samples analysed is similar
to that of Fig. 70. The expected ribonuclease T2-resistant
hybrid should be l44nuc (see Fig. 67); however, due to the
higher mol. wt. of RNA, the bands resulting from
hybridisation of the pRl2-produced probe to RR2 mRNA migrate
between the 147nuc and 160nuc bands of the DNA size
standards (Fig. 72).

As mentioned on Page 113, the HSV-2 ribonucleotide



118

reductase locus specifies a family of three 3' co-terminal
mRNAs, comprising the RR1, RR2 and 6.4kb mRNAs. As a result
of the overlapping nature of the transcripts specified by
this locus, a probe specific for RR2 mRNA will also
hybridise to RR1 and 6.4kb mRNAs. This can clearly be seen
in tracks 1, 2 and 3 of Fig. 72 where bands of size greater
than 622nuc were detected (indicated by p). 1In track 1, the
band represents the probe hybridising to pRR-borne RR1 mRNA.
In track 2 the probe hybridises to pRR-borne RR1 mRNA and,
in addition, to mRNA specified by the infecting virus; this
is proposed on the basis of the high homology between the
HSV-1 and HSV-2 regions upstream from the RR2 mRNA cap site
(Fig. 73). Finally, in the HSV-2-infected control sample
(track 3 in Fig. 72) the probe hybridises, as expected to
the HSV-2 specified RR1 and 6.4kb mRNAs. Other bands of
different sizes appearing on track 2 probably arise from the
probe hybridising to HSV-1l infecting virus mRNA; these bands
appear also in track 5 although, as already noted, their
intensity is low due to the small amount of RNA analysed on
this track (0.5ug) as compared to that analysed on track 2
(4ug).

As can be seen in Fig. 72, the pRR-borne constitutive
RR2 mRNA levels were barely detectable (track 1) whereas,
after induction by HSV-1, elevated RR2 mRNA levels were
observed (track 2).

18. Trans-activation of Ribonucleotide Reductase Gene

Transcription by HSV-1l IE Polypeptides.

The rationale behind these experiments was to study
effects of the HSV-1 IE polypeptides vmwl75 and Vmwll0 on
mMRNA basal levels specified from pRR. For this purpose
pRR-transfected HeLa cells were co-transfected with
plasmids: i) pl75, which contains the coding sequences of
Vmwl75 under the control of the SV40 E promoter and enhancer
(Perry et al., 1986) and ii) plll, which encodes VmwllO0
(Perry et al., 1986).

Sets of four sub-confluent 90mm dishes of HeLa cells
were transfected each with 10ug of pRR. From each set, in

addition, the second was transfected with 10ug of plll, the
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Figure 72. Ribonuclease T2 analysis of pRR-borne
constitutive and HSV-1l-induced RR2 mRNA levels with the
pPR12-produced RNA probe. Cytoplasmic RNA samples were from
HeLa cells transfected with plasmid pRR1 which were either
mock-infected (track 1) or HSV-l-infected (track 2). The
negative and positive control cytoplasmic RNA samples were:
HSV-2-infected HeLa RNA (track 3), mock-infected HelLa RNA
(track 4) and HSV-l-infected HeLa RNA (track 5). Following
hybridisation at 50°¢, samples were digested with
ribonuclease T2 and the T2-resistant products were analysed
on 8% denaturing polyacrylamide gels. The position of the
RR2 mRNA main hybrids is indicated by arrowheads and the
full-length protected pRl2-produced probe is indicated by
(p). The DNA size standards (M) were pAT153 DNA digested
with Hpa II.




First sequence: HSV-1
Second sequence: HSV-2

1 CTCGGACGTCAGCGAGGGCTTTGCCCCCCTGTTCACCAACCTGTTCAGCAAGGTGACCCGGGACG
KRRARRRRARRRRRRRRR R AR AR RRRRRRRRARRRRANRARRRARRRRRAARRRNRRARR KRN K

3770 CTCGGACGTCAGCGAGGGCTTTGCCCCCCTGTTCACCAACCTGTTCAGCAAGGTGACCAGGGACG

65 GCGAGACGCTGCGCCCCAACACGCTCCTGCTAAAGGAACTGGAACGCACGTTTAGCGGGAAGCGCCTCCTGGAG

ARKRRKRRRRRRRRKRARRARRRAAR RAAK ARAARRRK KAk AARRAARR KRAKAKRKA Ak ARRhhhh®
3835 GCGAGACGCTGCGCCCCAACACGCTCTTGCTGAAGGAACTCGAGCGCACGTTCGGCGGGAAGCGGCTCCTGGAC

139 GTGATGGACAGTCTCGACGCCAAGCAGTGGTCCGTGGCGCAGGCGCTCCCGTGCCTGGAGCCCACCCACCCCCT

A KKKAXRRKRX X KRRXAK KXXXRARRRAKXRRAAKR KRR RKKR *XAkXk Xk &k KAARKAAR Ak Ak AhAkhhkhkix

3909 GCGATGGACGGGCTCGAGGCCAAGCAGTGGTCTGTGGCCCAGGCCCTGCCTTGCCTGGACCCCGCCCACCCCCT

213 CCGGCGATTCAAGACCGCGTTTGACTACGACCAGAAGTTGCTGATCGACCTGTGTGCGGACCGCGCCCCCTACG

KAEKRKRKRX KRAKXKNKRRR XX xk KXAXXRAAKAARAX & AXRKAR KR AR KR RRKRRRARERR ARXRAKKRARKRARX AKX %

3983 CCGGCGGTTCAAGACGGCCTTCGACTACGACCAGGAACTGCTGATCGACCTGTGTGCAGACCGCGCCCCCTATG

287 TCGACCATAGCCAATCCATGACCCTGTATGTCACGGAGAAGGCGGACGGGACCCTCCCAGCCTCCACCCTGGTC

X Rk KK ARXRKKXRXKXRXRRRKRR ARRRRARARAAR ARXXAAKAARARKRAKRARRE KARKAK AXAAKKAAAAR KA KK

4056 TTGATCACAGCCAATCCATGACTCTGTATGTCACAGAGAAGGCGGACGGGACGCTCCCCGCCTCCACCCTGGTC

361 CGCCTTCTGGTCCACGCATATAAGCGCGGACTAAAAACAGGGATGTACTACTGCAAGGTTCGCAAGGCGACCAA
KRRRKRRR RRXRRKRRXKAXXRRRRRRARR KA A%k Ak ARKKAARKRARRRRRARRRRKRRARARRRARRKA AR

4141 CGCCTTCTCGTCCACGCATATAAGCGCGGCCTGAAGACGGGGATGTACTACTGCAAGGTTCGCAAGGCGACCAA
@—> 5' end RR2 mRNA

435 CAGCGGGGTCTTTGGCGGCGACGACAACATTGTCTGCATGAGCTGCGCGCTGTGACCGACAAACCCCCTCCGCG

Akkkhkkkkhkk Kk *k AAARXRARRAARRRAAL AhkkAkk& KRRRRRRKARARAA Kk Kk AAX kX kkkhk

4205 CAGCGGGGTGTTCGCCGGCGACGACAACATCGTCTGCACAAGCTGCGCGCTGTAAGCAACA GCGCTCCGAT

509 CCAGGCCCGCCGCCACTGTCG TCGCCGTCCCACG

* kX k k& Rk &k KRk KXk kkkkk K *

4275 CGGGGTCAGGCGTCGCTCTCGGTCCCTCATATCGCCATGGATCC

Figure 73. Nucleotide sequence comparison of the HSV-2 DNA
region which was subcloned into pGEM-2, in order to produce
the RNA probe specific for the HSV-2 RR2 mRNA, with the
corresponding HSV~1 DNA region. The 5' end of the RR2

mRNA is indicated and the HSV-2 sequence is numbered as in
Fig. 67.
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third with 10ug of pl75 and the fourth with 10ug each of
plll and pl75. The total amount of transfected plasmid DNA
in all four dishes was 30ug, and this was made up by the
addition of an appropriate amount of pUC8 plasmid DNA. As a
positive control, subconfluent monolayers of HeLa cells were
infected with HSV-2 strain HG52 at a multiplicity of 10
p.f.u./cell. After a 24h incubation, the medium was
replaced with fresh medium, and the dishes were incubated
for a further 16h at 37°C (see Materials and Methods, Page
69). At the end of the second incubation, cells were
harvested and cytoplasmic RNA was prepared. Then, 4ug of
RNA from co-transfected cells and 0.5ug of RNA from
HSV-2-infected cells were hybridised to probes produced from
plasmids pR45 and pR12; the hybrids were treated with
ribonuclease T2 and analysed on 8% denaturing polyacrylamide
gels.

The autoradiographs of Figs. 74 and 75 show the
results obtained after hybridisation of cytoplasmic RNA to
the pR45- and pRl2-produced probes respectively. The RNA
samples analysed on these gels were isolated from HeLa cells
co-transfected with: pRR and pUC8 (track 1), pRR, plll and
pUC8 (track 2), pRR, pl75 and pUC8 (track 3), pRR, plll and
pl75 (track 4). The RNA sample analysed on track 5 was from
HeLa cells infected with HSV-2. As can be seen, the bands
due to the probes hybridising to the RR1 (Fig. 74) and RR2
(Fig. 75) mRNAs migrate at positions corresponding to those
observed in Figs. 70 and 72 respectively. These bands were
quantitated as described in Materials and Methods (see Page
62), although, cells were not transfected with a control
plasmid, to allow standardisation of the transfection
procedure; this was due to the limited amount of DNA that
can be taken up by transfected cells (30ug per 90mm Petri
dish; R.D. Everett, personal communication). The results of
this analysis, shown on Table V, demonstrated that VmwllO
had no detectable effect on RR1 mRNA basal levels, whereas,

vmwl75 or a combination of Vmwll0 and Vmwl75 resulted in a

2- to 3-fold increase. In contrast, . Vmwl75
substantially increased the RR2 mRNA levels by
12-fold . In the presence of both of these IE

polypeptides, the highest increase was observed resulting in
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Figure 74. Transcriptional activation of pRR-borne RR1
mRNA levels by plasmid-borne HSV-1l IE Vmwl75 and Vmwllo0
polypeptides. Cytoplasmic RNA samples were from HelLa

cells co-transfected with plasmids:

PRR and pUCS8 (track 1)
PRR, plll and pUC8 (track 2)
pRR, pl75 and pUC8 (track 3)
pPRR, plll and pl75 (track 4)

As a positive control, HeLa cells were infected with HSV-2
virus (track 5). Samples were hybridised to pR45-produced
probe at SOOC, digested with ribonuclease T2 and the
T2-resistant products were analysed on 8% denaturing
polyacrylamide gels. The position of the RR1 mRNA hybrids
is indicated by an arrow. The DNA size standards (M) were
pAT153 DNA digested with Hpa II.
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Figure 75. Transcriptional activation of pRR-borne RR2
mRNA levels by plasmid-borne HSV-1 IE vmwl75 and Vmwll0
polypeptides. Cytoplasmic RNA samples were from Hela
cells co-transfected with plasmids:

PRR and pUCS (track 1)
pRR, plll and pUC8 (track 2)
pPRR, pl75 and pUC8 (track 3)
pPRR, plll and pl75 (track 4)

As a positive control, HeLa cells were infected with HSV-2
virus (track 5). Samples were hybridised to pRl2-produced
probe at 50°c, digested with ribonuclease T2 and the
T2-resistant products were analysed on 8% denaturing
polyacrylamide gels. The position of the RR2 mRNA main
hybrids is indicated by an arrow. The DNA size standards
(M) were pAT153 DNA digested with Hpa II.




TABLE V

RELATIVE INCREASES OF THE RR1 AND RR2 mRNA CONSTITUTIVE
LEVELS AFTER TRANS-ACTIVATION WITH THE HSV-1
IE POLYPEPTIDES Vmwll0 AND Vmwl75

Vwl1l0 vmwl75 Vmwll0/
Vmwl 75

RR1 mRNA , 1 ‘ 2 2-3

RR2 mRNA 1 12 17.
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17~fold elevated RR2 mRNA levels.

DISCUSSION.

In this Section, in vitro expression of the RR1 and
RR2 genes was studied using trahsient expression assays.
Further, studies were performed on regulation of expression
of these genes using HSV-1 infection or trans-activation
with plasmid-borne IE polypeptides. In the Discussion, the
results obtained from these experiments will be combined
with other available data on the regulation of

ribonucleotide reductase gene expression.

19. Regulation of HSV-2 RR1l Gene Transcription.

The main observations on HSV-~-2 RR1 gene expression
were: 1) RR1 mRNA basal levels are readily detectable in the
absence of HSV-1 trans-activating functions, 1i) HSV-1
infection or trans-activation with the HSV-1 IE polypeptide
Vvmwl75 results in a 5- and 3-fold increase of RR1 mRNA basal
levels respectively and iii) the HSV-1 IE polypeptide Vmwll0
has no detectable effect on RR1 mRNA basal levels.

a) Constitutive transcription from the HSV-2 RR1l gene

promoter.
A striking observation on RR1l gene expression was that

RR1 mRNA basal levels were readily detectable in the absence
of viral trans-activating functions. The RR1 gene has been
classified as an E gene because studies on the kinetics of
appearance of the RR1 mRNA in the cytoplasm of HSV-infected
cells demonstrated its detection by 2h p.i. and levels
continued to accumulate by 6h to 8h p.i. after which there
was no increase in abundance (McLauchlan and Clements, 1982;
McLauchlan, 1986). As an E gene, activation of RRI1
expression should require the presence of functional IE
polypeptides (see Introduction, Page 22). However, further
to the data presented in this Section, a number of reports
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have identified either the RR1 mRNA or the RR1 polypeptide
present under IE conditions: in fact, certain of these
reports have classified the RR1 gene as an 1E gene, First,
Clements et al. (1977) detected, by blot hybridisation to
viral DNA fragments, low levels of the RR1 mRNA under IE
conditions; following reversal of the cycloheximide block,
RR]1 mRNA was rapidly and abundantly synthesised and its
synthesis preceded that of other E mRNAs such as the DNA
polymerase or the TK. Second, Watson et al., (1980) detected
the RR1l polypeptide after in vitro translation of pooled IE
mRNA. Third, the RR1 polypeptide is expressed by HSV
ts-Vvmwl75 or ts-vmwll0 mutants grown at the NPT (Marsden et
al., 1976; Preston, 1979; DeLuca et al., 1985; Stow and
Stow, 1986; Sacks and Schaffer, 1987). Fourth, infection
with HSV-1 or HSV-2 result in the expression of the RR1
polypeptide at very early times (Pereira et al., 1977;
Easton et al., 1980; Frame et al., 1986b; A. Cross, personal
communication). Finally, by nuclease S1 analysis, RR1 mRNA
was detected after infection with HSV-1 mutant tsK at the
NPT or HSV-1l wild-type virus infection under IE conditions,
although, its levels were lower than those of other IE mRNAs
(J. McLauchlan, personal communication).

Since E gene promoter activity is generally low in the
absence of HSV trans-activating functions (reviewed in
Everett, 1987b) the readily detectable pRR-specified RR1
mRNA levels would suggest that the RR1 gene promoter (Pl) is
activated by cellular transcription factors. For this
reason, the upstream HSV-2 Pl DNA sequences were analysed
for the presence of sequence elements known to bind cellular

transcription factors.

i) Potential binding sites of the Spl cellular

transcription factor within the Pl sequences. 1Initially, Pl

sequences were examined for potential binding sites of the
Spl transcription factor known to enhance transcription from
RNA polymerase II promoters (see Introduction, Page 19;
reviewed in Kadonaga et al., 1986). This analysis revealed
the presence of a C-rich sequence located between -50 to
—40nuc relative to the RR1 mRNA start site (+1) whose

complement exhibits reasonable homology to the Spl consensus
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(Fig. 76). Further upstream from the putative Spl binding
site, there is a G-rich tract on the complementary strand at
position -110 relative to the RR1 mRNA start site. G-rich
motifs like the latter were observed in the E gD promoter
and share similarities with the Spl binding site in the
human immunodeficiency virus long terminal repeat (see
Introduction, Page 22). Further, the complement of this
motif has been found located at a similar distance from the
cap sites of several HSV mRNAs and, although not all E
promoters contain these sequences, they appear to be absent
from most L promoters (reviewed in Wagner, 1985). The
highly conserved nature of this motif would indicate that it
may represent a functional component of Pl. Interestingly,
both of these elements are well conserved in the promoter of
the HSV-1 RR1 mRNA although their distances from the HSV-1
mRNA start site differ from those observed in HSV-2.

ii) A potential binding site of the cellular 'octamer

motif binding factor' in the Pl sequences. Further analysis

of the Pl sequences revealed the existence of a
5'-ATGCAAAT-3' sequence (octamer) at position -136. This
sequence element is well conserved in the SV40 enhancer, in
the enhancer and the promoter of both heavy- and K
light-chain immunoglobulin genes (Falkner and Zachau, 1984),
in different H2B histone promoters (Harvey et al., 1982) and
in the enhancers or promoters of several other genes
(Falkner et al., 1986). Studies with different octamer
motifs demonstrated that each gave rise to complexes with
fractionated HeLa cell nuclear extracts which had identical
mobilities in gel retardation assays and that different
motifs were almost equally competitive for binding to the
same factor of the complex (Bohmann et al., 1987). Purified
toctamer motif binding factor' has a stimulatory effect on
transcritpion in vitro (Bohmann et al., 1987; Flether et
al., 1987). The protein factors that bind the octamer
motifs have been designated either OTF-I, or OBPl00, or
IgNF-A (reviewed in Jones et al., 1988), and they appear
closely related to each other and to NF-III (see

Introduction, Page 20; reviewed in Hames and Glover, 1988).




Lds

§9909

xxxx

DOVOLYOLYD YIDDIIOIOL 1O¥HOIIDID ILLVIVIODD IODVOOVOVY HIDOOVIIVD DOLODVIDID

D91OVIIVLO L1VDDHIOIVOV ¥OHIDDODIOD OVYIVIYIOD VYIDIIODIOLL DIDIDIOOLD IDVIILIDND
YNYW Z¥N PUD ,5 &———— 01- 0z- og- ov- 05- 09-

o 34y

% )

999VOIOLID I9LIIDOIILL JIIDIOLOVOV ILYOVOVILOV ILOOVILILODIL DIOVIDOVYOV LEgODDOYPOD 9HOIIILOOVOY
0001290 V99 DOVOHOIONOVY HVOVOVOLOL VIODIOLOVOL YOOLVVIOOV IJVOLVYOLIOL YIDDJD23D909 JOJVOVOOLOL

0L- 08- 06— 00T~ 0TT- 0¢t- 0tT- ovt-

Ldg
999099 Z¥j

XXX XEENX
JLOLIOVYIOL YYIDIVOVYIOD DHODIDIDLILO DILLILLYIID VYVVIOIVYOVIV DOODLODODL DDOVIIDLOL
OYIOVYIOVIIVY LLODDLIDLOD DDDDDDIVYD IOHVYYYIYOD HOIIODLOILOL DIDIDVOIIIV IDDILVOIVOV

YN¥W T¥¥ pus ,§ €&——e 0T~ 0z~ o€~ 0v- 06— 09-

)
DILOVOIOVY LILVYIOVID VIVIOIIILVI DLIDLOVILD [VOI9DIRLOL VYVIVIOLODY LOVYVIDDOOVL LLOJVIOLOD
J9VIOLIOVOLL VYOVLLIODLID LVLVYIDOVLY HVYIOVILIOVO IDDJDDIVOV LIOLVOVODL VILLVOOYRLY VVIOLYPVOD
0L- 08- 06— 00T~ 0TT- 0CT- 0eT- NO ovT-

cdd

(Ratel



Figure 76. Cis-acting transcriptional elements within

the promoter sequences of the HSV-2 RR1 and RR2 genes.

The nucleotide sequences of both DNA strands are shown

and the locations of the mRNA 5' ends are indicated. The
consensus sequence of the Spl cellular transcription factor
binding site is given in the 3' to 5' direction and is
aligned with homologous RR1 and RR2 promoter sequences.
Residues on the mRNA coding strands which have homology to
the Spl consensus are indicated by asterisks. The two
G-rich motifs (G) are boxed as is the putative 'octamer

motif binding factor' consensus.
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Analyses of the Pl sequences for potential binding
sites of other cellular transcription factors, such as the
CTF/CBP (see Introduction, Page 19), were negative. It is
therefore suggested that the readily detectable
pRR-specified RR1 mRNA constitutive levels of expression are
mainly due to the interaction of a complex of cellular
transcription factors, one of which is the 'octamer motif
binding factor', with the Pl sequences. This is based on
the fact that, in analogy to Pl, the RR2 gene promoter (P2)
sequences contain both a potential Spl binding site and a
G-rich motif (see Fig. 76). However, P2 lacks the octamer
sequence and this may possibly account for the extremely low
PRR-borne RR2 mRNA levels observed (see Page 118). This
suggestion is currently being investigated by means of
deletion mutagenesis (J. McLauchlan, personal

communication).

b) Effects of HSV-1 trans-activating functions on RR1

mRNA transcription,
Activation of pRR-specified RR1 mRNA levels with
Vmwll0 had no detectable effect. As has been noted

previously, an internal control plasmid was not included in

the co-transfection experiments due to the limited amount of
DNA that can be taken up by transfected cells. Nevertheless,
Vmwll0 is most probably present in cells transfected with
PRR and plll, since the pRR-borne RR2 mRNA levels are
increased (see Table V). Thus, the failure of Vmwll0 to
increase RR1 mRNA levels may reflect a real inability,
rather than a failure of transfection. On the contrary,
Vmwl75, either independently or in combination with VmwllO,
induced RR1 mRNA constitutive levels by 3-fold. This is in
good agreement with the increase in CAT activity observed
after co-transfection of a P1-CAT construct with Vmwl75

(S. Simpson, personal communication). Equally, induction by
HSV-1 infection resulted in an increase of RR1 mRNA levels
which, however, was higher than that observed with Vmwl75
(5-fold; S. Simpson, personal communication). This result
suggests that perhaps one or more of the remaining HSV-1 IE

functions may account for this., The most likely candidate
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appears to be Vmwl2, which is thought to augment the effect
of Vmwl75 and Vmwll0 in activation of E gene expression (O'
Hare and Hayward, 1985b).

20. Constitutive and Induced Transcription Levels from the
HSV-2 RR2 Promoter.

The main observations on HSV-2 RR2 gene expression
were: i) RR2 mRNA basal levels are extremely low in the
absence of HSV-1 trans-activating functions, ii) HSV-1
infection or trans-activation with HSV-1 Vwmwi1%S

results in a substantial increase of RR2 mRNA basal levels

The observation that the RR2 mRNA basal levels are
barely detectable in the absence of viral trans-activating
functions is consistent with the regulation pattern of HSV E
genes whereby, in the absence of these functions, E gene
promoter activity is generally low (reviewed in Everett,
1987b). In the presence of HSV-1 IE functions, however, a
substantial increase of RR2 mRNA levels was observed (see
Table V). From the two IE products used in this study,
Vvmwl75 activates P2 more efficiently than VmwllQ and this is
in good agreement with other reports on E gene regulation of
expression (O'Hare and Hayward, 1985b; reviewed in Everett,
1987b; S. Simpson, personal communication). However, the
effect of these polypeptides in combination was additive,
whereas, in a study by O'Hare and Hayward (1985b), it
resulted in a synergistic increase of P2-CAT-specified CAT
levels. Analysis of the trans-activation efficiency of the
gD promoter under a variety of experimental conditions
demonstrated that quantitative differences, like the one
described above, may be due to different cell types and/or
transfection methods used (Everett, 1987c). For example, it
was shown that co-transfection of a gD promoter-CAT plasmid
with vmwl75 and vmwll0 in WSHelLa cells had a very strong
synergistic effect whereas in Flow HeLa or BHK cells the

effect of these IE products was additive rather than

synergistic.
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The work presented in the Results and Discussion
Sections has identified a number of points concerning the

HSV-1l-encoded ribonucleotide reductase, namely:

i) structural and potential functional features
resulting from the predicted primary and secondary
structures of the large and small subunit polypeptides

ii) the conservation of these features in homologue
herpesviral polypeptides and in the equivalent subunit

polypeptides of the eukaryotic and prokaryotic enzymes and,

iii) the transcriptional regulation of the HSV-induced
ribonucleotide reductase mRNAS.

This Section is concerned with the evolution and the
function of the RR1 N-terminal region and with unique
features of the RR1 and RR2 subunits which could represent
targets for antiviral compounds. Further, the enzyme's
transcriptional regulation during the IE and E stages of the
HSV lytic cycle is also discussed.

1. The HSV-1 RR1 N-terminal Region.

a) Oon the evolution of the HSV-1 N-terminal region.

The most interesting feature resulting from the
analysis of the HSV-1 RR1l predicted amino acid sequence is
the N-terminal region, whose amino acid composition differs
from the remainder of RR1l, and which is absent from other
RRL polypeptides; as already mentioned (see Results and
Discussion, Page 8l), this region contains a run of
prolines, two stretches of roughly alternating aspartic acid
and serine residues and seven sets of tandemly repeated
amino acid segquences.

on the basis of these amino acid composition features
a hypothetical scheme of evolutionary events leading to the
formation of this region can be proposed.

i) It appears likely that an ancestral RR1 gene, which

would be similarly sized to the other herpesviral RRL’
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acquired part of the DNA sequences coding for the N-terminal
region by a recombination event; this step is suggested by
the absence of the RR1 N-terminal region from other RR
polypeptides. The acquired sequences may have originated
from a second virus in the cell or from the host cell.

ii) Second, the DNA regions coding for certain amino
acid sequences were duplicated by a gene duplication event
whereby the DNA regions corresponding to certain amino acid
sequences were duplicated. This step is proposed on the
basis of the repeated amino acid sequences observed
within this region (see Fig. 29). A number of proteins
appear to have evolved by gene duplication (reviewed in
Doolittle, 198l1), a process resulting in increased stability
of the protein or in the enhancement of its functions
(reviewed in Li, 1983). One example of this evolutionary
mechanism is the ovomucoid protein of bird egg white which
is involved in the inhibition of trypsin. It appears that
this protein evolved by triplication of the DNA sequences
coding for a primordial domain because it consists of three
domains exhibiting between them 33% amino acid homology
(Kato et al., 1978). As a result of this event, each of the
three domains is capable of binding one molecule of trypsin
or other serine protease thus enhancing the catalytic
activity of the protein.

iii) Finally, it appears that mutations accumulated
within the duplicated DNA sequences, and this is reflected
by the observed insertions and deletions within the
N-terminal regions of the HSV-1 and HSV-~2 RR1l polypeptides
(see Figs. 33 and 55). It has been proposed that
accumulation of mutations within duplicated regions of
proteins is due to a relaxation of evolutionary restraints
imposed by natural selection (reviewed in Doolittle, 1981).

This evolutionary scheme, however, does not exclude
other possible events which lead to the formation of the RR1
N-terminal region (D.J. McGeoch, personal communication).
For example it is possible that, instead of this region
being acquired by a recombination event, it evolved by
mutation of sequences which were originally located upstream
from the coding sequences of the ancestral RR1 gene.

Further, the evolutionary events might not have occured in
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the order described above such that the DNA sequences
acquired by the ancestral RR1 gene might have already been
duplicated; therefore, the duplication event might have

preceded the recombination event.

b) A possible function for the RRl1 N-terminal region.

Although the RR1 N-terminal region appears not to be
directly involved in ribonucleotide reductase activity
(see Results and Discussion, Page 100), it is thought that
it has an additional function. This is primarily based on
the retention of this region in RR1 and on its distinct
amino acid composition as compared to the remainder of RR1.
A similar case exists between the HSV-1 Vmw65 IE
trans-inducing virion polypeptide which contains a
C-terminal region of 80 amino acids not present in its VZIV
homologue Vmw54 (Dalrymple et al., 1985). Studies
concerning the function of this Vmw65 region demonstrated
that it is required for the trans-induction of IE gene
expression as an HSV-1l Vmw65 insertion mutant in this region
displayed strongly reduced ability to trans-induce IE
polypeptides (Ace et al., manuscript in preparation). On
the other hand, vmw54, which does not contain a
corresponding region, appears to be unable to trans-induce
the VZV 1E polypeptides (T. McKee, personal communication).

It is interesting to propose that certain portions of
RR1 Region 1, which comprises the N-terminal region (see
Results and Discussion, Page 98), are involved in nuclear
localisation of the polypeptide. This suggestion arises
from analysis of the amino acid sequences of RR1 Region 1
for motifs indicative of a certain function, whereby, a
sequence of KRVPPR was identified (at HSV-1 position 356;
see Fig. 55). This sequence is also present in HSV-2 RR1
and closely resembles the proposed nuclear localisation
signal for the yeast MATX2 which comprises three hydrophobic
amino acids, one of which is a proline, flanked by basic
amino acids (Hall et al., 1984). However, it has been
proposed that multiple signals may be present in polypeptide
domains involved in nuclear localisation (Dingwall et al.,

1987). 1In that respect, another highly conserved HSV-1 and
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HSV-2 sequence of RPAAS was also identified (at HSV-1 RR1
position 4; see Fig. 55). Interestingly, this sequence is
quite similar to one of the proposed signals for nuclear
localisation of nucleoplasmin (RPAAT; Dingwall et al.,
1987). Analysis of other HSV-1 polypeptides known to
translocate to the nucleus of infected cells identified at
the C-terminus of the DNA polymerase two sequences of KRPR
and KPRK which resemble the proposed signal for nuclear
localisation of the adenovirus ElA gene products (KRPR;
Krippl et al., 1985). As can be observed, these signals are
homologous to the first of the potential RR1 signals.

Large protein molecules appear to accumulate in the
nucleus by an ATP-dependant selective entry mechanism which
is mediated by the part of the protein containing the
nuclear localisation signals (Feldherr et al., 1984;
reviewed in Dingwall and Laskey, 1986). This is evidenced
by the fact that the rate of nuclear uptake is faster than
can be accounted for by diffusion. Feldherr et al. (1984)
studied the selective entry mechanism of nucleoplamin, a

165,000 mol. wt. nuclear protein of the Xenopus laevis

oocyte. These authors proposed that nucleoplasmin binds to
proteins, termed the annular material, at the cytoplasmic
surface of the nuclear pores and that this binding occurs
only when the domain comprising the nuclear localisation
signals is present. Then, nucleoplasmin is transported in
the nucleus through the centre of the nuclear pore where it
is dissociated from the annular material.

If RR1 is transported to the nucleus, one could
speculate that binding of RR1 to the annular material and
subsequent transport in the nucleus is mediated by part 1 of
the N-terminal region (RR1l positions 1 to 150, see Fig. 55).
The GARNIER program demonstrated that this part of the
N-terminal region is punctuated by seven stretches of
hydrophobic amino acids, predicted to adopt B-strand
conformation, while the intervening sequences were predicted
as unstructured. Hence, part 1 may adopt an ordered
three-dimensional structure consisting of a hydrophobic core
of seven P-strands which are joined by unstructured or loop
regions and which are arranged in one or more ﬁ—sheets

(Nikas et al., 1986). This structure resembles the
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three-dimensional structure of the immunoglobulin VL
domains; these consist of seven ﬂ—strands which are arranged
in two B—sheets and which are joined between them by
hypervariable loops (Poljak et al., 1974). On the basis of
the similarity of the three-dimensional structures of part 1
with the immunoglobulin v domains and in conjunction with
the fact that the latter are involved in antigen binding, it
is possible that part 1 of the RRl N-terminal region is
involved in protein-to-protein interactions (W.R. Taylor,
personal communication). These could possibly be
interactions with the annular material of the nuclear pore
in order to transport RR1 into the nucleus. In that
respect, it is interesting to note that the mammalian ML
subunit, which lacks the N-terminal region, is exclusively
localised in the cytoplasm of cells as deduced from studies
using monoclonal antibodies directed against Ml (Engstrom et
al., 1984). Clearly, the involvement of the N-terminal
region in RR1 nuclear localisation requires rigorous
investigation.

It is unclear as yet why the RR1 polypeptide should
localise to the nucleus of infected cells. A strong
possibility is that nuclear localisation of RR1l is not
related to ribonucleotide reduction as dNTPs are formed in
the cytoplasm of cells (reviewed in Reichard, 1988). As
reported on Page 81, the N-terminal region contains two
aspartic acid and serine rich stretches which are similar in
amino acid composition to stretches present at the
N-terminal regions of all the IE polypeptides with the
exception of vmwl2. One could therefore speculate that the
RR1 and the equivalent IE polypeptide stretches may be
involved in similar processes. In an attempt to elucidate
the function of the aspartic acid and serine rich stretch of
Vmwl75, Paterson and Everett (1988) have shown that deletion
of these sequences reduces, althought not drastically, the
ability of vmwl75 to trans-activate E gene expression in

short-term transfection assays.
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2. Ribonucleotide Reductase as a Target for Antiviral
Compounds.
As reported in the Introduction (see Page 53), studies
with the synthetic oligopeptide YAGAVVNDL demonstrated that,
in vitro, it selectively inhibited the HSV-specified

activity by subunit dissociation. Thus, it became apparent
that inhibition of subunit interaction may have important
therapeutic implications. However, exposure of infected
cell monolayers to various concentrations of the nonapeptide
did not reduce the yield of infectious virus most probably
because it was too large to enter the cell (Dutia et al.,
1986). As a result, effort is currently being put into the
development of antiviral compounds designed to mimic the
mode of function of the nonapeptide; these compounds should
have a three-dimensional structure similar to the
nonapeptide and be able to enter the infected cell.

The RR alignment identified a number of amino acid
sequences which are not conserved in the prokaryotic or
eukaryotic polypeptides and which may be contact regions of
the RR1 and RR2 subunits or may represent regions related to
the activity of the HSV-l-induced enzyme. These sequences
are retained in blocks 1, 5, 12 and 13 of the RRL alignment
(see Fig. 56). From these, of particular interest is block
5 which is missing from the mammalian polypeptide and is
predicted to map within a hydrophobic region of the HSV-1
RR1 polypeptide (see Fig. 27); therefore, it is quite
possible that it may be located at the interface of the RR1
and RR2 subunits and be involved in their association.
Further, as block 5 is highly conserved between the
herpesviral RRL, compounds that prevent its function could
prove general inhibitors of the herpesviral enzymes.
Another region of interest is the N-terminal region which is
unigque to the HSV RR1 and may be required for translocation
to the nucleus. As postulated above, any nuclear
localisation of RR1 may be unrelated to ribonucleotide
reduction but insteaéiﬁgeggme as yet unknown function. 1If
this was an essential HSV function, compounds preventing
nuclear localisation of RR1 may prove potential antivirals.

In contrast to the RRL polypeptides, the majority of

the RRS blocks are present in
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the mammalian enzyme (McLauchlan, 1986). The only exception
appears to be block 16 which, along with its flanking amino
acid sequences, is conserved only in the HSV and ViV
polypeptides (see Fig. 57). However, this region may not be
involved in subunit association as it was predicted to map

within a hydrophilic region of HSV-1 RR2 (data not shown).

3. Regulation of the HSV Ribonucleotide Reductase Activity.

The results reported in Results and Discussion Section
E, in conjunction with the unpublished data of J. McLauchlan
and S. Simpson, allow the proposal of a general scheme for
the transcriptional regulation of the ribonucleotide

reductase genes under IE and E conditions.

a) Transcriptional regulation of the RR1 and RR2 genes

under IE conditions.

On the basis that RR1 mRNA constitutive levels are
readily detectable in the absence of functional IE
polypeptides (see Results and Discussion, Page 117), it is
proposed that during viral infection, RR1 gene expression is
activated under IE conditions. This is most probably
achieved by the interaction of cellular and/or viral
transcription factors with target sequences positioned in
the P1 promoter. One of the cellular factors may possibly
be Spl, potential binding sites of which have already been
identified in the Pl sequences (see Results and Discussion,
Page 121). Second, RR1l expression could be activated by a
complex containing Vmwé65 and cellular transcription
factors. Vmw65 is considered as a Pl activator because
co-transfection of a vmw65-expressing plasmid with a P1-CAT
construct resulted in a significant increase of CAT levels
(S. Simpson, personal communication). However, as Vmw65
does not bind HSV DNA directly (see Introduction, page 20),
it is expected to act as a constituent of a complex with
cellular transcription factors. One of these may be related
to the 'octamer motif binding factor', this suggestion being
based on the presence of the octamer in the Pl sequences
(see Results and Discussion, Page 122). Recent data

indicate that HSV-2 DNA fragments containing the Pl octamer
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are retarded in gels by vVmw65/cellular transcription factors
complexes (J. McLauchlan, personal communication).
Interestingly, these complexes have similar mobility in gels
with the IEC complex formed between DNA fragments containing
the TAATGARAT motif of the regulatory region of the IE gene
promoters (see Introduction, Page 20).

In contrast to RR1l, under 1IE conditions, the RR2 gene
is not expressed. This suggestion is clearly evidenced by
the extremely low contitutive RR2 mRNA levels observed:

i) in the absence of functional IE products (see Results and
Discussion, Page 119) and ii) after infection with the HSV
mutant tsK in the presence of cycloheximide (J. McLauchlan,

personal communication).

b) Transcriptional regulation of the RR1 and RR2 genes

under E conditions.

In the presence of functional 1E gene products the RR1
mRNA levels increase further as compared to the levels
observed under I1E conditions; upon reversal of the
cycloheximide block and in the presense of actinomycin D,
tsK specified elevated levels of RR1 mRNA as compared to
those specified under IE conditions (J. McLauchlan, personal
communication). Likewise, under E conditions, RR2 gene
expression is also activated and this is evidenced by the
substantial increase of RR2 mRNA levels in the presence of
Vmwl75 and/or vmwll0 (see Results and Discussion, Page 119).
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